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The objective of this thesis was to study the distributions of zooplankton at the mesoscale,
using acoustic backscatter data (from an Acoustic Doppler Current Profiler, ADCP and SIMRAD
EK500 echosounder) taken concurrently with hydrographic data (from SeaSoar and CTDs) and
net-sampled zooplankton (from a Longhurst Hardy Plankton Recorder, LHPR). A further aim was
to validate acoustic backscatter data with concurrent net data.

Two cruises collected multidisciplinary datasets from two contrasting regions. RRS
Discovery cruise 209 to the Arabian Sea (Indian Ocean) in August 1994 and RRS Discovery cruise
224 to the Alboran Sea (Mediterranean Sea) during November and December 1996.

The Arabian Sea was dominated by a strong oxygen minimum zone (OMZ) that extended
from the thermocline (~50 m), to ~1100 m. From the analysis of sound scattering layers and net
samples the OMZ appeared to play a major role in determining the vertical distribution of
zooplankton. A persistent layer of high acoustic backscatter and high zooplankton biovolume
indicated that the vertical extent of some zooplankton was restricted to oxygenated surface waters.
Euphausiids, decapods and myctophid fish were observed to undertake dawn diel migration
between the surface and depths of 300 — 400 m, well into suboxic waters, whilst the vertical
distribution of polychaetes appeared to be independent of oxygen concentration and it is suggested
that these taxa may possess morphological and physiological adaptations to low oxygen
environments.

The Alboran Sea is the site of an intense geostrophic density front that has associated
ageostrophic vertical components. It appeared that the front was exhibiting a fertilising effect on
both phytoplankton and zooplankton. Observations of a layer of chlorophyll a fluorescence
coincident with subducted surface waters indicated that phytoplankton were down and along
isopycnals to a depth of ~200 m. Acoustic backscatter data and net samples indicated that
increased numbers of euphausiids and chaetognaths occurred coincident with the drawn-down
phytoplankton. Smaller zooplankton, copepods and possibly euphausiid larvae, which did not
undertake diel migration, remained concentrated near the surface in the fast-flowing frontal jet.

A relationship between acoustic backscatter and net-sampled zooplankton abundance and
biovolume is described using a direct comparison and acoustic scattering models. This thesis
shows that observed acoustib backscattering volume is generally consistent with forward problem
predictions. This consistency is true in terms of both total sample backscatter as well as the

proportion of the acoustic backscatter contributed by each of six dominant sound scatterer types.
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Chapter 1: Introduction and background to this thesis

1.1 Introduction to the thesis, objectives and lavout

1.1.1 Relevance

“The spatial scale over which patchiness is measured defines the patterns and processes

that can be observed”
(Folt and Burns, 1999)

A central aim of biological oceanography is to identify the major processes that
control the dynamics of pelagic ecosystems (Legendre et al., 1999). This information is
vital for understanding and predicting changes in the pelagic ecosystem that result from
natural and anthropogenic environmental changes and for the management of marine
resources.

Zooplankton distributions in the ocean result from interactions between behaviour
and the environment. These interactions lead to variability that is generically referred to as
patchiness. Patchiness has been recorded on a wide variety of temporal and spatial scales,
the dominant forcing function changing with scale (Haury et al., 1978; Dickey, 1991). At
the scale of ocean basins (>100 km), the physical processes of water mass formation and
circulation set the distribution of zooplankton, forming the basis of zoogeography (Fager
and McGowan, 1963; Pierrot-Bults er al., 1986). At the smaller scale (1 mm to 10 m)
variability is dominated by individual behaviours (e.g. mating and predator avoidance)
that, in some instances, are capable of overriding physical processes (Folt and Burns,
1999). However, at the mesoscale, (10s - 100s kms) the spatial and temporal scales
relevant for biological processes may interfere with the scales at which physical forces
operate (Legendre ef al., 1986), thus variability is dominated by a complex interplay
between the dynamics of fronts and eddies and biological behaviour (Strass, 1992; Roe et
al., 1996).

A fundamental requirement is the ability to sample biological data at the same
spatial and temporal scales and rates as other environmental variables (Reeve, 1988). As
the study of biological-physical interactions extends to finer scales and more fundamental
processes, the demands increase for improved observational approaches. Remote sensing
techniques now play a major role in such studies because of their ability to provide non-
evasive measurements at a range of observational scales in both time and space. At one
end of the spectrum satellite images of ocean colour provide an opportunity for studying
the interaction of surface biological productivity with mega and mesoscale features. Below
the surface of the ocean other remote sampling techniques are required.

One such technique is acoustics. Biological oceanographers have focused to a large

extent on underwater sound as a tool to examine zooplankton distributions and dynamics
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(Holliday, 1992). Conventional net and pump sampling cannot resolve even the mesoscale
and ’the data are inevitably alieised leading to synoptic but simplified and inaccurate
overviews (Nival, 1990). Whereas, acoustic methods provide a non-intrusive sampling
technique that is capable of providing high-resolution qualitative and quantitative
biological data over a range of time and space scales (Horne, 1998). The use of non-
invasive techniques circumvents the potential response of zooplankton to the sampling
instrument (e.g., net avoidance, Orr, 1981; Sameoto e al., 1990; Cochrane et al., 1991),
eliminates behaviour-biased data (Smith er a/, 1992) and permits targeting of
conventional sampling programmes.

Acoustic methods, combined with conventional net samples, provide a key tool in
resolving zooplankton distributions at scales comparable with mesoscale physics, hence
providing an ability to observe and resolve physical and biological forcing of zooplankton
patchiness. The use of acoustics to resolve the dominant mesoscale physical and biological
forcing governing zooplankton distributions in two different oceanic environments (the
Arabian Sea and Alboran Sea) and the relationship between acoustic backscatter and

zooplankton biomass are the key focii of this thesis.

The results from Chapters 4 and 5 of this thesis have been published as peer-
reviewed papers (Appendix A).

Fielding, S. Crisp, N., Allen, J. T., Hartman, M. C., Rabe, B. and Hoe, H. S. J.
(2001) Mesoscale subduction at the Almeria-Oran front: Part 2. Biophysical interactions.
Journal of Marine Systems, 30, 287-304.

Griffiths, G. Fielding, S. and Roe, H. S. J. (2002) Biological-Physical-Acoustical
Interactions. In: The Sea: Biological-Physical interactions. A. R. Robinson, J. J. McCarthy
and B. J. Rothschild (eds.). New York, John Wiley & Sons Inc. 441-474.

1.1.2 Tasks and objectives of the thesis

Three main tasks were completed in order to examine the biological distributions
and physical interactions at two mesoscale features and investigate how acoustic

backscatter data correlates with net-sampled zooplankton.

(1) Two multidisciplinary (hydrographic and biological) datasets were collected on
the RRS Discovery. Cruise D209, 03 — 22 August 1994, in the Arabian Sea around 19 °N
59 °E (Herring, 1994; Chapter 3), and Cruise D224, 22 November 1996 — 17 January
1997, in the Alboran Sea within the western Mediterranean (Allen and Guymer, 1997,
Pugh, 1997; Chapter 4).

LI



Chapter 1: Introduction and background to this thesis

(2) Net samples were analysed and used in partnership with acoustic and
hydfographic data to describe t};e distribution of zooplankton and their interaction with
their environment.

(3) Acoustic models were used to predict acoustic backscatter from the analysed

net samples, which was compared with observed acoustic backscatter data.

The datasets and analyses were utilised to fulfil the following five objectives:

(1) Describe the distribution of zooplankton in relation to physical features and the
oxygen minimum layer in the Arabian Sea.

(2) Describe the distribution of zooplankton in relation to the physical features and
the water column structure in the Alboran Sea.

(3) Investigate the interplay between physical and biological forcing mechanisms
on the distribution of zooplankton.

(4) Investigate the relationship between actual zooplankton net samples with
observed acoustic backscatter in different oceanic regimes.

(5) Examine the use of acoustic models to relate acoustic backscatter to

zooplankton in the in situ environment.

1.1.3 Thesis layout
Chapter 1 Introduction and literature review

In chapter one the work is introduced and its relevance and rationale discussed. A
list of the main tasks and objectives is given. Subsequently literature reviews detail the
dominant physical and biological forcing mechanisms controlling the distribution of

zooplankton, and the development and use of acoustic methods.

Chapter 2 Methodology

This chapter provides a description of the collection, processing and calibration of
the multidisciplinary datasets with particular emphasis on RRS Discovery Cruise 224 in
which the author participated and played a greater part in the data collection.

Chapter 3 The Arabian Sea

A description of the major hydrographic features, water masses present and the
water column structure of the Arabian Sea are presented in this chapter. Followed by a
description of the hydrography and oxygen concentration at the Arabesque Reference site

and the distribution of zooplankton examined using acoustic and net techniques.
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Chapter 4 The Alboran Sea

A description of the maj or hydrographic features, the water masses present and the
water column structure of the Alboran Sea, with particular focus on the Almeria-Oran
front, are presented in this chapter. Foﬂbwed be a description of the distribution of
phytoplankton and zooplankton in relation to the physical environment. As in chapter 3
acoustic and net techniques are used to examine the distribution of zooplankton, these

distributions are discussed in relation to the physical circulation and the Almeria-Oran

front.

Chapter 5 An investigation into the relationship between zooplankton and acoustic

backscatter

The relationship between acoustic backscatter and net-sampled zooplankton is
investigated using both direct comparisons and predictions based on acoustic scattering

models. Data from the Arabian Sea and the Alboran Sea are discussed separately.
Chapter 6 Summary, data limitations and future directions
A summary of chapters 3, 4 and 5 is given and data limitations and future

directions are discussed.

1.2 Plankton patchiness

1.2.1 Introduction

Zooplankton are distributed in the oceans unevenly (i.e. patchily). They were long
considered passive members of patches that were the product of physical processes (Pinel-
Alloul, 1995). More recently, biological processes have been shown to contribute to
zooplankton patchiness in addition to or overriding physical processes (Wishner and
Allison, 1986; O’Brien, 1988; Zhou et al., 1994). Because of the dynamic nature and
variability of the oceans it is impossible to perform large-scale experiments to investigate
the factors that influence the distribution of plankton. However, natural mesoscale
phenomena exist that provide a means to investigate physical, chemical and biological
influences on the distribution of plankton. The first aim of this thesis is to examine the
distribution of zooplankton in relation to two different oceanic environments (the Arabian
Sea and the Alboran Sea). In particular, the affect of the oxygen minimum layer on the
distribution of zooplankton in the Arabian Sea, and the affect of an energetic geostrophic

front in the Alboran Sea.
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Modern technologies now provide us with a means to observe biological
varizibﬂity on similar scales as pilysical variability (e.g. Roe er al., 1996; Fielding et a/.,
2001). Acoustic methods are capable of collecting high-resolution qualitative and
quantitative data on the distribution of zooplankton at scales equivalent to physical
processes, permitting the identification and differentiation of the relative contributions of
biology and physics to patchiness (Zhou ef al., 1994). However, the relationship between
zooplankton and acoustic backscatter is complex (Holliday and Pieper, 1995) and acoustic
research has diversified into the use of acoustics to measure the distribution of
zooplankton in a qualitative fashion (e.g. Roe et al., 1996; Wade and Heywood, 2001) and
the assessment and interpretation of the relationship between acoustic backscatter and
zooplankton (Wiebe ez al., 1996; Greene et al., 1998; Stanton ez al., 1998a,b). The second
aim is to use acoustic techniques as an aid to achieving the first aim and to assess the
relationship between acoustic backscatter and zooplankton biomass, abundance and
composition.

The following section (1.2) presents a general overview of the physical and
biological forcing mechanisms that influence the distribution of plankton. Section 1.2.3
and section 1.2.4 discuss the more specific affects of oxygen minima and fronts on the
distribution of zooplankton and in section 1.3 the theory and use of acoustics methods as a
tool to measure zooplankton is reviewed.

1.2.2 Mechanisms that influence the distribution of plankton at the mesoscale
1.2.2.1 Introduction

The mesoscale covers length scales of ten to hundreds of kilometres and time
scales of days to years (Flierl and McGillicuddy, 2002). Features that typically fall into the
mesoscale category are eddies, fronts, jets and filaments. Physical processes associated
with these features are understood to affect both the chemical and biological environment
~ and this has been the subject of several reviews (Haury ez al., 1978; Owen, 1981; Olson et
al., 1994; Olson, 2002; Flierl and McGillicuddy, 2002).

In the 1960s and 1970s, physical oceanographers realised that mesoscale
variability was ubiquitous within the oceans and that eddy flows were an order of
magnitude stronger than the mean currents. Studies showed that the transport of
momentum and heat by these transient motions could significantly alter the general
circulation of the ocean (Robinson, 1983). Evidence that these mesoscale features could
also profoundly alter the distributions and dynamics of the biota came later (e.g. Angel

and Fasham, 1983).
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At the mesoscale, because the scales at which physical processes operate are
comparable with some behaviou;al scales (at a population level, e.g. diel migration, not an
individual level), the distribution of plankton is determined by both biological and
physical forcing. The net result of these forces can lead to strong cross-feature gradients in
species composition, depth distributions and biomass (Grice and Hart, 1962; Ashjian and
Wishner, 1993). The following review has been separated into physical forcing and
biological forcing, however it must be remembered that they are not mutually exclusive.
1.2.2.2 Physical processes affecting the distribution of zooplankton

Mesoscale forcing can affect the distribution of zooplankton directly or indirectly.
Direct affects occur where the fluid flow acts to transport the biology, both by translation
of the water parcel and its contents (advection) and by dispersal to neighbouring water
(dispersion). Indirect affects occur when the physical processes affect nutrient
concentration and phytoplankton productivity and biomass that, in turn, produces a bottom
up forcing of the higher trophic levels.

The flow fields associated with mesoscale features such as eddies, fronts and jets
can directly influence the distribution of both phytoplankton and zooplankton through
aggregation, dispersion, isolation, redistribution and advection (Owen, 1981; the Ring
Group, 1981; Franks, 1992; Govoni and Grimes, 1992; Denman and Powell, 1994; Hood
etal., 1999).

Often associated with mesoscale geostrophic flows are ageostrophic vertical
motions, produced either directly as part of the baroclinic flow or indirectly through
interaction within the surface boundary layer (Allen er al., 2001), that also influence the
biological distribution (Fielding ez al., 2001). Vertical displacement of phytoplankton and
zooplankton may have greater ecological effects than similar horizontal displacement
because environmental gradients of temperature, salinity, light, pressure, oxygen, nutrients
and flow are steepest in the vertical (Owen, 1981). In regions of upwelling, phytoplankton
can be brought into higher light where they can potentially increase their photosynthetic
rate and therefore their biomass given sufficient nutrients. Conversely in regions of
downwelling, phytoplankton adapted to surface light conditions will typically not do well
if they are moved deep in the euphotic zone (Olson er al., 1994). Upwelling may also
result in increased phytoplankton productivity and biomass through the supply of new
nutrients into the euphotic zone or an oligotrophic region (Strass, 1992). In this way
mesoscale features can enhance primary production (e.g. Prieur et al., 1993; Videau et al.,
1994) that in turn can modify the distribution of zooplankton, through accumulation at a

food source (an active response of the zooplankton, e.g. a bottom up effect). An increase

.



Chapter 1: Introduction and background to this thesis

in nutrients may not only increase primary production but also result in a change of the
dominant phytoplankton speciesz altering the trophic pathway of the ecosystem. This
could cause movement away from the “microbial loop” food chain (Azam et al., 1983)
where little energy is passed up to the mesozooplankton (Cushing, 1989), the prevailing
food chain in oligotrophic open ocean environments (Eppley and Peterson, 1979) where
autotrophic picoplankton dominate, to the more “classic” food chain (Hardy, 1924), where
larger autotrophic phytoplankton such as diatoms dominate. Larger phytoplankton are
more suitable food for mesozooplankton, so consequently there may be a shift from a
heterotrophic microzooplankton dominated system to a mesozooplankton-dominated
system.

Vertical motions may also affect larger plankton. The ability of zooplankton to
swim may determine the extent to which they can be redistributed by the flow field or may
cause patchiness indirectly. For example, one indirect means of concentration of
organisms in fronts occurs when the zooplankton cancels out the vertical fluid motion
associated with cross-front circulation. That is the downward motion is cancelled by
upward swimming owing to geotaxis or phototaxis, which would then lead to
accumulation in the front (Olson, 2002).

As we progress up the food chain the ability to resist vertical motions increases,
even though horizontal dispersion or concentration may still be affected by advection in
ocean currents. Where swimming ability equals or exceeds physical forces enhancement in
zooplankton biomass may arise through biological forcing (e.g. behaviourally mediated
concentration).
1.2.2.3 Biological processes affecting the distribution of zooplankton

Four biological forcing mechanisms are consistently cited for their potential to
cause zooplankton patchiness: Diel Vertical Migration (DVM), predator avoidance,
finding food and mating (Folt and Bums, 1999). These may act alone or in combination to
drive spatial heterogeneity.

DVM was first studied by Cuvier (1817) who described this phenomenon in
freshwater Cladocera, and has since been reviewed numerous times (Russell, 1927,
Kikuchi, 1930; Cushing, 1951; Banse, 1964; Roe, 1974; Angel, 1986; Forward, 1988).
DVM is the increased acceleration of the continuous movement of motile plankton around
sunset and sunrise (Roe et al., 1984; Roe, 1984a,b). Typically, this is upwards at dusk and
downward at dawn, but patterns may vary by taxa and stage, and observations of “reverse”
migrations have been reported (Chae and Nishida, 1995; Heywood, 1996). Therefore as a

result of DVM, organisms periodically aggregate at certain depths in an often-predictable
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pattern. Much research has focused on distinguishing the physical and biological cues that
alter DVM behaviour and variations in migration amplitude and depth has been related to
variations in light (isolumes and rate of change), predators, food, oxygen and the
zooplanktons endogenous rhythms (Roe, 1982; Richards ez al., 1996; Manuel et al., 1997
Dagg et al., 1997; Herring et al., 1998). In addition, the hydrographic structure of the
water column may also affect DVM behaviour. Wishner and Allison (1986) and Ashjian
and Wishner (1993) observed the constriction of the depth range over which DVM took
place of some vertically migrating species in a strong cross-frontal environmental
gradient.

Predators can create patchiness in prey spatial distributions both directly, by
removing individuals (Folt ez al., 1993), and indirectly, by eliciting avoidance or escape
responses (e.g. triggering DVM, Folt and Bumns, 1999). The removal of individuals could
also be classed as top-down pressure. The aggregation of zooplankton (whether through
biological or physical forces) results in top down mechanisms. High densities of
mesozooplankton are capable of exerting grazing pressure leading to fluctuations in
phytoplankton biomass (Legendre et al., 1999). In response to high densities of
mesozooplankton, zooplanktivores may also aggregate resulting in gaps or grazing holes
in the mesozooplankton distribution (Wishner et al., 1988; Folt ef al., 1993; Macaulay et
al., 1995). At a smaller scale predator-induced avoidance or escape mechanisms may
contribute towards maintaining aggregations. For example, predator chemicals increase
the tendency of some cladocerans to aggregate horizontally (Pijanowska and
Kowalczewski, 1997).

High food concentration is also potentially a strong driver of patchiness. In
zooplankton this may result when physical processes concentrate them with phytoplankton
passively, or when they orientate to food patches as individuals locate or remain in them.
The ability to locate and remain within food patches has been observed in the copepod
species Acartia tonsa, where they changed swimming speeds, turning angles and hopping
rates in response to variations in food concentrations (Tiselius, 1992). This process also
occurs at higher trophic levels. For example Carey and Robison (1981) show that when
the swordfish Xiphias gladius moves across the Gulf Stream under a plankton-rich
streamer of shelf water, it responds directly to the resultant decrease in light by raising in
the water column. ’

Reproductive strategies are a dominating behaviour mechanism for any organism.
Aggregation, swarming and mating are frequently linked (Larsson and Dobson, 1993).

Since, for some zooplankton, mating frequency may depend entirely on chance
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encounters, the maintenance of position within patches created by physical processes and
migfations will be important. =
1.2.3 The influence of oxygen minima on the distribution of zooplankton
1.2.3.1 Introduction

Midwater Oxygen Minimum Zones (OMZs) exist in all the worlds oceans, the
most prominent are in the eastern Atlantic off NW Africa, the northern Indian Ocean (the
Arabian Sea and the Bay of Bengal) and in the eastern tropical Pacific Ocean
(Kamykowski and Zentara, 1990). They result from the degradation of primary producers,
high oxygen consumption by zooplankton and bacteria, and reduced horizontal mixing
below the thermocline (Wyrtki, 1962). In pronounced OMZs, oxygen concentration is
high at the surface, decreasing abruptly below the thermocline to levels of less than
0.2ml O,1", and then below one thousand metres it increases with increasing depth
(Saltzman and Wishner, 1997a).
1.2.3.2 The affect of oxygen minimum zones on the distribution of zooplankton

Oxygen is an important resource related to metabolism for most organisms
(Eckert, 1983), and therefore it can be expected that OMZs will affect the distribution of
plankton. Primary production in the surface mixed layer is not affected directly by the low
oxygen layer, but the overall biological structure of the watef column will be affected by
the ability of particular species to endure oxygen deprivation within the OMZ (Herring et
al., 1998). In regions with pronounced OMZs, the distribution of zooplankton typically
follows the trends of the oxygen concentration, with high plankton biomass in the mixed
layer and a sharp decrease at the oxycline (Vinogradov and Voronina, 1961; Bottger-
Schnack, 1996), in addition to a general decrease in biomass with depth (Angel, 1990).
Deep-water oceanic species are either absent from oxygen-deficient regions or only from
the OMZ. This may result in a secondary peak in biomass near the bottom of the OMZ
(Sameoto, 1986). The OMZ may influence the distribution of zooplankton in three ways.
Firstly, it may present a barrier to some zooplankton limiting their distribution to within
the mixed layer and thermocline zones day and night (Herring ef al., 1998; Wishner et al.,
1998). For example, in the eastern tropical Pacific OMZ area 70 % of the zooplankton
biomass in a 1230 m water column resided in the upper 100 m (Saltzman and Wishner,
1997a). Secondly, it may override behavioural mechanisms such as DVM, or limit the
vertical extent of DVM (Herring et al, 1998). Different taxa are limited by different
oxyclines, suggesting species-specific differences in physiological tolerance to low

oxygen (Morrison ef al., 1999) As a result changes in species distribution occur with depth
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(Brinton, 1979; Bottger-Schnack, 1996). It should be noted that the presence of DVM of
some zooplankton, especially la;ger organisms, into suboxic waters has been observed
(Morrison et al., 1999; Luo et al., 2000; Ashjian er al., 2002). The physiology of these
migrators remains unclear, although behavioural, physiological and morphological
adaptations have been implied. The ability of some fish and zooplankton to move through
suboxic zones, live anaerobically or alter their metabolism for limited periods has been
reported (Baird et al., 1973; Boyd er al., 1980; Childress and Thuesen, 1992). More
recently Herring et al. (1998) and Herring and Hargreaves (1998) comment on
morphological adaptations such as extended gills and a softening of the carapace in an
Arabian Sea decapod. Another indication suggesting a reduction in metabolism of animals
within the OMZ is that many studies indicate higher daytime catches at depth than at the
surface at night, suggesting that the animals during the day were less active most probably
as a direct influence of oxygen limitation (Wishner ez al., 1998). The third influence of an
OMZ is the occurrence of zooplankton at depth at the lower OMZ interface zone
(Saltzman and Wishner, 1997b). Childress (1975) and Wishner et al. (1990) hypothesised
that below the OMZ, even though the supply of organic matter is less, more food energy
may be available because of higher oxygen concentrations and consequently lower
metabolic cost.

1.2.4 The affect of fronts on the distribution of zooplankton

1.2.4.1 Introduction

Fronts form at interfaces between different water masses of different hydrographic,
chemical and dynamic properties (Sournia, 1994) and can often be characterised by a rapid
change in the horizontal density gradient. Four basic mechanisms are cited as responsible
for the occurrence of fronts. These are (1) horizontal convergence associated with
baroclinic instability and eddy formation (Pedlosky, 1979), (2) shearing flows acting on
the density field (Cushman-Roisin, 1984), (3) gradients in vertical motion driven by forces
such as winds (Charney, 1955), and (4) the conversion of vertical spatial gradients to
horizontal gradients by diabatic mixing that eliminates the stratification on one side
(Pingree, 1978).

Frontal zones harbour ecosystems where the patchiness of marine populations can
be affected by the complex physical environment (Owen 1981; Haury, 1982; Fielding et
al., 2001; Olson, 2002).
1.2.4.2 The affect of fronts on the distribution of zooplankton

The response of organisms to a frontal environment varies by location and trophic

level (Olson, 2002). The basic biological feature described in proximity to fronts is an
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increase in biomass (Owen, 1981; Le Fevre, 1986;). This can be attributed to accumulation
as a‘result of physical mechanisﬁ'"xs (see Section 1.2.2.2), “an attraction to food” or frontal
enhancement (bottom up forcing, see Section 1.2.2.3).

Increased biomass resulting from enhanced primary production in the proximity of
fronts has been reported by numerous authors (inter alia Bainbridge, 1957; Olson, 1986;
Strass, 1992). This increase in biomass is thought to result from various mechanisms
including: vertical motion affecting the light field encountered by phytoplankton
(Lillibridge ez al., 1990); mixing of phytoplankton and nutrients along the frontal interface
(Yoder et al., 1983; McClain et al., 1990; L Heguen et al., 1993); death and subsequent
remineralisation of foreign populations supporting higher endemic species growth, and
along-front advection of populations in the presence of an along-front gradient in other
environmental parameters (Olson et al., 1994). In ageostrophic fronts, where cross-frontal
secondary circulation exists, this production can be exported downwards along sloping
isopycnals (Dewey et al., 1991; Gorsky et al., 1991; Videau et al., 1994; Fielding et al.,
2001).

This enhanced phytoplankton standing stock may be passed to higher trophic
levels (Le Fevre, 1986). Zooplankton populations have been shown to be influenced by
fronts in passive response to physical factors, or through behavioural changes (e.g.
Boucher, 1984; Govini and Grimes, 1992; Ashjian et al., 1994; Thibault et al., 1994).
Increases in zooplankton abundance at frontal boundaries has been attributed to:
behaviourally mediated concentration in the presence of convergence zones (Okubo, 1978;
Olson and Backus, 1985; Franks 1992; 1997; Govoni and Grimes, 1992); close association
with thermal gradients (Ortner ez al., 1980; 1981; Magnuson et al., 1981); orientation to
density discontinuities (Murav’yev and Shirshov, 1984) or abundance of food (Bowman
and Esaias, 1978; Crowder and Magnuson, 1983). Interpreting zooplankton distributions
can be further complicated by zooplankton behaviour such as diel migration (e.g. Owen,
1981; Wishner and Allison, 1986). At the higher trophic levels behaviour becomes the
prominent determinant in their distribution at fronts (Olson, 2002). Ontogenetic vertical
migrations can maintain populations of organisms in highly advective frontal jet regimes
by placing different life stages in different portions of the flow (e.g. Olson, 1991).
Altematively fronts may act as barriers, defining biogeographic provinces (Backus, 1986).
For example, Wiebe and Flier] (1983) observed a rapid cross-front transition in euphausiid
species from the temperate Nemartoscelis megalops in a cold-core ring of the Gulf Stream

meander to the subtropical Stylocheiron affine species in surrounding Sargasso Sea waters.
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Localised increases in the abundance of larger organisms, such as large pelagic
fish, squ1d and whales are also found (Podesta et al., 1993; Waring et al., 1993; Dawe and
Brodziak, 1998). Although, at these organisms size range the manner in which they utilise
the frontal ecosystem is often related to life cycle (Olson, 2002).

All these biological forcing mechanisms may act to enhance or counteract the
physical forces that influence plankton distribution. Ultimately the scales of plankton
patches depend on the type and scale of the driving mechanism, the eventual pattern being

controlled by the organisms behaviour, food requirements and its response to the

environment.

1.3 Acoustic methods for examining the distribution of zooplankton

The following section introduces the use of acoustic techniques as a tool to
investigate the distribution of zooplankton. The history, basic principles, acoustic
modelling, instruments and some examples of the techniques are discussed. In addition,
the author recommends several reviews (Clay and Medwin, 1977; Medwin and Clay,
1998; Hormne, 1998; Foote and Stanton, 2000; Griffiths ez al., 2002)

1.3.1 Background and History

The propagation of sound waves in the marine environment, and their scattering by
discontinuities in the medium, provides the means for remote sensing of the environment.
At acoustic frequencies greater than 1kHz, a large proportion of oceanic volume
reverberation is biological in origin (Farquhar, 1971; Anderson and Zahuranec, 1977; Clay
and Medwin, 1977). A significant fraction of this reverberation is associated with large
zooplankton and micronekton (Sameoto, 1976; Pieper, 1979; Greenlaw, 1979; Holliday
and Pieper, 1980; Pieper and Holliday, 1984; Kristensen and Dalen, 1986; Greene et al.,
1988; 1989).

Observations of pelagic nekton with underwater sound dates from the 1930s
(Sund, 1935; Balls, 1948). Scientific observation of mesopelagic organisms with
underwater sound began in the late 1950s, and were largely focused on deep scattering
layers which were hypothesised to result from the presence of mesopelagic fishes, such as
myctophids (Hersey and Backus, 1954).

The development of echo counting (Craig and Forbes, 1969) and echo integration
techniques (Ehrenberg and Lytle, 1972), meant it became practical to use single frequency
echosounders to make quantitative estimates of biomass in diffuse layers of sparsely

packed schools of fish. The addition of dual-beam (Ehrenberg, 1974; Traynor and
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Ehrenberg, 1979) and split-beam (Ehrenberg, 1983; Foote er al, 1986) technology
allo@ed estimations of target streglgth of organisms in situ.

Holliday first defined an acoustic approach appropriate for zooplankton nearly two
decades after the first application of fisheries acoustic methods (Holliday, 1977). This
used a multi-frequency acoustic system, physics-based acoustic scattering models and a
mathematical inversion technique to convert the data into a size distribution of the
biological sound scatterers.

The methodology involved in using acoustics to study zooplankton has its roots in
fisheries acoustics. Elements where they overlap are the sonar equation, echo integration,
calibration and instrument platforms (Foote and Stanton, 2000). However, significant
departures in zooplankton acoustic methodology from fisheries methods have resulted
because of (a) the need for political policies to maintain standardised measurements of fish
for stock assessments (Holliday and Pieper, 1995) and (b) the complexity of the organism
studied. Fish, as acoustic scatterers, are relatively similar (excepting the presence or
absence of a swimbladder) varying predominantly with size (e.g. Target Strength =
m*log(length) + b where m and b are constants for any given species, Lillo et al., 1996),
whereas in the open ocean aggregations of zooplankton typically contain a number of
species with vastly differing acoustic properties that vary not only with size but also
between species as a result of composition (e.g. hard/soft carapaces, shape). In
zooplankton acoustics, this diversity in species and thus acoustic scattering properties has
led to the development of (1) multi-frequency echosounders spanning a range of
frequencies, (2) mathematical inversion methods to infer biological parameters from
multi-frequency data, and (3) advanced acoustic scattering models that have incorporated
the major anatomical features of the zooplankton.

1.3.2 Acoustic theory and practise

1.3.2.1 Basic Principles
The active sonar equation (Urick, 1983; Medwin and Clay, 1998) is used to

describe echo quantification. It is an engineering solution to the wave equation for a noisy,
vertically bounded fluid medium, containing an acoustic source, targets and a receiver
(Foote and Stanton, 2000). The equation is used for estimating echo levels from particular
targets and for evaluating the performance of sonars in terms of target detection and
maximum operating range.

1.3.2.2 Scattering strength

A single target is characterised by its backscattering cross section o or Target

Strength 7'S:
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TS = IOIOg[O'/ (475702 )]: lOlog(crbs / r(,z)

where o is expressed in units of square metres, and r, is a reference distance (typically

1 m). ous denotes the differential backscattering cross section, where o, =o/4x

(Medwin and Clay, 1998). In an aggregation of unresolved single targets, the typical

measure of scattering strength is the total scattering strength, S, +10logl’, where the

Mean Volume Backscattering Strength (S, or otherwise known as MVBS) can be

described as follows:
S, =10log(No/(47V))

where o is the average backscattering cross section of N scatterers in the sampling volume
V and units are generally given in logarithmic terms (dB).

1.3.3 Target strength models

Acoustic scattering from a target (hereafter assumed to be a zooplankton) is a
complex function of size, shape, internal structure, material properties and orientation, as
well as acoustic frequency. A measure of sound scattering can be determined empirically
through measurements, mathematically through physics-based predictions (Anderson,
1950), or in some combination in which certain parameters of the mathematical model are
experimentally determined (Stanton er al., 1996). The scattering by a target can be
described in terms of the incident sound pressure (Pp), the acoustic wave number (k; which
is equal to 2n/A; where A is the wavelength and the subscript 1 denotes the surrounding

fluid), a distance (r) between the receiver and target, and scattering amplitude (f) as

ikyr

p scat PO

Acoustic scattering descriptions focus on scattering amplitude at a reference distance

implicitly assumed to be 1 m, which is the target strength (7.5):

7S =10loglf,,|
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Where f S 2, the backscattering amplitude, is related to the backscattering cross section
by the formula:

2
]fbsf = 5/4” = Oy

For further literature on the theory of acoustic scattering properties see Clay and Medwin
(1977), Medwin and Clay (1998) and Foote and Stanton (2000).
1.3.3.1 Model Categories

The variety in, and complexity of, zooplankton size, morphology and material
properties have resulted in a wide range of mathematical descriptions of their acoustic
scattering. Using material properties as a governing factor, three categories of scattering
models defined by Stanton et al. (1996) have become standard terminology in zooplankton
acoustics. These are fluid-like (FL), elastic-shelled (ES) and gas-bearing (GB) (Figure
1.3.1). In each case they encompass a large number of zooplankton.

Fluid-like animals

Animals that are deemed fluid-like have material properties (mass density and
sound speed) that are similar (within several percent) to the surrounding water. In addition
their exoskeletons are considered thin enough to be assumed to be fluid-like and unable to
support shear waves. Such objects with small contrasts in material properties and which
do not support shear waves are referred to as “weak scatterers”.

Scattering from copepods, euphausiids, amphipods, chaetognaths and salps are
approximated using fluid-like models. Early models represented zooplankton as a
homogenous fluid-filled sphere (Anderson, 1950; Greenlaw, 1977; 1979; Johnson, 1977,
Stanton et al., 1987). These models were successfully applied to field studies of the
scattering of copepods (Pieper and Holliday, 1984; Holliday et al., 1989). However, a
sphere does not represent the shape of all zooplankton and hence increasingly
sophisticated approaches have been used in order to take into account the complexity of
the animals shape and material properties.

This commenced with the development of an infinitely long straight cylinder
model which was applied to elongated zooplankton (Stanton, 1988a) and variations on this
theme such as finite length, elastic and deformed cylinders (Stanton, 1988b; 1989).

The deformed cylinder model, whilst assuming the cross-section of the animals to

be circular, can be used to describe the bend (Stanton, 1989), taper (McGehee et al., 1998)
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and roughness (Stanton, 1992, Stanton et a/., 1998a) of the body, as well as the variability

of the material properties.

| ﬁasv«beaﬁng e A
(siphonophare} ..

Fluid-like
(euphausiid)

Figure 1.3.1 Sketches of zooplankton from the three major anatomical groups. The arrows
indicate parts of the bodies over which the various dimensions measured are used in
acoustic scattering models (Figure taken from Figure 1 of Stanton ez al., 1998a).

Initially the infinitely long cylinder model was developed and applied to elongated
zooplankton using the approach based upon the exact modal-series solution (Stanton,
1988a; 1989; Wiebe et al., 1990; Chu ef al., 1992; Miyashita et al., 1996). This showed an
improvement over the sphere model and was valid for a wide range of material properties,
but was only valid for target orientations near broadside incidence (Partridge and Smith,
1995). More recently, the deformed cylinder model has been applied to zooplankton using
the Deformed Wave Born Approximation (DWBA) (Chu et al., 1993; Stanton et al.,
1993a, 1998a). The function of the DWBA-based deformed cylinder model assumes that
the body is weakly scattering (i.e. the material properties are similar to the surrounding
water) thus restricting the approximation with respect to material properties, but it is valid
for all angles of orientation.

The general form of the DWBA formulation that accurately describes scattering
from weakly-scattering bodies (Morse and Ingard, 1968) predicts the scattering of a body

of arbitrary size, shape, orientation and material properties as well as arbitrary frequency.
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Below is the DWBA-based deformed cylinder model (Stanton er al., 1998a) used to

predict scattering from euphausiids.

. Ji(2k,acos

cos B,

ilt ) ] drpos

k ik ), 14
fu = =2,

The terms y, and A, are related to the density and sound speed contrasts (g and h,
respectively) of the body where g = p,/p;, h =cy/cy, p is the mass density, ¢ is the sound
speed, and the subscripts 1 and 2 refer to the surrounding fluid and body medium,
respectively. The term rpo is the position vector of the body axis, J; is the Bessel function
of the first kind of order one, k; is the acoustic wavenumber inside the body and B is the
angle between 4 (the incident plane wave) and the cross-section of the body at the point
Tpos (Figure 1, Stanton and Chu, 2000). This deformed finite length cylinder formulation
describes the scattering by finite-length elongated bodies whose cross-sectional radius (a),
radius of curvature and material properties can vary along the axis.

Hence acoustic scattering by zooplankton is a complex function of animal size,
shape, orientation and material properties (Table 1.1), as well as acoustic frequency
(wavelength). The combination of size and frequency (i.e. k and a) will be discussed in
section 1.3.3.3.

Shape

The shapes of the bodies of zooplankton are generally irregular. Low resolution
models approximate the shape of zooplankton to be simple geometric shapes, whilst high
resolution models take into account the bend of the body axis, the tapering of the body,
and local irregularities such as legs (Figure 1.3.2). Rigorous representation of the shapes
of bodies requires recording features of the order A/20 and larger, this is now being
achieved using Computed Tomography-scans to map the three dimensional image at
resolutions of sub mm (Lavery et al., 2002).

Material properties

Levels of scattering from an object depend on the contrasts of various material properties
with the same physical properties as the surrounding medium. The critical material
properties in zooplankton are the ratio of the sound speed through the scatterer to that in
water and the ratio of the compressibility of the scatterer to the water. This relationship
can be expressed by R, the reflection coefficient, and is a common variable in the acoustic

scattering models and is described by:
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Function | Model/observation Effect Reference
) Model-estimated acoustic backscatter Griffiths ef al
Size Fluid sphere model from a 2.5 mm copepod was 20 dB E
2002
greater than from a 1 mm copepod.
The backscattering cross-section of a 23
. mm euphausiid decreases by 6 dB if the
Shape Bent cylinder model il Berids by 1,4-mm arha ands of Stanton, 1989
the cylinder.
A 5 dB difference was found when the
. extreme low and high values of g and h ;
Mat:rréiaels Fluid cylinder model (Kogler et al., 1987) were used to predict anﬁ;gg; bal,
prop the target strength of Meganyctiphanes
norvegica.
A change of 3-4 dB in target strength was
Orientation Tank observations observed with a change of mean angle of | Macaulay, 1994
10° from vertical of a 27 mm target.
Table 1.1 A table of the effect of size, shape, material properties and orientation on

target strength. The model, effect and reference for each function is given.

(a) Low resolation

{a} Low resolution

@ /4,4——6—\ . /?/“" —”"““@\&\G

m&g\
High resolution SCEE

td)

High resolution ()

B oy gz‘| 3 &i .
Figure 1.3.2 Euphausiid (Meganyctiphanes norvegica), copepod (Calanus finmarchicus)

and various models of shape ranging from (a) low resolution to (d) high resolution).
(Taken from Stanton and Chu, 2000).
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h—1
R:(g )(gh+1)

where g is the mass density of the zooplankton body relative to that of the surrounding
water and 2 is the relative sound speed in the animals. Both are obviously dependent on
the biochemical composition of the zooplankton. Values of g and /4 have been obtained
either through direct measurement of both dead and living animals (Kegler et al., 1987;
Foote, 1990) or inferences based upon scattering measurements (Stanton et al., 199%4a;
Chu et al., 2000). There are few published data regarding values of the density and sound
speed contrasts, but they are generally within 1-2% of 1.04 for each value (Stanton and
Chu, 2000). These values assume the body to be homogenous (i.e., they are bulk values).
However, some authors have investigated the heterogeneity of the internal structure
(Yayanos et al., 1978; Foote, 1998). The density and sound speed contrasts have been
shown to have seasonal and annual cycles (Kegler et al., 1987) and in addition, to add
complexity, Chu et al. (2000) noted that the sound speed contrast of a euphausiid also
changed with depth.

R is critical not only in FL models but also for all other types (i.e. ES and GB).
When R is high the animal is an efficient scatterer of sound (for example, a gastropod has
a hard shell whose material properties are different from the surrounding water) and
conversely when R is small the animal is a relatively inefficient scatterer (for example, a
salp is principally composed of gelatinous material, whose properties are similar to the
surrounding water). Variations in R can result in changes in the type of scattering
associated with different zooplankton, hence the classification of FK, ES and GB. This can
cause differences in scattering energy that can be so dramatic that the average echo energy

per unit quantity of biomass of a 2 mm-long gastropod is about 19000 times that of a

30 mm-long salp (Stanton et al., 1994a).

Orientation
Target strength of elongated zooplankton is recognised to vary with orientation

(Greenlaw, 1977; Sameoto, 1980; Everson, 1982; Kristensen and Dalen, 1986; Macaulay,
1994; Hewitt and Demer, 1996; McGehee et al., 1998). Very little information is available
regarding the in situ orientation distribution of free-swimming animals or how it changes
over a diurnal cycle. Krill in aquariums have been observed with mean orientations in the
range of 20-40° relative to horizontal (where 0° corresponds to a horizontal body axis and
positive angles refer to the head up) with standard deviations of ~ 20° (Kils, 1981; Endo,
1993; Miyashita et al., 1996). These observations agree with Chu er al. (1993) who
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inferred mean orientation of 20° for encaged krill, calculated using a DWBA-based model
applied to two frequency data. Iiecently, with the increasing sophistication of the video
plankton recorder, the orientation of copepgds frecly swimming over Georges Bank was
observed to be peaked at about 90° (animal axis Was vertical, with the head up) with a
standard deviation of 30° (Benfield et a/., 2000). Such observations will provide valuable
information for deciding the orientation function of the acoustic models.
Elastic-Shelled animals

Animals that are described as elastic-shelled include planktonic gastropods such as
pteropods. The scattering from an elastic-shelled body is complex and is a summation of a
number of processes. Initially it was simplified to assuming that the body was a solid
dense fluid and that the scattering was dominated at high frequencies by the echo from the
front interface of the body (Stanton, 1989; Stanton er al, 1994a), although processes
within the shell, within the internal fluid and surface waves propagating along the shell
also contribute to the total backscattered energy (Stanton er al., 2000; Griffiths et al.,
2002). However laboratory acoustic tank measurements identified another key scattering
mechanism, that the shell was supporting circumferential (subsonic Lamb) waves, which
would interfere with the shell interface echo (Stanton er al., 1998a). The most recent

models for elastic-shelled animals are from Stanton ef a/. (1998b, 2000):

f;m = f‘spec +fop +fLamb5
where
a -i2ka
~  spec 1%spec
]Fspec = 7 R12F;pece >
1 i2ka
~_ 1%op
fop = 7 aopRleope H

1 P b N w
fLMb ~ —EGLe"’SLae 2 BL)ﬁL Xezzk,a[(c,/cL)(n 6, )~cosdy | m/zFL

o0
% Z (_l)m e—ZmﬁL eiZmnkIEc‘ /g, e—(l/Z)y‘crf

m=0

where
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0, =sin"'(¢,/¢c,),
G, =8nf,¢c,/c,,
¢, /¢, =kala, +1/2)
and
y=Ik{2[(c,/8,)x —0,)—cosb, |+ 2mme, /€, + Bla[2(x —6,) + 27am]}

The terms fspee and fop contain a reflection coefficient R;; owing to the interface they are
associated with. fi.mp contains a coupling coefficient Gy that describes the efficiency with
which the incident signal couples with the shell and reradiates, B accounts for dispersion
according to the relationship ¢, /c, =¢,/c, + BkjA,, where the mean speed ¢, 1S c.
evaluated at k;@ . The terms agpe. and aqp are the local radii of curvature that the incident
wave sees. a is the average radius of the irregular sphere. [, is the attenuation
coefficient and «, is the dispersion term of the Lamb wave. 6, is the angle at which the

Lamb wave launches and lands at the surface and ¢, a phase shift owing to the irregularity
of the body. o, is the root-mean-square deviation of the shell radius from the mean value
@ . Fspeo, Fop and Fy are empirically determined terms that are used to weight the different
scattered rays (Stanton et al., 2000).

These equations predict scattering resulting from reflections and refractions within
the fluid-like body of the animal, scattering from the back of the opercular opening, as
well as flexural Lamb waves propagating along the shell (within the shell) and Franz
waves propagating along the shell (within the surrounding fluid). The resonance structure
of the scattering was found to be strongly dependent on orientation, although variation in
matérial properties has not as yet been analysed (Stanton ef al., 2000).

Gas-bearing animals

These are animals that contain enough gas to produce a substantial echo as a result
of the gas. In this case the acoustic backscatter results from both the gas inclusion and the
surrounding tissue. The gas inclusion can be modelled as a fluid-filled sphere, where the
fluid (in this case gas) has a low speed of sound and density. However, gas inclusions
exhibit a resonance that augments the scattering significantly when the product of wave
number and the equivalent spherical diameter of the target is greater than one. The general
focus for gas-bearing models has been fish (Johnson, 1977; Reeder, 2000). In the past
decade it has been recognised that gas bearing siphonophores can also be major acoustic
scatterers. Initial models described scattering solely from the gas inclusion (Stanton et al.,

1996). More recently, the model describing the scattering from a gas inclusion has been
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combined with the model describing fluid-like animals, thus including the scattering
effects of surrounding tissue (Staﬁton et al., 1998c)
1.3.3.2 The effect of size and acoustic frequency on Target Strength

Scatterer size and the frequency o’fﬁ sound ﬁsed are also critical variables in the
resultant Target Strength (TS) of the zooplankton. The general dependence of scattering
on size and frequency is that when the product of the wave number for the sound (k =
2nf/c) and the scatterer size (a) is small, i.e., ka <<1, then the scattering is considered to be
in the Rayleigh domain (where f = acoustic frequency and ¢ = speed of sound). When
ka>>1 the scattering is characterised as geometric and where ka =~ 1 the scattering is in the
transition zone. ‘k’ can be fixed, which means that one can examine the dependence of
scattering on variations in the size (a). Similarly ‘a’ can be kept constant and the variation
of frequency can be studied. Examination of the variation in TS within a frequency range
of 38 to 2000 kHz (which encompasses most zooplankton acoustic frequencies used at
present) reveals several features (Figure 11.1, Griffiths et a/., 2002):

1) Small fluidlike animals (e.g. copepods, amphipods and chaetognaths) typically
exhibit Rayleigh scattering within this frequency range. |

2) Large copepods and euphausiids exhibit oscillatory target strength between
1 <ka<10.

3) The TS of a 2 mm long pteropod is comparable to that from a 30 mm long
euphausiid at frequencies above 100 kHz.

4) The TS of a gas-bearing siphonophore is independent of frequency as the lowest
frequency considered is above the resonant frequency of the gas bearing pneumatophore.

5) The TS of a siphonophore with a 2 mm equivalent diameter pneumatophore 18
~15 dB greater than either a 2 mm long pteropod or a 30 mm long euphausiid.

These features are evident in model calculations from single animals. The model-
predicted nulls (oscillatory characteristics) for single large copepods and euphausiids
become less pronounced when the scattering volume contains more than one animal.
1.3.3.3 Sources of variability

Variability may arise from both the act of measurement and the modelling of
zooplankton.

Measurement
This category encompasses variations in the instrument used, in the medium in

which the measurements are taken and the behaviour of the targets themselves. It is
generally assumed that instruments will perform consistently and in accordance with their

calibration, with no variation over time. However, in reality performance may vary
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resulting from changing conditions of operation, power and thermal effects. Acoustic
measurements are affected by the state of the medium. For example, air bubbles
introduced into the medium by turbulence or storm events may attenuate both transmitted
signal and echoes. This may reduce the signal to noise ratio below the detection threshold
or lead to an over estimation of zooplankton. Finally, zooplankton react to changes in their
environment such as light and noise. This can result in variations in orientation, which
may effect the estimations of numerical density.

Modelling
The mathematical models used to describe acoustic scattering are approximations,

and as such are subject not only to their own accuracy but also that of the model
parameters. The models require knowledge of the morphology and material properties of
the animal. Determination of these characteristics can involve complex experimental
procedures (Foote, 1998) subject to error.

1.3.4 Instruments and their applications

Sonar (SOund NAvigation and Ranging) is a general term applied to equipment
and software that receives and possibly transmits sound. The echosounder is a particular
kind of sonar, one whose acoustic beam is directed vertically downwards.

In a basic echosounder (Figure 1.3.3), the transmitter produces a burst of electrical
energy at a particular frequency. The transmitter output is applied to a transducer, which
converts the electrical energy to acoustic energy in the water. The transducer projects
sound in a directional beam, with the width of this beam being inversely proportional to
the frequency of the sound (assuming a fixed diameter transducer). The transmitted pulse
of sound propagates through the water away from the transducer and encounters various
targets, e.g. fish or the sea-bed. These targets reflect or scatter the pulse, and some energy
returns towards the transducer. The backscattered sound (the echo) is detected by the
transducer and converted to electrical energy as the received signal. The time at which the
echo is received indicates the distance of the target from the transducer. Most sonar
systems cannot be used in near-surface and near-bottom “dead-zones” where targets
cannot be discriminated from the surface or substrate (Mitson 1983; Ona and Mitson,
1996; Misund, 1997).

Acoustic returns contain three types of data that can be directly extracted: time
between pulse transmission and echo return (i.e. target range), pressure detected at a
receiver (i.e. echo amplitude, in volts) and within-pulse phase (identification of single or

multiple targets). Sound pressure at a receiver is measured as an intensity which is often
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converted to a logarithmic ratio of an observed intensity to a reference intensity (in
decibels)‘ ’
1.3.4.1 Single Frequency acoustics »

Single-frequency acoustics can provide reasonable biological information
providing certain assumptions are valid. These are: 1. A single size organism dominates
the acoustical scattering and that size is known, 2. There is a tractable, validated model for
the organism, relating its size and the acoustic frequency used to its Target Strength (TS)
in quantitative terms, 3. Multiple scattering effects and shadow effects are negligible, and
4. Any dependence of TS on any other parameter is known and one can sufficiently
estimate the power in the echoes (Holliday and Pieper, 1995). Biomass estimates based on
single-frequency acoustic surveys now represent an accepted and standard approach for
enumerating many fish-stocks (Foote and Stefansson, 1993; Holliday and Pieper, 1995).
When measuring zooplankton these assumptions are rarely met, though a certain amount

of biological information can still be obtained.
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Figure 1.3.3 A basic echosounder (after Foote and Stanton, 2000).
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Acoustic Doppler Current Profilers (ADCPs)
 Acoustic Doppler Current Profilers (ADCPs) are one example of a single

frequency acoustic system which have been used to provide biological information.
ADCPs have, since the mid 1980s, become‘ routine instruments for physical
oceanographers (for review see Woodward and Appell, 1986). They use the change in the
observed pitch of sound owing to relative motion between a source and receiver for
measuring current velocities. Particles, which are perceived to be drifting passively in the
water column, scatter the incident sound pulses and some of the scattered energy ends up
back at the receiver. In the open ocean, it is assumed that these particles will be
predominantly zooplankton and micronekton. Through this theory, Haury (1982) raised
the possibility that ADCPs could provide biological data in addition to current velocities.
This idea was developed by Flagg and Smith (1989a,b) and Plueddemann and Pinkel
(1989).

Without further processing ADCPs produce uncalibrated acoustic backscatter
(often termed relative) data on an arbitrary scale, which are useful for providing semi-
quantitative distribution patterns. However, these “relative data” are not comparable over
different hydrographic regimes or different depths because of the variation in sound
absorption with temperature and salinity and variations in instrument performance with
temperature. To improve these relative data studies in the last decade have calculated the
Mean Volume Backscattering Strength (MVBS, units in dB) using the manufacturers
calibration together with in situ salinity (Zhou et al, 1994), and temperature and noise
levels (Weeks ef al., 1995). Roe et al. (1996) have taken this process one step further
using concurrent temperature and salinity measurements (from the towed vehicle SeaSoar)
to calculate directly the sound absorption coefficient o (see Francois and Garrison, 1982).
This is then used with the manufacturers calibration (RDI, 1990) in the calculation of
MVBS. This absolute MVBS has been used to describe the distribution of zooplankton in
the Atlantic, Southern and Indian Oceans (Griffiths and Roe, 1993; Roe et al., 1994; 1996;
Herring et al., 1998) on the same time and space scales as physical variables. Good
correlation was found between backscatter data obtained from an ADCP (153 kHz) and a
SIMRAD EKS500 echosounder (120 kHz) (Griffiths and Diaz, 1996) indicating that the
ADCP was producing acoustic backscatter data consistent with a commercially built well-
calibrated biological echosounder:

ADCPs have been used on moored long-term interdisciplinary arrays, hull

mounted systems, and have collected backscatter data together with CTDs or towed
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hydrographic sensors (Heywood et al., 1991; Fischer and Visbeck, 1993; Griffiths and
Roe,v 1993; Roe and Griffiths, 1593; Ashijan et al., 1994; Flagg et al., 1994; Zhou et a/.,
1994; Herring ef al., 1998). They have been used to provide observations of diel
migrations (Flagg and Smith, 1989a; Smith et a/., 1989; Ashijan ez al., 1994; Buchholz et
al., 1995; Heywood, 1996; Roe er al, 1996; Rippeth and Simpson, 1998; Wade and
Heywood, 2001), reverse migrations (Heywood, 1996), speed of diel migrations (Wilson
and Firing, 1992; Heywood, 1996), and the distribution of zooplankton at mesoscale
features. For example, Roe and Griffiths (1993) and Roe ef al. (1996) observed columns
of high backscatter/zooplankton biomass in the eddy boundaries associated with the
Iceland-Faeroes front and Ashijan et al. (1994) recognised diel, regional and meander
associated patterns in zooplankton distributions in the Gulf stream.
Single frequency echosounders

Other single frequency systems are generally commercial echosounders, for
instance, the SIMRAD EK120. Zooplankton acousticians now typically use acoustic
wavelengths which approximate to the same size as the animals present in the study
volume, this maximises the reflections obtained from relatively weak scatterers.

Zooplankton ecologists have used such systems to describe biological distributions
and the influence of physical forcing on these in several areas. Sameoto (1976; 1980) used
a 120 kHz echosounder to map and quantify the distribution of euphausiids in the Gulf of
Lawrence. Nash et al. (1989) used a 70 kHz sonar to measure the distribution of peaks of
acoustic backscatter in relation to depth and temperature at the edge of the Gulf Stream.
They observed patterns of diel migration influenced by differences in the thermal structure
between the Gulf Stream and a front, with a general selection by organisms for warmer
water and an avoidance of cooler temperatures. Szczucka and Klusek (1996) used a
30 kHz echosounder to observe scattering layers in the South Baltic Sea, commenting on
changing depths of vertical migration with changing seasons. Holliday (1992) used a
1.05 MHz echosounder on a moored system to record patterns in zooplankton distribution
with time in Fish Harbor, USA. Variations in acoustic backscatter were assumed to have
been caused by diel migration and the tidal advection of zooplankton assemblages past the
moored sensor. Wiebe et al. (1996) used a 420 kHz echosounder to study volume
backscattering over Georges Bank, showing that the volume backscattering structure
varied between a well mixed and a stratified area. Internal waves were shown to modulate
the depth of dense mid-depth scattering layers, thus providing evidence that the physical

forcing of zooplankton patterns varied significantly between the two areas. Baussant et al.
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(1992) described the distribution of scattering layers across a strong density front (the
Ligufian front) collected using 'a 50 kHz echosounder. They found rapid horizontal
changes in vertical distribution in and away from the front and concluded that these
changes and observed seasonal changes were as a résult of the distribution of chlorophyil
biomass.

Acoustic methods can also be used to investigate predator/prey relationships.
Macaulay (1993) and Macaulay ef al. (1995) used a 120 and 200 kHz sonar (on separate
cruises) to assess the distribution and abundance of the prey (copepods) of Right whales
near Georges Bank. Observations showed distinct diel migrations of zooplankton with
estimations of biomass of 1.0 - 25.0 g wet weight m”, which correlated with abundance
measurements from MOCNESS tows. The behaviour of the whales was related to the
spatial scales and abundance of their prey as shown by the use of acoustic estimates of
target distribution and abundance.

Acoustic methods have been used intensively in the Southern Ocean for the stock
assessment of krill. The Antarctic krill (Euphausia superba) is a key species in the food
web of the Southern Ocean (Laws, 1985) and because of its high abundance is important
as a major invertebrate fisheries resource (McClatchie ef al., 1994). Bioacoustical methods
of various types have been used extensively to map and quantify the distribution of
Antarctic krill (Burczynski, 1973; Kalinowski, 1982; Guzman, 1983; Miller and Hampton,
1989; Everson et al., 1990; Greene et al., 1991; Ricketts et al., 1992; McClatchie et al.,
1994; Brierley and Watkins, 1996; Murray, 1996) and their behaviour (Kaufmann et al.,
1993). These measurements have typically used single-beam single frequency systems,
operating at 120 kHz (Sameoto, 1976; Ricketts et al., 1992; Brierley et al., 1998a).
Several problems were identified: Demer and Hewitt (1995) reported that surveys may be
biased when the animals migrate above the observation window of down-looking
transducers and adjusted the observed density observations with a temporal compensation
factor. Hewitt and Demer (1996) used a more direct method estimating the abundance of
krill in the near-surface layer using side-ways looking sonars. Standardised measurements
of Antarctic krill abundance have primarily used single frequency systems. In addition,
both dual-beam echosounders (Hewitt and Demer, 1996) and multifrequency acoustics
(Foote et al., 1990; Madureira et al., 1993a,b) have also been used to measure Antarctic
krill abundance.

Single frequency summary
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Analyses of data from single-beam systems are confounded by the interaction
between the target strength of an actual animal and its position in the beam. A dual-beam
system circumvents this problem by analysing the single echoes returning from individual
animals (Richter, 1985; Greene and Wiebe, 1988; Greene ef al., 1989; Wiebe et al., 1990).
Greene et al. (1989) and Greene and Wiebe (1990) used a dual-beam system combined
with an echo integration analysis of corresponding volume backscattering data to estimate
numerical abundance and biomass concentration and apportion it to different acoustical
size classes. Calibration studies using a dual-beam echosounder operating at 405 kHz
showed qualitative and quantitative estimates of animal distribution consistent with
previous studies using more conventional sampling methods (Greene and Wiebe, 1988).

However the extraction of biological parameters such as biovolume from the
acoustic volume backscatter of a mixed species/size assemblage still remains relatively
unsolvable with single frequencies systems and currently available scattering models. The
more frequencies used to make quantitative measurements of volume backscatter from an
ensemble of zooplankton made up of several sizes, the better the ability to discriminate
between the different sizes present (Holliday and Pieper, 1995). Hence the use of multi-
frequency acoustics.

1.3.4.2 Multi-frequency acoustics
Multi-frequency acoustic systems are available both commercially (e.g. SIMRAD

EK400, EK500 and EK60) and as unique developments (MAPS, Holliday et al., 1989;
BIOMAPPER, Wiebe, 1995; TUBA, Crisp and Harris, 2000)

Mitson et al. (1996) used a two-frequency algorithm to determine the size and
abundance of plankton. The two frequency (120 and 38 kHz) method used a highpass fluid
sphere model to determine mean size and density of animals (typically euphausiids). The
results were compared with net samples and found to agree satisfactorily. The ratio of 120
to 38 kHz is well suited to studying the size group of euphausiids. Greenlaw applied this
approach and Madureira (1993a,b) used this ratio to separate and distinguish the acoustic
signal of three species of Antarctic zooplankton. AMVBS (= MVBS 120 kHz - MVBS
38 kHz, in dB) were used to distinguish Euphausia superba, Themisto gaudichaudii and
E. frigida (AMVBS = 4.6, 9.7 and 15.6 dB respectively), with results being significantly
different to allow the three species to be separated acoustically. Brierley and Watkins
(1996) used this method to distinguish between E. superba, nekton (larger than krill) and
zooplankton (smaller than krill). Later Brierley ef al. (1998a) used this method with three
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frequencies (200-38 and 200-120) to separate species of euphausiid, amphipod and
copepods. ’

Guerin-Ancey and David (1993) and Van Cuyck er al. (1993) have used seven
frequencies (between 75 - 130 kHz and 0.3 - 1.2 MHz respectively) to look at a mixed
small zooplankton population and a monospecific plankton layer. Guerin-Ancey and
David (1993) found distinct scattering layers at different depths with different frequencies
and compared net sampled zooplankton with measured acoustic backscatter (see section
1.3.5.2). Johnson and Griffiths (1990) also commented on the use of different frequencies
to target different size classes of zooplankton. They used two frequencies (120 and
200 kHz) to assess zooplankton abundance in areas where the Arctic bowhead whale is
commonly found as part of a study to measure the energy requirements of the whales.
Other multifrequency systems have been used to observe predator/prey relationships. For
example, Orr (1981) used a multifrequency system operating between 10 and 600 kHz to
detect predator-prey interaction, the passive response of zooplankton to fluid processes
such as internal waves, lee waves, and the response of organisms to the presence of an
oceanographic instrument in the water column. Observations suggested that internal waves
influenced predator-prey distribution on the continental shelf and that the presence of
oceanographic instruments was detected to ranges of 15 m.

The acoustic instruments discussed so far are commercially built (BIOSONICS or
SIMRAD). Novel systems developed by research institutes include BIOSPAR
(BIOacoustic Sensing Platform and Relay) and BIOMAPER (Bio-Optical Multifrequency
Acoustical and Physical Environmental Recorder) (Wiebe, 1995). These systems map the
distribution of zooplankton in the upper 150 m of the water column using two frequencies
(120 and 420 kHz). BIOSPAR is a free drifting buoy that collects Eularian bioacoustic
measurements, whilst BIOMAPER is towed from the back of a ship. Other novel systems
have been developed which operate with more than three frequencies. Holliday et al.
(1989) developed the Multifrequency Acoustic Profiling System (MAPS). It employs 21
circular disc transducers operating at different frequencies from 0.1 to 10 MHz. The
acoustic measurements are converted to estimates of the scatterer density by size class
using a model developed by Holliday and Pieper (1980).

Costello e al. (1989) have compared the MAPS and pump-sampling techniques
for zooplankton density estimation. Biological samples were collected by filtering the
water from a pump whose inlet was attached to the MAPS probe so that the same

populations would be sampled by both methods. Close agreement was found between the
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abundance and size distributions indicated by the pump and acoustic measurements.
Peipér et al. (1990) have described zooplankton distributions revealed by MAPS and
Pieper er al. (1990), and Napp ez al. (1993) used MAPS to construct biovolume-size
spectra for the Gulf Stream and the Southern California Bight.

TAPS (Tracor Acoustic Profiling System) measures acoustic backscatter at four
frequencies (165, 420, 1100 and 3000 kHz) (Holliday and Pieper, 1995). With data from
all frequencies different discrete vertical structures, e.g. scattering layers, can be identified
as dominant at different frequencies and therefore composed of different sized
zooplankton.

A new development at the Southampton Oceanography Centre is the Towed
Undulating BioAcoustic sensor (TUBA) (Crisp and Harris, 2000). This is a seven-
frequency echosounder (175 - 2400 kHz) which, when mounted on SeaSoar, can provide a
wide range of bioacoustic data sampled concurrently with environmental data. Recent
trials in the Strait of Gibraltar identified strong backscattering associated with the tidal
bore, which has strong agreement with concurrent EK500 data (Griffiths and Crisp, pers.
comm.). This system is about to start trials to compare acoustic backscatter data with
Longhurst Hardy Plankton Recorder (LHPR) sampled zooplankton.

To provide more accurate zooplankton abundance, size, and biomass estimates and
to calibrate acoustic scattering models, sihgle frequency and multifrequency systems are
often used in conjunction with other sampling methods.

1.3.5 Estimation of zooplankton size, abundance and biomass from acoustic
backscatter.

Two different approaches have been predominant when estimating the abundance
of zooplankton acoustically.
1.3.5.1 Empirical regressions (the “direct method”).

The “direct method” is based on an estimated regression equation derived from
acoustic measurements (single frequency) and data on biological samples (Pieper, 1979;
Sameoto, 1980; Klindt and Zwack, 1984; Johnson and Griffiths, 1990). Flagg and Smith
(1989a,b) and Heywood et al. (1991) correlated the intensity of the acoustic backscatter
from a shipborne ADCP, with zooplankton biomass inferred from net samples, and
demonstrated a relationship between backscatter and biomass. lida et al. (1996) compared
volume backscattering strength from four frequencies (25, 50, 100 and 200 kHz) with
IKMT net sampled zooplankton (mesh size 2 mm). Results of regression analysis showed

a linear relationship between the log of zooplankton density and the acoustic volume
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backscattering strength, with the greatest correlation at 50 kHz. However, these
relaﬁonships are not standard or reproducible over different hydrographic regimes.
Defining the relationship between zooplankton size, abundance and biomass is now
tending towards the use of acoustic scattering models.
1.3.5.2 Theoretical models.

Predicting backscatter can be described from the “forward problem” and the
“inverse problem”.

The forward problem
The forward problem is the prediction of the acoustic return from a scatterer

based on a knowledge of the physical and geometric properties of the scatterer as well as
the specification of the sonar system used. The development and theory of the acoustic
scattering models was discussed in Section 1.3.3.1. These models require validation
through comparison with observed acoustic measurements both in the laboratory and in
more complex studies in the field. Model estimations have been compared with
observations of encaged collections of euphausiids (Foote et al., 1990; Everson et al.,
1990), individual free-swimming krill (Hewitt and Demer, 1991; 1996; Pauly and Penrose,
1998), tethered zooplankton (Martin et al., 1996), and individual zooplankton in a
controlled setting (Greene ef al., 1991). Live zooplankton are necessary as Greenlaw
(1977), Greenlaw and Johnson (1983), and Richter (1985) all observed live and preserved
zooplankton to have different acoustic scattering properties. Most models compére
satisfactorily with laboratory constrained target strengths.

In addition to “controlled validation”, recent studies have used acoustic scattering
models to predict acoustic backscatter from field observations of mixed species
zooplankton assemblages for comparison with in situ measurements of acoustic
backscatter (Guerin-Ancey and David 1993; Wiebe et al., 1996; Greene et al., 1998). The
field observations, typically net samples, are used to provide abundance and length data of
different taxa, which are variables within the acoustic scattering models. Simplified, the
model-estimated acoustic backscatter from a mixed species zooplankton population is
assumed to be a linear combination of the model-estimated backscattering from all
individual sound scatterers in the theoretical insonified volume (assumed to be the net
sample). This model-estimation can then be compared with acoustic backscatter
measurements taken in the vicinity of the net sample (Figure 1.3.4).

Guerin-Ancey and David (1993) used seven discrete frequencies (between 75 and
130 kHz) to study the distribution of small zooplankton in the Northeast Atlantic Ocean.

Different frequencies showed different distinct scattering layers with depth. Estimated
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acoustic backscatter (calculated using actual zooplankton size and abundance data
collected using nets in Johnson’s‘(1977) fluid-filled sphere model) were found to be very
close to the observed values taken in the vicinity of the net sample.

Wiebe et al. (1996) and Greene etr ;zl. (1998) compared the acoustic backscatter
observed in situ with those predicted from net sample data and different acoustic
scattering models for different zooplankton groups. The results showed that the observed
backscatter data were generally consistent with model estimations, and that this

consistency ran true in terms of the proportion of acoustic backscatter contributed by each

of the dominant sound scatterer types.

The Forward Problem

Scattering models

Zooplankton classes
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Figure 1.3.4 Schematic of the forward problem. Zooplankton classes and parameters
such as length and abundance typically come from net samples.

Other modern zooplankton sampling techniques are increasingly being used
concurrently with acoustic measurements to provide model variables. Using the OASIS
(Optical-Acoustic Submersible Imaging System) instrument Jaffe e al. (1998) found that
simultaneous optical and acoustic images permitted an exact correlation of Target Strength
and taxa and that computer simulations from a model of the backscattered strength from

euphausiids were in good agreement with the observed data. Certainly, because the taking
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and processing of net samples is time intensive, modern techniques such as OASIS and
video profilers (Benfield er al.: 1998) will increasingly play a part in providing the
taxonomic abundance and length data requjred by the acoustic models. The combination
of these instruments will supply a key tool for collecting data on zooplankton
distributions.

The Inverse Problem

The inverse problem is the prediction of the properties of the scatterer based on a
knowledge of the acoustic return and is more complex. Whilst “solving” the forward
problem has had some success, we return again to the complexity of mixed species
zooplankton populations composed of a mixture of shapes, sizes, orientations and
composition. As yet studies using multiple acoustic scattering models to interpret the
composition and abundance of mixed zooplankton populations have not been published.
Holliday and Pieper (1995) have used a simplified approximation of numerical density of
different size classes using multifrequency acoustic data from the instrument TAPS
(Tracor Acoustic Profiling System), using only one simple acoustic scattering model
(spherical model, Anderson, 1950) to describe all types of zooplankton. Where the
numerical density can be estimated by means of a mathematical inversion in combination
with an acoustic backscattering model of the animals present. The volume scattering

coefficient for the ith frequency can be written as:

N

(Sv)i = Zaijnj

=

where #; is the numerical density of the jth size class and oy is the backscattering cross
section of the jth class at the ith frequency. Given measurements of the volume scattering
strength at each frequency and model calculations of all backscattering cross sections, then
the numerical densities of the various size classes can be estimated through the method of
non-negative least squares (NNLS) (Foote and Stanton, 2000). This method becomes far
more complex when more than one acoustic scattering model is used.

Two alternative model-based approaches to zooplankton classification have been
described by Martin et al. (1996). Two classifiers, model parameterization classifier
(MPC) and empirical orthogonal function classifier (EOFC), make use of the consistent
differences in acoustic backscatter signatures from different zooplankton groups (collected
using a broadband sonar). In an at-sea on-deck experiment echograms of individual

zooplankton were analysed and the MPC and EOFC correctly classified 95 and 87% of the
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targets respectively. However, whilst this method is feasible with single targets, several
advaﬁces are required before the technique can be used for in siru classification. For
example, spatial resolution sufficient to resolve individual animals yet maintaining a
sufficient signal to noise ratio over the full bandwidth.

Chu and Stanton (1998) used pulse compression techniques to characterise the
temporal, spectral and statistical signatures of the acoustic backscattering by zooplankton
with gross anatomical differences. This method has been used to examine the dominant
scattering mechanisms from individual zooplankton for comparison with model-
predictions. For example, the primary acoustic arrival from an elastic-shelled gastropod, as
identified with this method, is the front interface and the secondary arrival corresponds to
the subsonic Lamb wave that circumnavigates the surface of the shell. These arrivals
correspond to the fipee and fi.mp functions of the acoustic scattering model (Section
1.3.3.1). Statistical studies demonstrated the ability of the Pulse Compression technique to
size an individual animal and to differentiate the taxonomic group to which the
zooplankton belonged.

1.3.6 Summary of acoustic methods

A variety of acoustic instruments and analytic techniques now exist to locate, map,
count, size, and identify marine organisms. They can describe zooplankton distributions
on the same time and space scales as physical data. Variation in backscattered intensity is
influenced by choice of equipment, sampling conditions, organism morphology, and
organism behaviour. Theoretical models exist which predict the target strength of various
“dominant acoustic scattering” zooplankton groups, these models have been validated
with laboratory measurements. Net, video and optical sampling methods are now used to
collect biological data to predict acoustic backscatter that is comparable with observed
data. Acoustic methods continue to progress in two areas, qualitative use and theoretical
model-estimations. When (and if) these two directions finally converge acoustic methods

will prove a powerful tool in zooplankton investigations.
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This thesis draws on data resulting from two cruises to different hydrographic
mesoscale regimes. For this reason the design and sampling strategy of the cruises have
been separated into two sections, section 2.1 concerns Discovery Cruise 209 to the
Arabian Sea and section 2.2 concerns Diséovery Cfuise 224 to the Mediterranean Sea. A
greater emphasis and description has been made of the methodology and instrumentation
used in the Mediterranean Sea as a result of the authors direct participation. Section 2.3 is
generic to both datasets and discusses the analysis of the data, specifically the analysis of

the zooplankton samples and the use of acoustic scattering models.

2.1 RRS Discovery cruise 209 — The Arabian Sea

2.1.1 Survey design
RRS Discovery Cruise 209 undertook biological and physical sampling of the
oxygen minimum layer and hydrographic features of the Arabian Sea during the

Southwest monsoon (3-22 August, 1994). It set out with two main objectives:

(1) To relate the biological distributions in the area around 19 °N 59 °E, extending
from the shelf'to deep water, to the physical and chemical oceanography of the area.
2) To calculate a nutrient budget in an area extending from the shelf into deep water,

using a sampling programme consisting of CTD profiles.

Sampling was undertaken within a box 120km x 70 km in an area off the East
Coast of Oman that gave access to oceanic, slope and shelf locations. The box was defined
by a series of 15 full ocean depth CTD casts around its outer limits, and two SeaSoar
surveys (SS1 and SS2) within these limits. (Figure 2.1.1). Acoustic backscatter data from a
Vessel Mounted-Acoustic Doppler Current Profiler (VM-ADCP) were collected
throughout the cruise.

The survey area was sufficiently small to permit detailed characterisation of mixed
layer events, and was close to sections previously studied (section IV of Discovery 1963
transects, Currie (1992) and section D of Charles Darwin cruise 26, (Elliott and Savidge,
1990)). In the survey area the geographical position 19 °N 59 °E was designated as the UK
Arabesque Reference Station (ARS) within the JGOFS Indian Ocean programme,
allowing subsequent cruises to carry out long term monitoring of temporal changes in
biogeochemistry (e.g. Mantoura, 1995).

The ARS was occupied several times during the cruise. On each occasion a full
depth CTD was undertaken followed by a shallow (surface to 250 m) Longhurst Hardy
Plankton Recorder (LHPR).
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Figure 2.1.1 Topographic chart of survey area. CTD stations 1-15 are labelled. The ships tracks
during SeaSoar survey 1 and 2 are shown. The symbol labelled ARS is the Arabesque Reference

Station (from Herring et al. 1998).
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2.1.2 Sampling methods
2.1.2.1 SeaSoar surveys

The first SeaSoar survey (SS1) had 7 parallel tracks, ~10 km apart, extending from
the slope to deep water. It was carried out between 10 and 12 August and the track plot is
shown in Figure 2.1.1. As a result of time limitations SeaSoar survey 2 (SS2) was
restricted to a bow-tie shape pattern including a repeat of the first surveys leg 4 (Figure
2.1.1). SS2 was carried out between 16 and 18 August (Table 2.1).

SeaSoar is a platform, upon which sensors are attached, which flies in an
undulating pattern through the water column (Pollard, 1986). A Neil Brown MKIIIB CTD
and oxygen sensor, a Chelsea Instruments fluorometer and a 2 PAR irradiance sensor
were mounted on SeaSoar. The CTD sensors were cross-calibrated with the underway
thermosalinograph. The SeaSoar temperature and salinity data from this cruise are used
solely to calibrate the acoustic backscatter data.
2.1.2.2 Collection of Vessel Mounted-Acoustic Doppler Current Profiler (VM-ADCP)
data

The 153 kHz RD Instruments VM-ADCP recorded backscattered signal strength
(acoustic backscatter) from each of our acoustic beams and averaged them every two
minutes. Vertical resolution was 128 X 4 m bin depths giving a maximum range in excess
of 500 m. The VM-ADCEP transducers are set into the ship’s hull at approximately 8 m
depth (Wade and Heywood, 2001) and the VM-ADCP has a blank bin immediately below
to allow the electronics time to recover between transmitting and receiving, therefore the
first bin depth is at 12 metres. Acoustic backscatter is measured by the VM-ADCP as a
function of the Automatic Gain Control (AGC). These data, from all four of the VM-
ADCP beams, were averaged into two minute intervals. Mean Volume Backscattering
Strength (MVBS) was calculated for each bin depth during the SeaSoar surveys following
the manufacturers equation (RD Instruments, 1990) and allowing for a variable sound
absorption coefficient (a) following the method outlined by Roe ez al. (1996). Where a,
which varies with temperature and salinity, was allowed to vary and calculated directly
from in situ measurements of temperature and salinity from SeaSoar. Although the VM-
ADCP could theoretically measure acoustic backscatter to depths greater than 500 m the
signal noise to ratio was low at depth. This generally limited the backscatter data to depths
shallower than 400 m during the day. At night there were so few targets below the oxygen
minimum layer that the signal to noise ratio was low below depths of 80 metres. The data
with low signal to noise ratio are omitted by following the practice of ignoring acoustic

backscatter data from depth bins with suspect current velocities (Roe et a/., 1996).
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Station Gear Date - Time Position Depth Comment
Number (GMT)
SeaSoar 10/8 - 1700 19 08.4N 55 07.1E
(8S1) - 12/8 -~ 1300 19 08.2N. 59 07.3E.
SeaSoar 16/8 - 2015 18 56.3N 59 05.3E
(SS2) 18/8 — 0430 19 053N 58 13.5E
12661#3 CTD 5/8 18 59.9N 59 00.6E 0-3384
12663#5 CTD 12/8 19 08.9N 59 05.9E 0-3263
12670#3 CTD 21/8 18 60.0N 58 59.9E 0-2779
12664#1 LHPR 12/8 - 1552-1819 19 07.1N 59 04 9E 0-290 Winch problems
(night) 18 58.3N 58 85.5E during recovery
12664#18 LHPR 14/8 - 1208-1516 18 59.6N 59 00.4E 0-210 Query regarding
(dusk) 18 45.3N 58 59.0E silks used
12664#37 LHPR 16/8 - 0900-1208 19 07.0N 59 05.9E 0-270 Swimming crab
(day) 18 57.4N 58 58.0E jammed wind-on
12666#1 LHPR 18/8 - 0927-1210 19 21.5N 58 22.7E 0-335 No paper chart
(day) 19 14.5N 58 13.0E (no flow or depth)
12670#4 LHPR 21/8 - 0507-0759 18 58.IN 58 59.2E 0-300
(day) 18 46.6N 58 53.2E
12670#7 LHPR 21/8 - 1030-1312 18 45.5N 58 53.0E 0-310 Swimming crab
(day) 18 35.IN 58 48.2E jammed wind-on
Table 2.1 Station numbers, time, position and any problems that occurred with the

SeaSoar surveys, CTDs and LHPR casts.

This also partially corrects for the non-linearity of the VM-ADCP, which is additionally
corrected for by only accepting raw AGC counts at least 15 counts (~6.3 dB) above the
noise level (identified from the deepest bin depth).

The resultant acoustic backscatter data were merged with navigational information
so they could be contoured.
2.1.2.3 Collection of Conductivity Temperature and Depth (CTD) data

The CTD casts were made with a Neil Brown Mk IIIB CTD mounted on a 24
bottle General Oceanics multisampler. Additional sensors mounted on the CTD frame
were a Beckman polarporaphic dissolved oxygen sensor, a Sea Tech 100 cm
transmissometer and a Chelsea Instruments Mk II fluorometer. Salinity, oxygen and
chlorophyll concentrations were determined from water bottle samples and used to
calibrate the CTD and fluorometer (Herring, 1994; Herring et al., 1998). Only the three
CTDs at the Arabesque Reference Site (Stations 12661#3, 12663#5 and 12670#3) are
presented in this thesis, their times and positions are given in Table 2.1.
2.1.2.4 Collection of Longhurst Hardy Plankton Recorder (LHPR) samples

The original single-net design of the Longhurst Hardy Plankton Recorder is
described in Longhurst er al. (1966). Although it has been superseded by an improved

twin net system (Williams et al., 1983), a single net system was used on Discovery Cruise
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209. The LHPR collects multiple samples (up to 100) during one tow. The system consists
of a nose cone and a frame housing a conical 333 um mesh aperture net, terminating in a
cod-end unit. The cod-end unit contains two rolls of filtering gauze (mesh aperture
200 pm), which wind on to a third, sandiviching zooplankton samples between them
(Figure 2.1.2). The gauzes are advanced on to the wind-on spool by an electric motor, thus
giving a sequential series of samples. A flowmeter, mounted in the nose cone, measures
the volume filtered for each sample. The nose cone diameter (20 - 40 cm) can be varied,
depending on the concentration of plankton, as well as the sampling interval (30 seconds
to 8 minutes). The LHPR can be towed at speeds up to 6 knots (3 m s) and performs best
when towed in a horizontal or upward oblique direction, providing both horizontal and
vertical distribution data (Haury and Wiebe, 1982; Coombs et al. 1985; 1992; Williams
and Conway, 1988). Its resolution, dictated by the wind-on motor, can be as fine as 5 -
20 m in the vertical and 15 - 100 m in the horizontal (Sameoto er al. 2000). Biases and
errors associated with the LHPR include net hang up/residence time, inadequate
discrimination between samples (Haury, 1973; Fasham er al., 1974; Haury et al., 1976)
and, as with all net systems, extrusion (Nichols and Thompson, 1991) and avoidance
(McGowan and Fraundorf, 1966).

Six LHPR tows were conducted during Cruise D209. The LHPR was towed ina V-
shaped profile to a depth of ~ 300 m, estimated from the amount of wire paid out using the

relationship described below:

Depth = Wire Out

The sampling period was set to two minutes, and a 280 pm mesh aperture conical
net channelled the samples onto a 200 pm mesh aperture wind-on gauze. Actual depth and
flow through the net for each two-minute sample were recorded on a paper chart, retrieved
on recovery of the LHPR. Subsequent analysis of the LHPR tows showed that four were
complicated either by instrument problems, or jamming of the wind-on mechanism by the
swimming crab Charybdis smithii (Table 2.1).

Therefore, only two stations provide useful data for this thesis. Station 12664#1, a
nighttime tow, made in the vicinity of the ARS, and Station 1267044, a daytime tow, close
to the ARS. The LHPR silks were preserved on-board in a 4 % buffered formaldehyde

solution (Steedman, 1976), for subsequent analysis in the laboratory.
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Figure 2.1.2 The Longhurst-Hardy Plankton Recorder (LHPR) cod-end unit, after
Longhurst et al. (1966) (not to scale). A = intake tunnel from net to cod-end, B = wind-on
spool, C = gauze spools and D = wind-on motor. Arrows indicate the flow of water

through the cod-end.

2.2 RRS Discovery cruise 224 — The Alboran Sea

2.2.1 Survey design
As part of the EU MAST III funded project OMEGA (Observations and Modelling

of Eddy scale Geostrophic and Ageostrophic motions), a multidisciplinary study was made
of the Almeria-Oran front in the western Mediterranean (Figure 2.2.1) during December
1996 and January 1997.

The objective of the cruise was to provide the experimental field observations of
eddy scale geostrophic and ageostrophic motions. A second objective was added, which is
pertinent to this thesis, and that was to obtain concurrent physical, chemical and biological
data at high resolution and on the same time and space scales to elucidate biophysical
interactions at a mesoscale front.

Hydrographic, bioacoustic and biological data were collected aboard RRS
Discovery Cruise 224, the first part of which comprised the second field experiment of

OMEGA between 22 November and 29 December 1996 (Allen and Guymer, 1997).
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During the second half of RRS Discovery Cruise 224, 31 December 1996 to 17 January
1997, traditional deep nets were deployed in the region of the Almeria-Oran front (Pugh,
1997).

Using the towed undulating vehicle SeaSoar (Pollard, 1986), two large scale and
five repeat fine scale surveys were made of the Almeria-Oran front region in the western
Mediterranean. Acoustic backscatter was collected throughout the cruise using both a
Vessel-Mounted Acoustic Doppler Current Profiler (VM-ADCP) and a Simrad EK500
multifrequency echosounder. Between surveys, CTD stations and biological sampling with
targeted Longhurst Hardy Plankton Recorder (LHPR) tows were carried out to determine
nutrient profiles and verify biological distributions indicated by the acoustic data.

2.2.2 Sampling methods

2.2.2.1 SeaSoar survey
The repeated fine scale surveys had 10-11 parallel tracks, ~10 km apart (Figure

2.2.2) and their location was targeted at the Almeria-Oran front by near real-time analysis
of underway thermosalinograph (TSG) data and AVHRR SST satellite imagery (Allen and
Guymer, 1997). Three of the finescale surveys are the focus of this thesis (Table 2.2.).

SeaSoar is a platform, upon which sensors are attached, which flies in an
undulating pattern through the water column (Pollard, 1986). Mounted on SeaSoar were a
Neil Brown MKIII CTD, a fluorometer, a PAR sensor, a Sea-Tech light scattering sensor
and a Focal Technologies Optical Plankton Counter (OPC). On Cruise D224 it had a
typical depth range of 0 - 370 m, at a towing speed of 8 knots (4 m s™), using a fully faired
conducting cable to communicate measurements in real-time to the ship. The CTD sensors
were cross-calibrated with the underway thermosalinograph. The fluorometer (Chelsea
Instruments SubAquatracker) provided an indicator of phytoplankton biomass, and the
data are presented later as a measure of phytoplankton fluorescence yield, in instrument
volts.
2.2.2.2 Collection of Vessel Mounted-Acoustic Doppler Current Profiler (VM-ADCP)
data

For the duration of the SeaSoar surveys acoustic backscatter strength from the VM-
ADCP was calibrated as Mean Volume BackScatter (MVBS), corrected for the variation
of the sound absorption coefficient with changing salinity and temperature (from in situ
SeaSoar CTD data) following the method used by Roe er al. (1996) (section 2.1.2.2).

It was not possible to tow a LHPR at the same time as SeaSoar, therefore in situ
salinity and temperature from the environmental sensors on the LHPR were used to
calibrate concurrent VM-ADCP MVBS data. As the LHPR temperature and salinity

sensors were only calibrated on fabrication by the manufacturer, it was necessary to cross-
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calibrate them with the calibrated underway thermosalinograph (Figure 2.2.3). These data

were then interpolated across the tow to provide a two dimensional (in the vertical)

description of the temperature and salinity of the water column (Figure 2.2.4). These data

were then used to calculate o and hence calibrate MVBS following Roe ez al. (1996).

Gear Station Number Date - Time (GMT) Position
SeaSoar FSS1 FSS1 18:30 11/12/96 —
10:00 15/12/96
SeaSoar FSS2 FSS2 21:10 16/12/96 —
17:30 20/12/96
SeaSoar FSS3 FSS3 19:5021/12/96 —
22:15 24/12/96
CTD 13037 18/8 - 0927-1210 36.1689 N, 1.8527 W
(day)
CTD 13038 15/12 - 19:34 36.7327 N, 1.7537 W
(day)
CTD 13039 15/12 —23:14 36.2903 N, 1.6673 W
(night)
CTD 13040 16/12 — 00:54 36.3614 N, 1.5758 W
(night)
CTD 13041 16/12 — 02:58 36.4226 N, 1.4835 W
(night)
LHPR 13036 15/12 - 14:40 —17:05 | 36 16.15N,134.65W
(day) 36 1896 N, 14143 W
LHPR 13048 21/12-09:17 - 11:42 | 36 14.66 N, 1 34.17TW
(day) 36 10.35N,143.84 W
Table 2.2 Station numbers, time and position of the SeaSoar surveys, CTDs and
LHPR casts.

45



Chapter 2: Methodology

FSS1-

=
5
=
3
e
g
3
E
=1
3
—
-1.5
Longitude (degrees east)

i
=
=
3
2
o0

3

3
=

3

Longitude (degrees east)
£
=]
8
2
&
2
3
32
k=
ol

-1.5

Longitude (degrees east)

Figure 2.2.2 Cruise tracks for the first three Finescale Seasoar Surveys (FSS1-3) in the
Alboran Sea.
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Figure 2.2.4 a) Interpolated temperature during LongHurst-Hardy Plankton Recorder (LHPR)
Station 13036, b) interpolated salinity during LHPR Station 13036.
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2.2.2.3 Collection of SIMRAD EK500 Echosounder data

The SIMRAD EKS500 is a scientific multifrequency echosounder, operating at
three frequencies, 38, 120 and 200 kHz. The 120 kHz and 38 kHz frequency transducers
are split beam, made up of four separate transducers, and the 200 kHz transducer is a
standard single beam unit. The split beam transducers are made up of quadrants and can
transmit as one, but receive individually so that differences in the phase and amplitude of
the returned signal can be used to give the position of the targets relative to the orientation
of the beam. The EK500 has an extremely wide (150 dB) dynamic range that enables it to
measure target strength reliably down to -120 dB and thus, as well as measuring individual
targets, it is ideal for measuring Mean Volume BackScatter (MVBS). The validity of the
manufacturer’s target resolving algorithms has been questioned. In fact the British
Antarctic Survey (BAS) do not use them for their krill census data (Brierley, pers. comm.).
The distribution of numbers of high target strength values was plotted on the same time
and space axis as the distribution of high MVBS and did not compare well. This may be a
result of the algorithm’s inability to resolve individual targets at high target densities.
Therefore, the target resolving capability of the EK500 was not used in this study.

The EK500 was housed in a towed fish deployed from its own portable winch over
the port side of the after deck of RRS Discovery. An attempt was made to calibrate the
echosounder following standard echosounder procedure (Foote, 1983). However the
relative motion of the ship, the towed fish and the calibration spheres was such that only
on a few occasions were the spheres visible in the starboard quadrant of the beams (Allen
and Guymer, 1997). As, in this study, the acoustic backscatter data are not being used to
measure zooplankton quantitatively, it was decided to continue using it to describe the
zooplankton distributions qualitatively and for direct comparison with net sampled
zooplankton without calibration.

The acoustic backscatter data are presented here as acoustic backscatter calculated
following the manufacturer’s calibrations (SIMRAD, Crisp et al. 1998), with a vertical
resolution of 1 m at 200 and 120 kHz and 2 m at 38 kHz. The horizontal resolution was set
to two-minute averages, comparable with the VM-ADCP data.
2.2.2.4 Collection of Conductivity Temperature and Depth (CTD) data

Five CTD stations of Cruise D224 are of interest to this study. The CTD stations
(RRS Discovery station numbers 13037-13041), were carried out in a line across the centre
of the Almeria-Oran front (Table 2.2).

The CTD casts were made with a Neil Brown Mk IIIb CTD mounted on a 24 bottle
General Oceanics multisampler, although only twelve 10-litre Niskin bottles were

mounted in alternate positions around the rosette. Additional sensors mounted on the CTD
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frame were, a Chelsea Instruments transmissometer and a Chelsea Instruments Mk 11
fluorometer. Temperature, from SIS reversing thermometers, and salinity, determined
from water bottle samples, were used to calibrate the CTD sensors. The bottles were also
used to provide water samples for the determination of Chlorophyll a biomass and nutrient
concentration.

Determination of Chlorophyll a biomass

Water samples for the determination of chlorophyll a were taken at 5, 50, 100 and
200 m depth at each CTD station, with a further sample taken at the chlorophyll maximum
(indicated by the CTD fluorometer). Chlorophyll a was extracted from each sample using
90 % acetone. The concentration of chlorophyll a in each sample was measured using a
Turner Designs (TD) Fluorometer (model 10-000R, serial no. 00859), which was
calibrated daily with a standard chlorophyll solution (1 mg Sigma™ chlorophyll a pellet
dissolved in one litre of 90 % acetone) ‘whose exact chlorophyll concentration was
ascertained using a Pye Unicam SP6-500 spectrophotometer. Chlorophyll a and

phaeopigment concentrations were calculated using the following equations (JGOFS

protocol, 1994):

Chlorophyll a (mg m™) = F. D[%]( Fb— Fa)(%)

Fm

v

Phaeopigments (mg m™) = FD[

Where: FD = Chlorophyll @ Standard concentration / Chlorophyll a Standard fluorescence

before acidification.

Fb, Fa = Fluorescence value before and after acidification of sample.

Fm = —}ﬁ;—b of Chlorophyll a Standard solution.
a

v = volume of 90 % acetone used in the extraction.

V= Volume of seawater filtered.

Since cruise D224 the standard method for measuring Chlorophyll a has altered,
and acidification of the sample (and hence calculation of phaeopigment concentration) is
no longer undertaken. The non-acidification technique (Welschmeyer, 1994) is found to
provide more accurate estimates of chlorophyll a, ignoring aliases caused by

phaeopigments and chlorophyll b.
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Determination of nutrient concentration

The concentration of nutrients within the water column was measured from the
CTD water samples from depths of 150 metres to over 2000 metres. A Chemlab™
autoanalyser was used to determine the concentration of silicate, phosphate and nitrate,
following the AutoAnalyser mark IT method of analysis (Allen and Guymer, 1997).
2.2.2.5 Collection of Longhurst-Hardy Plankton Recorder (LHPR) samples

Ten tows were made across the Almeria-Oran front to collect zooplankton, using a
modern LHPR (see section 2.1.2.4, Sameoto et al., 2000) designed by Spartel ™ . The
LHPR was towed in a V-shaped profile across the front, which had been identified from
underway temperature and salinity measurements (from the TSG). The modern LHPR has
a large Aluminium frame with a polypropylene tail fin. A nose cone at the front, channels
water through a 333 pm mesh aperture conical net to the cod-end. Attached to the frame,
one each side, are two cylinders containing a rechargeable battery pack and the electronics
for driving the cod-end, monitoring the sensors (a seabird conductivity meter, temperature
probe and a depth sensor and flowmeter) and communicating with the surface. To assist
the sampler to dive, a 45 kg depressor weight is attached to the underside front and a
drogue streams from the back of the frame to assist stability.

The modern LHPR has been designed for real-time communication with the ship.
However the lack of a conducting cable on Cruise D224 resulted in the LHPR being run in
internal logging mode. This permitted a maximum time of 180 minutes in the water (the
data holding capacity of the software cylinder before overwriting), including deployment
and recovery. To err on the side of caution, tows were limited to around two hours and
thirty minutes. A delay of six minutes before the first wind-on of the gauze was added to
allow time for deployment.

Deployment of the LHPR was from the main A-frame over the stern of RRS
Discovery, using the main towing warp. Twenty metres of wire was initially paid out at the
start of each haul, and the LHPR held at the surface to allow at least one wind-on of the
gauze (Figure 2.2.5). The wire was then paid out at 30 m per minute until the LHPR was at
an estimated depth of around 400 m (this was equated to 1200 m wire out, section 2.1.2.4).

The LHPR was then held at its maximum depth for 5-10 minutes before hauling in
at 30 m per minute. During hauling several depths of interest, identified by anomalies in
VM-ADCP/EK500 acoustic backscatter, were stopped at and sampled for a further 5-10
minutes. Upon retrieval on deck, the cod-end was removed from the frame. The wind-on
spool holding the “sandwiched” zooplankton was placed in 5 % formaldehyde and then

both net and cod-end were washed in preparation for the next tow.
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Figure 2.2.5 Photographs of the LHPR being held at the surface at the commencement of a
tow (photographs courtesy of R. Pascal).
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As part of this thesis two tows were analysed, these were chosen because they were
either taken between two SeaSoar surveys, or had concurrent EK500 as well as VM-
ADCP acoustic backscatter data associated with them (Table 2.2).
2.3  Data Analysis -
2.3.1 Net samples
2.3.1.1 Identifying samples within a LHPR tow

Zooplankton samples obtained with a LHPR are sandwiched between two strips of

gauze (Section 2.1.2.4). On return to the laboratory this gauze is unwound from the wind-
on spool and, to aid identification of discrete samples, is laid out against a white
background. Blank gauze separates each sequential sample, giving the gauze a striped
appearance. Identification of discrete samples is aided by numbering each sample from the
beginning of the haul (marked in permanent pen before deployment) and comparing with
the recorded tow information. The gauze is then cut up into individual samples.

Each sample is washed off the gauze using a high pressure fresh water jet. This is
necessary as the zooplankton (particularly chaetognaths) are frequently attached (squashed
on) to the gauze as a result of water pressure during the tow and the sandwiching process
on the wind-on spool. The samples are concentrated on a fine mesh and transferred into
preserving fluid (2 % formaldehyde, Steedman 1976) in individual sample jars.
2.3.1.2 Identifying and counting zooplankton

Each sample was analysed for the abundance of zooplankton, identified to group
level (e.g. euphausiids, copepods, chaetognaths, etc.) under a WILD M5 dissecting
microscope. Zooplankton groups identified were amphipods, appendicularia, brachyura
larvae, chaetognaths, cephalopods, copepods, decapods, euphausiids, fish, heteropods,
medusae, mysids, ostracods, polychaetes, pteropods, siphonophores, stomatopods, and
squilla larvae following Newell and Newell (1963). In each case the whole of the sample
was analysed and each zooplankton group transferred to separate sample jars, except for
copepods and the residue. This ensured that rare animals but strong acoustic scatterers,
such as pteropods, were counted. A Folsom Plankton splitter was used to obtain a sub-
sample from which the abundance of copepods were obtained. Whole animals and heads
of animals were counted. Numerical abundances for each taxonomic group were
standardised with the water filtered per sample and are displayed as No. m”.
2.3.1.3 Biovolume measurements

The total biovolume for each sample and, where possible, the biovolume for each
group (only possible with samples from the Indian Ocean) were quantified using the
normalised displacement volume (Beers, 1976; Postel et al., 2000). Samples were sieved

through a 200 pm mesh, blotted for excess fluid on absorbent paper, and then placed in a
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known amount of preserving fluid in a measuring cylinder. The resulting rise in level (i.e
displacement volume) is the* biovolume, a measure of biomass. The biovolume
measurements were standardised by the volume of water filtered per sample and are
presented here as mlm”. This method is non-destructive and replicate measurements

indicated the range of error to be 5-10 %, which could be caused by the inclusion of

interstitial waters.

2.3.1.4 Length measurements
Length measurements of six groups of zooplankton (Amphipoda, Chaetognatha,

Copepoda, Euphausiacea, Fish and Pteropoda) were made using a combination of a WILD
M35 dissection microscope, drawing arm, digitising tablet and the PC based programme
SIGMASCANTM, These groups were chosen as they represented zooplankton for which
acoustic models are available. All measurements were made at either x 6 or x 12
magnification depending on size, and in all cases only complete animals were measured.
The total length and the numbers of each group measured were:

Copepoda A split (taken using the Fulsam plankton splitter, numbers varying from
200 - 400) of copepods from each sample were measured as the lateral distance from the
anterior tip of the cephalothorax to the posterior end of the uropods, excluding the terminal
setae.

Euphausiacea Up to 100 euphausiids, where possible, were measured for Total body
Length (TL), otherwise all complete eup‘hausiids were measured. TL was measured as the
lateral distance between the base of the eye-stalk and the posterior end of the uropods,
excluding the terminal setae (reference measure Mauchline, biomass handbook No. 4).
Amphipoda All complete amphipods were measured as the lateral distance from the
anterior tip of the cephalothorax to the posterior end of the uropods.

Chaetognatha Up to 100 chaetognaths were measured from each sample. Most were so
squashed that to untangle them would rip and tear the organism. Therefore they were
measured in a line following the middle of the organism, starting from the mouth to the tip
of the caudal fin.

Fish All fish were measured as the lateral distance from the tip of the head to the
posterior end of the caudal fin.

Pteropoda As a consequence of being kept in preserving fluid for at least two years
(specific to the Indian Ocean samples) the calcite shell of some of the pteropods had
dissolved. All Mediterranean pteropods, on removal from the main sample, were preserved
in alcohol to maintain the integrity of the calcite shell. The length measured, where
possible, was the distancé from the embryonic shell to the mouth.

2.3.2 Observed/estimated acoustic comparison
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The relationship between acoustic backscatter and actual zooplankton samples was
examined. This utilised the downhaul of LHPR station 12664#1 and VM-ADCP 150 kHz
acoustic backscatter data from Cruise D209 and the LHPR station 13048 and VM-ADCP
and EK500 (200, 120 and 38 kHz) acoustic backscatter data from Cruise D224. Only the
daytime haul was used from the Indian Ocean because, during the night, there was no
acoustic backscatter data below 80 metres. This was a result of there being few targets
below the oxycline. Also only the downhaul was used from St. 12664#1 as, when the
depth and volume filtered of each sample was plotted, there were discrepancies between
the up and downhaul values (Figure 2.3.1). This indicated that the sample interval of two
minutes may not have been correct for some samples, hence only the downhaul samples
were used. Although Pipe er al. (1981) found no statistical differences between the up and
downhaul, Grant et al. (2000) also comment on greater reliability of the downhaul.

The observed acoustic backscatter/zooplankton relationship was investigated in
three ways.

(1 comparing observed acoustic backscatter with zooplankton biovolume

2) comparing observed acoustic backscatter with zooplankton abundance

(3) comparing observed acoustic backscatter with model-estimated acoustic
backscatter, calculated using acoustic models.

Each wvariable (abundance, volume and model-estimated backscatter) was
compared with the MVBS coefficient (observed acoustic backscatter) estimated by echo
integration in the vicinity of the net sampled volume. Hence the first step was to identify,
in time and space, observed acoustic backscatter data concurrent with the net samples.
2.3.2.1 Matching of acoustic and LHPR data records

All the acoustic data (VM-ADCP and EK500) were averaged into two-minute
intervals so both acoustic and net data were available on the same sampling interval. The
configuration of the equipment, where acoustic data were collected from immediately
below the ship and the LHPR net samples from behind the ship, resulted in the net system
always trailing some variable distance (L) behind the acoustic transducers (Figure 2.3.2).
Therefore, the LHPR actually passed through the depth horizon (d) at a time (z,) that
differed by a variable period (A¢) after the VM-ADCP had sampled the same depth.

To match the data from the net with the acoustic information the corrected time (z,)
was calculated, where

t,=t,—At
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Figure 2.3.1 Volume of water filtered for each LHPR sample at Station 12664#1. Black circles
are the downhaul data, white circles are the uphaul data.
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where #, is the actual time at which the LHPR passed through depth d, and ¢, is the time at
which depth d passed through the VM-ADCP record. The variable time period, Af, was
calculated from (Figure 2.3.2):

L} -d’?

v

At =

where L, is the length of towing cable between the LHPR and the A-frame, d is the depth
at time ¢, recorded by the LHPR CTD and v is the ship’s speed (m s™). The towing speed
of the vessel was fairly controlled at 2 m s and the length of cable paid out during the
deepest part (d = 395 m) of any tow was ~1200 m. Thus, the LHPR was towed through a
given depth at periods ranging between 1 and 10 minutes after it had been sampled by the
VM-ADCP.

LHPR tows were reconstructed through the VM-ADCP data using the variable
time correction given by the equations above. Although the sampling interval of the
acoustic data could be matched to that of the LHPR, the depth interval sampled by the
LHPR was more variable. Therefore the acoustic data were integrated (in linear form) over
the vertical range that the LHPR travelled during any two minute sampling period, where
the LHPR travelled further (in depth) than one acoustic bin depth.
2.3.2.2 Abundance/biovolume/acoustic comparison

The abundance and biovolume of each LHPR sample was compared with observed
acoustic backscatter. In all cases acoustic backscatter is presented as acoustic backscatter
in dB, the log-transformed variable of backscattering cross section (Chapter 1). Therefore
observed acoustic backscatter data are compared with log-transformed values of
abundance and biomass.

For comparison with previous work the relationship between observed MVBS and
log-transformed abundance and biovolume was examined using both a predictive
regression, following Heywood et al. (1991) and Zhou et al. (1994), and a functional
regression, following Wiebe et al. (1996) and Greene et al. (1998).
2.3.2.3 Acoustic scattering models

Model-estimated acoustic backscatter was calculated by solving the forward
problem (Holliday and Pieper, 1995). It was determined for each two-minute LHPR
sample by combining taxonomic and abundance data of zooplankton with appropriate
scattering models (Chapter 1). In this case scattering models were used to calculate Total
Model-Estimated Acoustic Backscatter (TMEAB) from six groups: large (>2 mm) and

small (<2 mm) copepods, chaetognaths, amphipods, fish, pteropods and euphausiids.
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Acoustic model

Randomly-orientated fluid, bent cylinder model

Dense-fluid sphere model

o, =0.08R*L* B [1 - exp(~87° f2D?s*c ™) cos(nfDe ™ (4—1im(Dec™ +0.4)™))]

1
o, =——2—5—7t4D6R2c"4 1+E—-5—7r4D4f4c”4
144 9

R = reflection coefficient, determined empirically = 0.058 for all taxa
L =body length in metres

standard deviation of length

length
Bp = ratio of body length to width
D =body width = —L—L
D

R = reflection coefficient, determined empirically =
0.5 ;
D = spherical diameter

f= acoustic frequency (Hz)
¢ = speed of sound (m/s)

Table 2.3

Model equations used to calculate representative backscattering cross sections from the net sample data.




Chapter 2: Methodology

Where the TMEAB for each two-minute LHPR sample was assumed to be a linear
combination of the backscattering from all individual sound scatterers in the insonified
volume (following Clay and Medwin, 1977). Thus the forward problem can be described
by the following equation: '

Where TMEAB is the estimated volume backscattering coefficient, n; is the numerical
abundance for size class j of taxon i, and s and t are the numbers of relevant size classes
and taxa respectiyvely.

The acoustic scattering models used in computing the forward problem were
developed by Stanton et al. (1994a). The fluid-filled bent-cylinder model was used for the
amphipods, chaetognaths, copepods, euphausiids and fish, and the dense fluid-filled
sphere model was used for the pteropods. The equations for these models are presented in
Table 2.3. All representative backscattering coefficients derived from the models were
calculated for each frequency used respectively (i.e. 153, 200, 120 and 38 kHz).

Format of input files

The models that estimate acoustic backscatter from known zooplankton samples
are run within the computer programme MATLAB™. The programme requires three input
text files to describe each sample, set in the following manner:

Acc.asc containing one column of descriptive information: Total number of
individuals, biovolume, observed acoustic backscatter and the station number.

Aliquot.asc  containing one column, which holds the following information: station
number, volume of water filtered by the sample (m®) and percentage of each group which
has been sampled.

Length.asc  containing seven columns of length measurements, in the specific order of
small copepods (csmlen), large copepods (clglen), amphipods (amplen), chaetognaths
(chalen), euphausiids (euphlen), fish (fislen) and pteropods (ptelen).

Output of acoustic scattering models

The output for each sample is a value of estimated acoustic backscatter for each
group and a total model-estimated acoustic backscatter (TMEAB). Through these data, the
contribution to the total estimated acoustic backscatter of each zooplankton group can be
defined. The total model-estimated backscatter was compared with observed acoustic
backscatter using a students t-test.

2.3.3 Statistical analysis
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A functional regression analysis was conducted to examine the relationship
between observed and estimated acoustic backscatter. The slope of each regression line
was then compared with the expected slope using a students t-test. In all cases the
observed acoustic backscatter was placed as the horizontal (X) variable following previous
work. These methods of analysis were analogous to those outlined in Wiebe et al. (1996)
and Greene et al. (1998).
2.3.3.1 Functional regression analysis

A functional regression analysis (Ricker, 1973) was used to examine the
correlation between the estimated and observed volume backscattering coefficients. A
functional regression was chosen in favour of a predictive regression as it defines a central
trend, minimising the sum of the products of the horizontal and vertical of each point from
the line. Whereas a predictive regression minimises the sum of the squares in only the
vertical or horizontal.

The equation for the functional regression line is:

Y=u+vX

Where X and Y are two variable quantities, u is the intercept and v is the slope of the line.

In this case v can be calculated using:

Where x and y represent the quantities as measured from their means, i.e.x =X-X;
y=Y-Y.

All regressions were calculated on log-transformed data. The correlation coefficient (™
value for a functional regression is the same as that for a predictive regression and has

been calculated following the equation given by Ricker (1973):

2

R 2.
REDHE

2.3.3.2 Students t-test
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A t-test (Fowler and Cohen, 1990) was used to compare the slope of the regression
line with the slope of previous tegression lines, where the null hypothesis (/) is that the

gradients are not significantly different. The t-test was applied using the following

equation:
,_ (v-b)
S.E.m

Where t is the students statistic at the appropriated degrees of freedom, v is the gradient of
the regression line, b is the gradient of the null hypothesis regression line and S.E.,,.,, is the

standard error of the difference between v and b which can be calculated using:

S.E.4y =S +S;

Where S, can be described by the equation (Ricker, 1973):

B vi(1-1%)
b N-2

The ability of the acoustic scattering models to estimate backscatter correctly was
also examined using a t-test. In this case, if the models estimated backscatter correctly the
slope of the regression line would be one. Therefore, the null hypothesis (H,) was that the

slope of the regression line was not significantly different from one, tested using the

following equation:

=D
S.E.

v
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Chapter 3: The Arabian Sea

3.1  Introduction

In this chapter the results from a multi-disciplinary survey of the Arabian Sea are
presented. Section 3.1 introduces the survéy region and previous observations. In section
3.2 the hydrography and oxygen distribution of the Arabian Sea in the vicinity of the
Arabesque Reference Site (ARS) is presented and discussed. Observations of the
distribution of zooplankton are presented in section 3.3 and section 3.4, and discussed in
section 3.5. Finally in section 3.6 the findings are summarised.

3.1.1 The physical structure of the Arabian Sea

The North Indian Ocean can be classified into approximately three areas: The
equatorial belt (stretching between 10 °S and 10 °N), the Bay of Bengal, and the Arabian
Sea (Shetye et al., 1994). The Arabian Sea is essentially enclosed on three sides by land.
Its boundaries according to Robinson (1966), quoting the International Hydrographic
Bureau (Sp. Publ. 23,1953), are defined as follows: the southern ‘open ocean’ boundary,
by a line from Ras Hafun (Somalia, 10.29 °N 51.20 °E) to Addu Atoll (approximately
73.25 °E 0.58 °S); the Eastern boundary, follows the Western edge of the Maldives up to
Sadashivgad Light on the west coast of India (14.80°N); and, the Western and Northern
boundary by Somalia, Oman and Pakistan (Figure 3.1.1). Northerly input of water is from
two marginal seas: (1) the Persian Gulf, through the Gulf of Oman which can be
theoretically separated from the Arabian Sea by a line from Ras Limah (25.95°N) in Oman
to Ras al Kuh (Iran, 25.80°N); and (2) the Red Sea, through the Gulf of Aden, which is
separated from the Arabian Sea by the meridian of Ras Asir (Somalia, 51.25°E). What was
essentially a poorly-studied region became, in the 1990s, the subject of numerous multi-
national multi-disciplinary expeditions conducted in the framework of the JGOFS and
WOCE programmes and published extensively in Deep Sea Research I (Vol. 45, No. 10-
11 (1998); Vol. 46, No. 3-4 (1999), Vol. 46, No. 8-9 (1999); Vol. 47, No. 7-8 (2000); Vol.
48, No. 6-7 (2001), Vol. 49, No. 7-8 (2002) and Vol. 49, No. 12 (2002). The majority of
data prior to this resulted from the International Indian Ocean Expedition (Zeitzschel,
1973).

Circulation of the Arabian Sea

The Arabian Sea is a tropical basin limited in its northern extent. It has annual
reversals in atmospheric (the strong Southwest and weaker Northeast monsoons) and
upper ocean circulation (Figure 3.1.2) (Tchernia, 1980; Shetye et al., 1994). Defining

characteristics of the Arabian Sea seasonal cycle of physical conditions are (1) strong
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wind stress during the SW monsoon (June — August/September) that results in widespread
upwelling and mixing, (2) moderate strength, relatively cool and dry winds during the
winter NE monsoon (December — February) that promote evaporative cooling, forcing
strong convective mixiﬁg in the offshore 7region,ﬁ and (3) during the spring and autumn
intermonsoon transition periods, weak winds and surface layer heating that produce strong

stratification and shallow mixed layers.
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Figure 3.1.1 Schematic of the limits of the Arabian Sea.

Superimposed on top of the basin-scale circulation are mesoscale eddies and
filaments (Wyrtki, 1973; Flagg and Kim, 1998; Lee et al., 2000). During the SW monsoon
there are, close to the Omani coast, alongshore winds that favour upwelling along the
coast. Seaward of the coast the winds intensify to a strong offshore maximum wind jet,
commonly called the “Findlater Jet” (Findlater, 1969), that manifests itself in a surface
wind expression called the “Somali Jet”. The decreasing southwesterly wind speeds cause
negative wind-stress curl (Halpern and Woiceshyn, 1999), which drives strong Ekman
pumping that deepens the surface mixed layer offshore (McCreary et al., 1996).
Associated with the coastal upwelling, are strong narrow jet-like currents that generally

run in an offshore direction from the upwelling to about 700 km offshore (Brink et al.,
1996).
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This strong physical forcing results in a large variability, both temporal and spatial,

that result in dramatic seasonal changes in circulation and mixed layer depth.
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Figure 3.1.2a Schematic of the surface circulation in the Arabian Sea during the NE-

monsoon (after Tchernia,1980).
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Figure 3.1.2b Schematic of the surface circulation in the Arabian Sea during the SW-

monsoon (after Tchernia,1980).

Water masses of the Northern Arabian Sea

The basic hydrographic characteristics of the Arabian Sea have been the subject of
much research (e.g. Sastry and De Souza, 1972; Wyrtki, 1973; Swallow, 1984; Brock et
al., 1992; Kumar and Prasad, 1999). Rochford (1964) provided the first description of the

three different water masses present in the upper 1000 m of the Arabian Sea; Arabian Sea
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High-Salinity Water (ASHSW), Persian Gulf Water (PGW) and Red Sea Water (RSW),

Théir typical temperatures, salinities, densities and depths are presented in Table 3.1.

Temperature . Density Depth
Water Mass °0) Salinity (kg ) (m)
ASHSW 24-28 35.3-36.7 22.8-24.5 0-100
PGW 13-19 35.1-37.9 26.2-26.8 200-400
RSW 09-11 35.1-35.6 27.0-27.4 500-800
Table 3.1 Characteristics of the three water masses in the upper 1000 m of the

Arabian Sea (after Kumar and Prasad, 1999). Water masses are ASHSW, Arabian Sea
High-Salinity Water; PGW, Persian Gulf Water; and RSW, Red Sea Water.

Since then numerous studies have investigated the formation of PGW and RSW and its
subsequent spreading within the Arabian Sea in the context of circulation and hydrography
(Premchand, 1981; Premchand et al., 1986; Fedorov and Meschanov, 1988; Brock ef al.,
1992).

ASHSW forms at the surface in the northern Arabian Sea during winter
(November to February) as a result of heat and fresh water flux into the atmosphere, and
subsequently moves southward along the 24 o, isopycnal surface. As it moves along the
isopycnal surface it deepens and mixes with ambient low salinity water (Kumar and
Prasad, 1999).

Warm and saline PGW forms because of an excess of evaporation over
precipitation in the Persian Gulf (Premchand er al., 1986), and flows into the Gulf of
Oman at depths of 25-70 m through the Strait of Hormuz. In the Gulf of Oman it sinks to
depths between 200 and 250 m forming a salinity maximum (~38). PGW enters the
Arabian Sea at 200-250 m depth with salinities greater than 36.5, but its salinity and
temperature decreases as it spreads southwards (Premchand er al., 1986; Prasad et al,,
2001).

High salinity RSW also forms as a result of excess evaporation over precipitation
(2m yr'") and flows from the Red Sea into the Gulf of Aden through the shallow strait of
Bab El Mandeb (Pickard and Emery, 1982). After mixing with Gulf of Aden water, RSW

enters the Arabian Sea at depths between 600 and 900 m having a temperature of ~11 °C,
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salinity of 35.5-35.7 and density of 27.15-27.35 (Rochford, 1964). Seasonal differences in
the propagation of RSW throuéh the Arabian Sea occur, in winter propagation of RSW
along the Somali coast intensifies whilst in summer RSW propagates in a more easterly
direction (Shapiro and Meschanov, 1991).

The Arabian Sea Oxygen Minimum Zone (OMZ)

There are three extensive regions of low oxygen concentration in the world’s open
ocean (Warren, 1994; see Chapter 1). The Arabian Sea is the second largest such area,
where there is a permanent suboxic layer (Wyrtki, 1971, 1973; Qasim, 1982; Swallow,
1984), of oxygen concentration <0.1 ml O, 1", north of 6 - 10°N (Warren, 1994; Morrison
et al., 1999). Its upper boundary is marked by a steep oxycline (circa. 0.09-0.15 m1 0, 1)
at approximately 100 m depth, which coincides or lies directly below a sudden density
change (Vinogradov and Voronina, 1961). Throughout the whole layer, which extends
vertically for approximately 1 km, the oxygen content remains fairly low and constant
(Shetye et al., 1994). The lower boundary of the OMZ lies in waters with low-density
gradients (Vinogradov and Voronina, 1961). These are favourable conditions for the
mixing of deeper waters richer in oxygen, and there is a gradual reintroduction of oxygen
from there. These interpretations follow the scheme of circulation of deep and bottom
waters described by Warren (1992), where the bottom water in the Arabian Sea is derived
from South of the equator (salinity varies between 34.730 - 34.737, and potential
temperature between 1.090 - 1.330 °C; Shetye ef al., 1994). As the bottom water upwells
in the Arabian Sea, it is transformed - salinity and temperature increase and dissolved
oxygen decreases - into the North Indian Deep Water (1500 - 3500 m). At 2500 m depth,
the mid-depth of the Indian Ocean deep sea water layer, salinity ranges between 34.769 -
34.783 and potential temperature between 1.910 - 2.109 °C (Wyrtki, 1971). Thus the
North Indian Deep Water limits the vertical extent of the OMZ.

The processes affecting the generation and maintenance of the OMZ in the Arabian
Sea (first proposed by Sewell and Fage, 1948) are a balance between consumption of
oxygen by oxidation of organic matter and renewal of oxygen by advection and mixing.
Oxygen consumption rates in the water beneath the oxycline are considered to be
moderate, and are insufficient to exclusively cause or sustain the oxygen minimum
(Warren, 1994). Warren (1994) suggested that the suboxic conditions are caused by a
combination of the low oxygen concentration of incoming intermediate waters to the
Arabian Sea and the consumption of oxygen by oxidation of organic matter. Incoming

water to the Arabian Sea from the North (the Red Sea (RSW) and Persian Gulf (PGW))
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haye very high salinity and moderate oxygen concentrations (2.5-4 ml 1" - Wyrtki, 1971),
but lose oxygen rapidly downst;eam from the sills of the basins. The component inflow
from the South, Indian Ocean Equatorial Water (IOEW) carries water of oxygen
concentration 1.0 ml 1" (estimated from data presented in Olson et al., 1993). Therefore
although processes within the suboxic layer are of only ‘moderate’ strength, they can have
a significantly depleting effect on the already low concentrations of oxygen.

A relatively strong meridional gradient in latitude (from 6-10 °N) separates the
region with low oxygen from the oxygen richer water to the south. The position of this
gradient seems fairly stationary (Wyrtki, 1971; Sen Gupta and Naqvi, 1984), the
identifying isopleths (1.0 to 0.5 ml1 1" at 500 m) were displaced by only about one degree
of latitude between the summer and winter sections undertaken by RRS Charles Darwin
in 1989 (Kearns et al., 1989). Warren (1994) hypothesized that the zone is positioned by
the distribution of wind stress, which imposes a separate horizontal circulatory regime on
the Northern Arabian Sea.

The presence of suboxic conditions are known to have both chemical and
biological consequences (Vinogradov and Voronina, 1961; Brinton, 1979; Wishner ef al.,
1990; Morrison et al., 1999), for example, the switching of facultative bacteria to the use
of nitrate ions for oxidation of organic matter. This denitrification process represents a
“sink™ of free nitrogen (Codispoti, 1989). For larger pelagic organisms an OMZ can act as
a barrier substantially impacting on their abundance and distribution (Vinogradov and
Voronina, 1961). The chemical implications of the OMZ are beyond the scope of this
thesis, its influence on the distribution of zooplankton is discussed later (Section 3.4, 3.5
and 3.6).

Upwelling off the Arabian Coast

There are three regions of strong upwelling in the Arabian Sea all located along the
eastern boundaries (Swallow, 1984), which can be identified by cool sea surface
temperatures (Bruce, 1974). The development of upwelling off Somalia is related to the
southwest monsoon and also closely related to the strong western boundary current (the
Somali Current) and its separation from the coast near 10 °N. This region has been
reviewed extensively (Warren et al, 1966; Bruce, 1974; Schott, 1983). The Somali
Current flows northward (beneath the surface layer) and branches part passing between
Socotra and the mainland into the Gulf of Aden, the other turning northeastward along the

Arabian coast (Wyrtki, 1971).
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The flow along the Arabian coast is similar in magnitude to that in other eastern
boundary currents. Upwelling occurs along 1000 km of the Arabian coast (15 to 22 °N)
and up to 400 km offshore. High vertical velocities and the great extent of the upwelling is
caused by the strength of the southwest monsoon (6 dynescm™) and the spatial
distribution of wind stress. Thus upwelling commences around April, intensifies through
July, and has a period of “quasi-consistent conditions” from July through to September
(Duing, 1970). Arabian coast upwelling is induced by the coastal boundary causing a
divergence in the Ekman flow, Smith and Botterro (1977) calculated this to be greater than
3x10%m™ s, Open ocean upwelling (defined as that from the inner continental slope to

400 km offshore) is a consequence of the Findlater Jet causing wind curls resulting in an

additional Ekman divergence of 7 x 10 m™ s,

Smith and Botterro (1977) described the upwelling along the Arabian coast as
strong (vertical velocities at 50 m depth of 3 x 10™ cm s over the continental shelf and 1-
2x 107 ecm s™ in the offshore region). In comparison with the Somali upwelling, it is both
broader and weaker permitting a greater time for the development of biological production
to occur.

3.1.2 The distribution of phytoplankton in the Arabian Sea

The Arabian Sea displays distinct, predictable oscillations in phytoplankton
biomass that are linked to the seasonal monsoons. Shipboard observations (Banse, 1987,
Bauer et al., 1991; Barber et al., 2001; Shalapyonoh ef al., 2001) and CZCS images
(Brock and McClain, 1992; Banse, 1994) show that the phytoplankton community
responds dramatically to the wind-driven forcings associated with the NE and SW
monsoons, with enhanced phytoplankton abundance, biomass and production occurring
during the SW monsoon compared with the NE monsoon (Barber et al., 2001;
Shalapyonoh et al., 2001). The increase in phytoplankton biomass during both monsoons
leads to high rates of export production (Nair et al., 1989), and therefore the Arabian Sea
probably plays an important role in the production, export and remineralisation of
particulate carbon.

Barber et al. (2001) observed that phytoplankton biomass during the SW monsoon
was lower than their predictions based upon observations of high phytoplankton
productivity. They attributed this to efficient grazing by mesozooplankton, particularly
copepods.

3.1.3 The distribution of zooplankten in the Arabian Sea
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Two features of the Arabian Sea are particularly important in determining the
zodplankton communities. Firsf, there are the seasonal monsoon reversals and second,
there is the occurrence of the pronounced oxygen minimum zone.

The influence of the seasonal monsoon- and dssociated physical processes on the
distribution of zooplankton

In view of the marked inter-annual differences in phytoplankton populations,
marked inter-annual variability in zooplankton populations should also exist. Surprisingly,
Goswami et al. (1992) observed greater animal concentrations during the NE monsoon
than the SW monsoon in the eastern Arabian Sea, in contrast to the phytoplankton.
However, more recently and inshore of the Somali Jet, Smith er al. (1998) observed the
maximum biomass of zooplankton during the SW monsoon compared with the other
monsoon periods.

Smith et al. (1998), Wishner ez al. (1998), Roman et a/. (2000) and Ashjian et al.
(2002) found a gradient in vertically integrated mesozooplankton biomass distribution in
the Arabian Sea, which was highest at a position several hundred km off the Omani coast
and declined seaward of the axis of the Somali Jet. The Somali Jet and associated
filaments, that transport high concentrations of nitrate and chlorophyll several hundred
kilometres offshore (Brink er al., 1998; Barber et al., 2001), has been recognised as
potentially an important mechanism that could export zooplankton from the Omani
upwelling zone offshore (Ashjian et al., 2002).

The influence of the Oxygen Minimum Zone (OMZ) on the distribution of zooplankton

Since oxygen is an important resource related to metabolism for most organisms
(Eckert, 1983), it can be expected that the OMZ will affect the vertical distribution of
plankton. With the overall vertical distribution of zooplankton within the water column
being controlled by a species’ ability to endure oxygen deprivation within the mesopelagic
realm. The affect of an OMZ on zooplankton distribution typically manifests itself in three
ways: (1) concentration of organisms within surface oxygenated waters; (2) reduction of
numbers in suboxic waters; and (3) a subsurface peak at the lower margin of the OMZ as
oxygen concentrations begin to increase.

Previous studies in ocean regions showed that weak or moderate OMZs had little
effect on zooplankton biomass (Brinton, 1979; Chen, 1986), however, within the Arabian
Sea lower biomass within the OMZ has been consistently observed (Sewell and Fage,
1948; Vinogradov and Voronina, 1961; Sameoto, 1986; Wishner et al., 1990; Herring ez
al., 1998; Wishner et al., 1998).
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Wishner et al. (1998) were apparently surprised to find diel vertical migratory
behaviour (DVM), into the sui)oxic OMZ during the day. However, this has been a
prominent finding of several acoustic surveys in the Arabian Sea (Morrison ef al., 1999;
Ashjian et al., 2002) and from net data (Kinzer er al., 1993). The physiology of the
organisms undertaking DVM is unclear (Wishner et al., 1998), although Herring et al.
(1998) have mentioned morphological differences in the gills and carapace structure of
euphausiids and decapods from the Arabian Sea (compared with the Atlantic); gills in
suboxic regions were much larger and the carapace was less rigid.

Taxonomic analysis shows that only a few species contribute to the high biomass
undertaking DVM in the Arabian Sea, and many species that would normally occur at
depth in oxygenated waters are absent from the OMZ in the Arabian Sea (Wishner et al.,
1998). A dominant component of the migrating layers is mesopelagic myctophid fish
(Banse, 1994; Herring et al., 1998; Wishner et al., 1998; Luo et al., 2000; Ashjian et al.,
2002). As important consumers of mixed layer zooplankton animals (Dalpadado and
Gjosaeter, 1988; Kinzer et al., 1993; Smith et al., 1998), these myctophid fish have a great
impact on the balance of primary production.

The lower limits of an OMZ are frequently linked with a subsurface maximum in
zooplankton biomass (Vinogradov and Vorinina, 1961; Bottger-Scnack, 1994; Wishner e?
al., 1998). The interface in the Arabian Sea ranges between depths of ~500 to ~1500 m
and increases in biomass compared with within the OMZ may be up to three orders of
magnitude (Wishner ef al., 1998). This increase in biomass results from the concentration
of fauna which cannot live permanently within the oxygen minimum layer.

3.2 Hvdrography of the Arabesque Reference Site

Cruise D209, in the Arabian Sea, was undertaken during the SW monsoon period
in August 1994. Wind speed and direction showed a seasonal pattern characteristic of the
Arabian Sea; winds blew from the Southwest at speeds >7.5ms™ and up to 17.5m s
knots (Herring et al., 1998). The hydrography of the survey region (within 18.3 - 20 °N
and 58 — 59.3 °E) was examined using a series of CTDs and two SeaSoar surveys. The
following sections (3.2 - 3.5) are concerned with the hydrography and biology at the
Arabesque Reference Site (ARS), interpretation of the SeaSoar data is given in Herring et

al. (1998).
The vicinity of the ARS (19 °N and 59 °E) was occupied three times during cruise
D209. The 5™ of August (Station 12661), 12 of August (Station 12663-4) and the 21%
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(Station 12670). On each occasion a CTD was performed followed by a series of RMT
nets. In addition at the latter two stations (12664 and 12670) a LHPR tow was undertaken.
3.2.1 Water masses at the Arabesque Rgferenpe Site (ARS)

The characteristics of all the water masses encountered in the surface 500 m of the
three CTD stations at the ARS are represented in the 6/S diagram in Figure 3.2.1. Salinity
varied between 35.75 and 36. Persian Gulf Water (PGW), as identified by Rochford
(1964), Currie (1992) and Morrison et al. (1998), was present between 100 and ~350 m
with temperatures between 13 and 19 °C and salinities between 35.75 and 36.0. Compared
with salinities within the Persian Gulf of about 38 (Premchand ez al., 1986), values at the
ARS were always less than 36.0, suggesting considerable entrainment of ambient waters
within the Gulf of Oman and the Arabian Sea. This water is characterised by spatial and
temporal variability in /S characteristics arising from the complex water mass
interactions that occur as it progresses through the Arabian Sea (see Section 3.1,
Premchand et al., 1986). Waters of temperatures above ~20 °C (oy ~25) are described by
Morrison et al. (1998) as Arabian Sea Water (ASW) and occurred in the surface 100 m.

3.2.2 The structure of the water column at the ARS

Figure 3.2.2 presents the vertical profiles of temperature, salinity, oxygen
concentration and chlorophyll concentration within the upper 500 m of the water column
(Figure 3.2.2b presents the same data on an expanded depth scale of 100 m). Over the 16
days between the first and last station the mixed layer (~40 m), defined by the depth of the
thermocline, temperature intensified such that it was 1.5 °C warmer at station 12670,
whilst the overall depth of the mixed layer remained relatively constant. The salinity
profile is more complex, the surface waters had a highly variable salinity, between 35.7
and 35.9, indicating interleaving. Below 200 m salinity was relatively high (~35.8) and the

temperature and salinity were indicative of PGW.

The most dominant feature of the water column was the presence of a distinct
oxycline between 40 and 60 m. The depth of the oxycline shoaled from ~60 m at station
12661 to ~40m at station 12670. At all stations the surface oxygen concentration
remained consistently high (~250 pmoll™"), whilst waters below the oxycline had

concentrations < 10 pmol 1"
The OMZ, with minimum recorded bottle oxygen concentrations of 0 and

0.04 umol 1" (£0.02 umol 1™, extended to a depth of ~1100 m before the gradual
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Figure 3.2.1 Potential temperature as a function of salinity for CTD stations 12661#3, 12663#5
and 12670#3.
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reintroduction of oxygen occurred (Figure 3.2.3) and at depths greater than 2000 m
oxygen concentration was aboutuhalf of the surface waters (>100 pmol I™).

The vertical distribution of phytoplankton showed great variability between the
stations. At station 12661 chlorophyll concentration was low (0.5 mg m™) with a distinct
subsurface chlorophyll maximum (SCM) of 1 mgm™ at ~30 m. Chlorophyll was observed
to a depth of 60 m, the distribution appearing to be controlled by the oxycline rather than
the depth of the mixed layer. At station 12664 surface chlorophyll concentration
(~1.7 mg m™) was three times greater than at station 12661, a SCM was still present but at
elevated chlorophyll concentrations of 2.5mgm™. At station 12670 chlorophyll
concentrations throughout the surface 40 m were uniform, the SCM observed at the
previous stations no longer present. Chlorophyll concentrations were lower than at station
12664 but greater than 12661. The chlorophyll was restricted to the surface 40 m within

the oxygenated mixed layer.
3.2.3 Discussion of the hydrography, the OMZ and vertical distribution of

phytoplankton at the Arabesque Reference Site (ARS)

The physical structure of the water column at the ARS showed the influence of
PGW at depths of ~200 m and the intensification of the temperature of the thermocline.

The dominating feature of the water column, identified from the three repeat
CTDs, was the presence of a distinct oxygen minimum zone. In this study the oxycline
occurred at the base of or just below the thermocline (MLD), consistent with previous
observations (Vinogradov and Voronina, 1961; Morrison et al., 1999). Oxygen
concentration was high at the surface (~200 pmol 1) and less than 10 pmol I'' below the
oxycline decreasing to <5 umol I at ~100m, which is comparable with previous
measurements of 8.9 umol I"' (Vinogradov and Voronina, 1961) and 5 pmol I (Morrison
et al., 1999).

Reintroduction of oxygen commenced at depths >1000 m and hence the suboxic
zone extended for ~1000 m, comparable with the observations of Morrison et al. (1999)

for the North Arabian Sea.

The oxygen minimum appeared to have been the most important environmental
factor observed here structuring the vertical distribution of phytoplankton. Phytoplankton
were observed below the MLD to the depth of the oxycline at Station 12661. In the later
stations, where the depth of the oxycline was the same as the MLD, the phytoplankton

distribution was restricted to within the mixed layer. The increase in phytoplankton within

77



Chapter 3: The Arabian Sea

Oxygen concentration (pmol 1-1)
0 50 100 - 150 200 250

0 s . I =

500 N

1000 - i

1500 -~ N

Depth (m)

2000 B

2500 N

3000 -

3500

Figure 3.2.3 A vertical profile of oxygen concentration from CTD station 12261#3.
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the mixed layer and the disappearance of the SCM was probably a result of an input in the
nutrient concentration of the surface waters as a result of local upwelling or advection in
from north of the survey region, identified by Herring et al. (1998).
3.3 The distributionr of zooplankton at the Arabesque Reference Site (ARS)

The distribution of zooplankton within the vicinity of the ARS were assessed using
LHPR net samples and VM-ADCP acoustic backscatter. The LHPR stations were taken
nine days apart. LHPR station 12664 was taken on the 12™ of August between 19:52 and
22:30 LT, immediately after CTD station 12663#5, and LHPR station 12670, taken on the
21% of August 09:07 and 11:37 LT, occurred immediately after CTD station 12670#3. In
each case the LHPR was fished in a v-shaped profile to a depth of ~250 m. The CTD
stations prior to each tow are used to describe the water column (see section 3.2). A

problem with clogging of the net occurred during the upcast of LHPR station 12670 and as

a result these data are not included (see Chapter 2).

3.3.1 The distribution of zooplankton biovolume at LHPR station 12664

Maximum values of total zooplankton biovolume occurred within the surface 50 m
on both the down and upcast (Figure 3.3.1), although the profiles were not identical.
During the downcast maximum total biovolume (~1.5 ml m™) occurred at the surface,
with total biovolume consistently high (>0.8 ml m™) within the mixed layer (40 m).
Measurements of identifiable zooplankton taxonomic group biovolume (where possible')
indicate that a dominant proportion of this biovolume (20-50 %) was copepods. Below
this biovolume decreased to ~0.3 ml m™ within the oxygenated waters. At the oxycline
(~50 m) and below, biovolume decreased to <0.1 ml m™ towards the bottom of the cast.
Below the oxycline decapods and euphausiids were the significant contributors to

biovolume.

During the upcast, biovolume was approximately half (~0.4 ml m™) that observed
in the downcast. The maximum values (0.9 ml m™) throughout the upcast occurred at the
thermocline. Below this biovolume was low (<0.1 ml m™) except for one sample at 75 m
which contained 0.4 mlm™ , similar to the surface values. Similar to the downcast,
copepods contributed the greatest percentage (~40 %) at the biovolume maxima and below
the oxycline the only measurable contributions were from euphausiids, decapods and

chaetognaths (Figure 3.3.2).

! Measurements of group biovolume were not always possible as a result of the small sample size inherently
collected by the LHPR and are therefore subject to large errors and bias towards large individuals of any one
group. In addition there was also a residue (unidentifiable and detritus material) component to each sample.
However, it is assumed that they will provide a qualitative indication of the dominant group present.
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Figure 3.3.2 Percentage contribution of taxonomic groups to total zooplankton biovolume
during the downcast (top) and the upcast (bottom) at LHPR station 12664.
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Biovolume was integrated over the depth of the cast (250 m) and was greater on
the downcast (46.8 ml m™) corflpared with the upcast (26.5 ml m™). Of this 79 % and
56 % respectively occurred within the mixe;i layer oxygenated waters.

3.3.2 The distribution of zooplankton abundance at LHPR station 12664

The vertical distribution of zooplankton abundance followed a similar pattern to
biovolume (Figure 3.3.1). Highest abundances (~3800 No. m™) occurred within the two
biovolume maxima, and although biovolume was less during the upcast than the downcast

maximum abundances were comparable. Below ~60 m on the downcast and ~75 m on the

upcast abundance was low ~50 No. m”.

Copepods were the most abundant group contributing >70 % to the total
abundance at all depths (Figure 3.3.3), and at the maxima in total zooplankton abundance
this contribution peaked at >95 %. Below the oxycline polychaetes were the second most
abundant group, contributing between 5 and 20 % to the total zooplankton abundance.
Polychaetes were present in greater numbers during the upcast than the downcast and this
was reflected by an increase in their contribution to the total zooplankton abundance.

Vertical profiles of individual taxonomic groups indicated that the highest
abundances of copepods, chaetognaths, euphausiids, fish, ostracods and amphipods all
occurred above the shallow oxycline (Figure 3.3.4). The greater numbers of copepods and
euphausiids occurring during the downcast compared with the upcast may have been
responsible for the greater biovolumes observed during the downcast. The distribution of
decapods and polychaetes appeared to be independent of either the mixed layer depth or

the oxycline.

3.3.3 The distribution of zooplankton biovolume at LHPR station 12670

Maximum total zooplankton biovolume (0.7 mlm™) occurred at the depth of the
thermocline and biovolume was relatively high (~0.4 ml m™) in all samples within the
mixed layer above the oxycline (Figure 3.3.1). Below the oxycline biovolume was reduced
to ~0.1 ml m™ except at 150 m where it was slightly elevated (~0.2 ml m™) although still
lower than surface values. Measurements of taxonomic group biovolume indicated that at
least 20 % of the large surface biovolumes could be attributed to copepods (Figure 3.3.5).
Chaetognaths, euphausiids and fish were the only other groups with measurable
contributions in the surface waters. Below the oxycline euphausiids had the highest
contribution to total biovolume (20-60 %), whilst smaller percentages of the total
biovolume could be attributed to copepods, decapods, polychaetes and, at the bottom of

the cast (250 m), fish.
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Figure 3.3.3 Percentage contribution of taxonomic groups to total zooplankton abundance
during the downcast (top) and the upcast (bottom) at LHPR station 12664. In all samples the

copepod group contributes an additional 70%.
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during the downcast at LHPR station 12670.
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Integrated biovolume (45.17 ml m™) over the depth of the cast (250 m) was similar
to that observed during the downcast of station 12664, although only 40 % of this was
above the oxycline. 7 B -
3.3.4 The distribution of zooplankton abundance and size at LHPR station 12670

The vertical profile of total zooplankton abundance was similar to total biovolume
with abundance decreasing with depth at station 12670. This was comparable with station
12664, although surface abundances at station 12670 were a fifth of those observed at
station 12664 (Figure 3.3.1). However, unlike station 12664, the highest abundance

(~650 No. m™) occurred in the surface sample and not at the depth of the maximum in

total biovolume. Total abundance was high (>400 No. m™) within the surface 80 m and
appeared independent of the depth of the oxycline although abundance decreased rapidly
below 80 m to ~50 No. m™,

Copepods contributed at least 60 % of the total abundance in all samples and
within the surface 100 m this percentage was as much as 95 % (Figure 3.3.6). Within the
oxygenated mixed layer chaetognaths were the next most abundant group, whilst below
the oxycline euphausiids and polychaetes were more significant contributors to total
abundance.

Vertical profiles of individual taxonomic group abundance show that the
distribution of chaetognaths, appendicularians, ostracods, amphipods, pteropods and
others (including siphonophores, brachyura larvae and medusae) were restricted to the
surface oxygenated waters, whilst euphausiids, decapods and polychaetes show a
distribution independent of the oxycline (Figure 3.3.7). The vertical profile of fish
abundance indicates a bimodal distribution with fish either restricted to oxygenated waters
or at depth. In all groups except chaetognaths and amphipods, abundances were
significantly reduced above the oxycline compared with the night-time station 12664.

Length measurements of several taxonomic groups indicated that different sized
individuals of each taxonomic group occupied different depths that could possibly be
associated with variations in oxygen concentration (Figure 3.3.8). Several patterns could
be identified. Firstly, for the groups restricted to the oxygenated surface waters
(amphipods and pteropods) there was a slight increase in mean length with depth, with the
largest individuals occurring at the base of the mixed layer at the oxycline. Secondly, the
mean length of chaetognaths had a bimodal distribution The largest chaetognaths were

found at the base of the mixed layer and at depth (~200 m). Within the oxygenated surface

waters mean chaetognath length varied between 10 and 25 mm, whilst below the oxycline
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Figure 3.3.6 Percentage contribution of taxonomic groups to total zooplankton abundance
during the downcast at LHPR station 12670. In all samples the copepod group contributes
an additional 60% (note different from previous graph).
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| mean length was smaller and varied between 5 and 15 mm. Thirdly, both copepod and
euphausiid mean length increased with depth. The distribution of mean euphausiid length
appeared to contain three tiers. From the surface to ~80 m mean euphausiid length was
<10 mm, from 80 to 180 m mean length was between 10 and 14 mm, and below 180 m
mean length was >14 mm. Finally, fish caught at the surface were smaller than those at
depth. The mean length of fish caught at the surface was between 5 and 15 mm, whilst
those at depth varied between 15 and 35 mm.
3.3.5 Comparison between LHPR station 12664 and LHPR station 12670

Comparison between the two LHPR stations is complicated by the nine-day time
delay between the two stations and the difference in the time at which they were
undertaken. LHPR station 12664 was a night-time station occurring one hour after dusk
(19:00 LT), whilst station 12670 occurred during the day two hours after dawn (07:00
LT). To investigate differences in the down and upcast of Station 12664 and day/night
variations in the distribution of zooplankton; total biovolume, total abundance and
abundance of the taxonomic groups were integrated (Z,s0) over the depth of the cast
(250 m). In addition the affect of the oxygen minimum zone was examined by calculating
the percentage of the Z,50 occurring in the surface oxygenated waters (above 50 m) (Table
3.2). Three features were evident: a proportion of the zooplankton population appeared to
be diurnally vertically migrating into and out of the OMZ; the distribution of a large
proportion (>60 %) of amphipods, appendicularians, chaetognaths, fish and pteropods
were restricted by the OMZ; there was a discrepancy between the biovolumes and
abundances observed during the downcast and the upcast of LHPR station 12664.

During the night-time LHPR (station 12664) >90 % (downcast) and >62 %
(upcast) of total zooplankton biovolume occurred above the oxycline. Day-time (station
12670) total zooplankton biovolume was surprisingly and significantly reduced above the
oxycline compared with station 12664 (t-test, P>0.01, n = 2). Similar calculations for total
abundance were inconclusive. This was caused by the reduced numbers of copepods
caught during the upcast of station 12664 that affected the total zooplankton abundance.
Recalculating the percentage of abundance of all zooplankton except copepods above the
oxycline showed that a greater percentage of the zooplankton abundance (minus copepod
abundance) resided above the oxycline at night than during the day (t-test, P>0.05, n = 2).
From this it is evident that some zooplankton were undertaking diel vertical migration into

the suboxic waters during the day.
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Abundance (No.m™)

. Total
Depth (in) Bl(‘::ﬁ:lugl;l e Euphausiids Decapods Chaetognaths Copepods Fish Ostracods Polychaetes | Amphipods Pteropods | Appendicularians bTo(tlal abundance
apundance -copepods
Station
12664
Downcast
50 39.05 14522 1274 411.05 83754.61 8.23 1124.65 145.53 23.71 146 197.83 86298.83 2544.22
250 46.89 477.07 16.74 4706 90809.81 8.75 1193.79 492,91 2371 146 26192 94011.23 320142
/"SV;':‘““ 83.30 93.32 2727 87.45 92.23 94.06 94.21 29.52 100 100 75.53 91.80 7947
Station
12664
Upcast
50 16.58 335.88 527 592.08 2492512 27.36 609.66 92.74 20.04 0.04 895.28 34058.95 %133
250 26.51 486,30 2152 923.59 53940.11 37.49 1608.27 134139 28.98 0.04 932.46 66032.08 12091.97
%svgitln‘i“ 62.54 69.07 2447 64.20 4621 72.99 37.91 6.91 69.15 100 96.01 51.58 75.54
Station
12670
Downcast
50 33.42 249.46 2.99 666.92 2413623 547 28821 18.88 51.68 34.00 9942 25608.57 147233
250 4518 695.38 15.71 808 44 39930.69 7.03 598.99 455.10 67.16 33.06 103.05 4280041 2869.72
%svgil‘::i“ 51.83 35.87 19.04 82.49 60.44 77.79 48.12 4.15 76.95 89.59 96.48 59.83 5131
Table 3.2 The percentage of total biovolume, total abundance and zooplankton group abundance occurring above the oxycline (~50 m) at LHPR

stations 12664 and 12670.
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Decapods were the only group that showed a significant difference between night
and day abundances above the oxycline indicating diel vertical migration into and out of
the OMZ. However the percentage of euphausiids and amphipods above the oxycline
during the day were alsc; less than observed nigthtime values, although not significantly.
The lack of a significant statistical result may be a result of both type 1 and 2 errors
(Fowler and Cohen, 1990) associated with the small sample size.

Whilst the vertical distribution of several taxonomic groups appeared to be
restricted and controlled by the oxycline, the distribution of polychaetes, decapods and to
a lesser extent euphausiids appeared to be more variable. Both decapods and euphausiids
exhibited a degree of vertical migration with a significant proportion (>88 % and >69 %
respectively) of individuals occurring below the oxycline during the day. The small
percentage of polychaetes above the oxycline though both the day and night indicates that
their vertical distribution was independent of the oxygen concentration of the water
column. The high numbers and percentage of the polychaete population below the
oxycline may indicate that this group of zooplankton were the best adapted to suboxic
conditions.

Values of Y50 showed that greater abundance and biovolume was observed during
the downcast (46.8 ml m™ and 94011 No. m™) compared with the upcast (26.5 ml m” and
66032 No. m™) at station 12664. This may have been caused by instrument error such as
clogging of the net or angle of the sampling vehicle (see Chapter 2), or as a result of the
patchiness of zooplankton distributions. Z;50 of individual zooplankton groups showed
that more copepods and decapods were observed during the downcast, whilst more
chaetognaths, fish, ostracods, polychaetes and appendicularians were observed on the
upcast and the numbers of euphausiids and amphipods were comparable. These variations
suggest that zooplankton patchiness rather than instrument problems may have been
responsible for the variation between the down and upcast.

3.4 Underway acoustic backscatter observations in the vicinity of the ARS

Underway acoustic backscatter data were collected from a 153 kHz VM-ADCP
throughout cruise D209, and are used here to describe the distribution of zooplankton
larger than a few millimetres in length using the assumption that an increase in acoustic
backscatter is related to an increase in zooplankton biomass (following Flagg and Smith,
1989a,b; Plueddemann and Pinkel, 1989; Roe et al., 1996). Absolute acoustic backscatter
data, computed with a varying o (sound absorption coefficient) calculated using

concurrent in situ measurements of temperature and salinity from the SeaSoar vehicle (see
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Roe et al., 1996), during the two SeaSoar surveys (SS1 and SS2) in the vicinity of the
ARS (see Chapter 2), were colour-contour plotted and are presented in Figure 3.4.1.

The presence of the strong oxycline at 50 — 80 m depth resulted in the definition of
two patterns in the acoustic backscatter, aﬂstrong diurnal migration signal labelled Sound
Scattering Layer 1 (SSL1) and the presence of relatively high acoustic backscatter in
surface waters both day and night, labelled Sound Scattering Layer 2 (SSL2).

SSL1 was most evident during SS1 as a result of its longer temporal duration,
although it was present during both surveys. High acoustic backscatter (-70 to —55 dB)
was observed in the surface ~ 80 m during the night, a thin layer of high acoustic
backscatter occurred throughout the water column at dawn and dusk and high acoustic
backscatter (-70 to —50 dB) was found at depth (>200 m) during the day, caused by
zooplankton descending at dawn and rising to the surface at dusk. A pattern of diel
migration is a common feature of acoustic datasets. At night the zooplankton biomass
remaining within the suboxic waters was so low that no VM-ADCP signal was detectable
below 100-200 m. Even during the day waters between the oxycline and >200 m were
characterised by a low acoustic backscatter signal (-91 to —79 dB). Daytime acoustic
returns from below 200 m were strong (>-70 dB) and dawn and dusk migrations obvious.

SSL2 is described here as the presence of a permanent layer of high acoustic
backscatter within the surface 80 m that persisted through day and night (contributing to
SSL1 at night). Daytime values of acoustic backscatter within the oxygenated surface
waters varied between —76 and —64 dB, at night acoustic backscatter values increased to
between —64 to —58 dB.

Colour-contoured sections of acoustic backscatter of legs 2,3,4 and 5 from SSI,
overlaid with two isopycnal surfaces (25.4 and 26.4 o) indicate that the vertical extent of
SSL2 was limited by the 25.4 isopycnal (Figure 3.4.2), whilst the depth of SSL1 during
the day appeared to be independent of isopycnal surfaces. The depth of the 25.4 oy
isopycnal surface is consistent with the base of the mixed layer and the associated
oxycline. This therefore reinforces the hypothesis that the zooplankton responsible for
SSL2 were limited in their vertical extent by the concentration of oxygen within the water.
DVM behaviour within the Arabian Sea surveyed region

SSL1 exhibiting DVM behaviour was a clear feature of the acoustic dataset. Figure
3.4.3 presents the day and night vertical profiles of VM-ADCP data averaged for the first
and second SeaSoar surveys. Light data were not available for cruise D209, so it was

assumed that night time data took place between the upwards migration that occurred
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between 13:00 and 15:30 GMT (17:00 and 19:30 LT) and the dawn downwards migration
that occurred between 01:00 and 02:30 GMT (05:00 and 06:30 LT). The actual periods of
dawn and dusk diel migration (as above) were removed from the dataset as it was assumed
that during these periods zooplankton would be vertically migrating. Thus the period of
night time was similar to that approximated by Herring ez al. (1998) of 15:00-03:00 GMT.

Figure 3.4.3 exhibits a clear DVM signal of increased acoustic backscatter in the
surface 100 m at night compared with during the day. The night time values were
maximum (~-68 dB) at approximately 50 m during both SS1 and SS2. During the day,
above 100 m the maximum acoustic backscatter again occurred at ~50 m, although was
7 dB less. Just below 100 m the minimum values of acoustic backscatter (-90 dB)
occurred during the night time and day time values were 8 dB greater. Below 150 m,
acoustic backscatter intensity increases with depth during the day and is non-existent at
night as a result of insufficient scatterers. The strong, deep day time and weak night time
signals at depth and strong surface night time compared with day time intensities indicate
that at least some, possibly all, of the zooplankton and micronekton responsible for the
deep scattering layer were migrating to the surface oxygenated waters at night.

Supplementary RMTS8 (Rectangular Mid-water Trawl, 8m?®) net samples,
undertaken during cruise D209, indicate that some chaetognaths, decapods, euphausiids,
and fish undertook diel migration and that the abundance of zooplankton and micronekton
was ~5 times larger (20500 x 10 No. m™) at night above the oxycline compared with
daytime values (4000 x 10* No. m™ ). Below 100m net sample volumes were low,
correlating with the lack of targets within the VM-ADCP data. Between 100 and 200 m
the daytime population was dominated by siphonophores and medusae, whilst at night the
population was more mixed. The siphonophores and medusae may have contributed to the
slightly higher acoustic signal observed during the day. Below 200 m decapods and
myctophid fish (Diaphus and Hygophum) were the main components. Myctophid fish
possess a gas bladder that resonates, thereby augmenting their acoustic scattering
(Johnson, 1977). These fish were probably responsible for the large acoustic signal
observed >200 m during the day.

The speed of the diel migrations was estimated following two methods; the speed
of movement of backscattering bands representing the migration of zooplankton (e.g.
Mauchline and Fisher, 1969; Maucline, 1980) and using VM-ADCP derived vertical
velocities (e.g. Roe and Griffiths, 1993; Roe et al., 1994; Tarling et al., 2001; Wade and
Heywood, 2001).
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The speed of a backscattering band was estimated following:

A2
At

where ¢ is the speed in cm s™', AZ is the change in depth of the band (cm) and At is the
time (s) in which this change occurred.

As a result of a lack of definition of diel changes in the SS2 dataset only data from
SS1 was examined and, as a result of the short duration of this survey, only two periods of
dawn downward migration and one period of dusk upward migration are examined. Figure
3.4.4 presents colour-contoured plots of acoustic backscatter and VM-ADCP derived
vertical velocities from three periods: jday 223 01:00-02:20; jday 223 13:00-15:30; and
jday 224 01:00-02:30. Calculations of ¢ for the “leading” edge of the jday 223 and 224
dawn migrations indicated a speed of 12 and 14.6 cms™ (respectively) which are not
dissimilar from the VM-ADCP derived vertical velocities of a downwards speed of
11 cms™ for the leading edge. A clear feature indicated by the measurement of vertical
velocities was that migration speed was not uniform throughout the “backscattering band”
and that the fastest speeds were associated with the beginning (leading edge) of the
downward migration. As a result of the paucity of data during the dusk diel period, speeds
were not estimated (Figure 3.4.4). Additionally a layer of low acoustic backscatter, ~20 m
thick, separated the surface scattering layer and the deep layer presumed to be migrating
zooplankton.
3.5  Discussion of the distribution of zooplankton

The distribution of zooplankton observed through VM-ADCP acoustic backscatter
and LHPR samples showed several features: the vertical extent of some zooplankton was
limited by the oxycline; diel vertical migration of zooplankton into the OMZ during the
day occurred; and the distribution of two taxonomic groups appeared to be relatively
uninfluenced by the OMZ.
The oxycline limited the vertical distribution of some zooplankton

A dominating feature of the acoustic backscatter was a permanent layer of high
acoustic backscatter (SSL2) present within the well-oxygenated surface waters. This layer
persisted both day and night and had greatest intensities at ~50 m depth consistent with the
depth of or just above the oxycline. LHPR samples support this observation where, during
the day, maximum zooplankton biovolumes occurred at the thermocline. Although there

are several observations of acoustic backscatter in the Arabian Sea (Herring et al., 1998;
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Figure 3.4.4ab Colour-contoured sections of acoustic backscatter and VM-ADCP derived

vertical velocities from the dawn periods jday 223 (top) and 224 (bottom).
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Wishner et al., 1998; Luo et al., 2000; Ashjian et al., 2002) this feature has not been
previously reported. S

Measurements 01_° total zooplankton abundance and biovolume from the LHPR
samples indicated that at least 50 % of the zooplankton sampled resided above the
oxycline during the day. At night (ignoring the contribution from copepods) this
percentage increased to greater than 75 %. This agrees with previous studies that show a
large percentage of the zooplankton residing within the surface layers (>96 % of Zsop in
the surface 100 m, Vinogradov and Vorinina, 1961; >85 % of X3q in the surface 100 m,
Smith et al., 1998; >69 % of Z ;g in the upper 200 m, Wishner et al., 1998).

Hence a substantial portion of the zooplankton population were limited in their
vertical distribution by the oxycline. This was more evident for some taxonomic groups
such as amphipods, appendicularians, chaetognaths, pteropods and fish. For each of these
groups > 75 % of their integrated abundance (Z;sp) was concentrated above the oxycline
during the day. Studies have shown that many complex animals such as fish and
crustaceans are able to satisfy their routine metabolic needs at oxygen concentrations of
about 0.15ml 1" (6.7 pmol I'") by means of aerobic metabolism supported by periods of
anaerobic metabolism (Childress, 1975). However, Childress and Thuesen (1992) suggest
that simpler forms of zooplankton such as medusae and chaetognaths lack physiological
systems that could be obviously adapted to support aerobic metabolism at low ambient
oxygen concentrations. Those animals that do not have low oxygen adaptations may be
restricted from OMZs (Yang e al., 1992). Those taxonomic groups mentioned above
appeared to be the most influenced by the OMZ, however none of the taxonomic groups
was completely excluded from the OMZ. The different vertical patterns exhibited by the
different taxonomic groups may be indicative of their different tolerances to minimum
oxygen concentrations.

DVM in the Arabian Sea

SSL1 was the dominant signal in the acoustic backscatter data and has been
observed on numerous occasions (Herring et al., 1998; Wishner et al., 1998; Morrison et
al., 1999; Luo et al., 2000; Ashjian et al., 2002). The vertical migration of zooplankton
and micronekton (e.g. large copepods, euphausiids, and fish) into oxygen deficient zones
on a diel basis has been previously reported (Vinogradov and Voronina, 1961; Longhurst,
1967; Brinton, 1979; Herring et al., 1998; Smith e al., 1998; Wishner ef al., 1998; Luo et
al., 2000; Ashjian ef al. 2002). Ashjian ef al. (2002) identify the taxa responsible for this
layer as myctophid fish, pelagic crabs and euphausiids. RMT and LHPR samples in this
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study also indicated that fish and euphausiids were undertaking diel migrations as well as
other taxa. The most frequently ‘discussed DVM behaviour within the Arabian Sea is that
of the dominant mesopelagic myctophid fish (Kinzer et al., 1993; Herring et al., 1998;
Luo et al., 2000; Grifﬁthé et al., 2001; Ashj:ian et aZ., 2002). Kinzer et al. (1993) identified
that all of the myctophid fish were residing during the daytime at depths of extremely low
oxygen levels and foraging in the oxygen-rich surface layer at night. Recently Luo e al.
(2000) estimated fish vertical migration speeds to have maximum values of 10-13 cm s™,
not dissimilar to those observed during this study supporting the hypothesis that the
dominant zooplankton and micronekton contribution to SSL1 was from myctophid fish.

The two LHPRs one a night-time station the other a day-time station, although
nine days apart, also indicate that some zooplankton were diel vertically migrating into the
OMZ during the day and out of it at night. By day the total biovolume below the oxycline
was low but at night it became minimal. The increase in the relative importance of
copepods, decapods, euphausiids and fish above the oxycline at night reflects their
movement into the oxygenated surface waters. These migrations are emphasised in the
VM-ADCP acoustic backscatter data, which identify the paucity of zooplankton below the
oxycline by an inability to measure an acoustic signal as a result of insufficient targets at
depth during the night.

In this study the LHPR data indicate that some copepods, euphausiids, decapods
and fish were vertically migrating, residing in the OMZ during the day. However the
vertical extent of their migrations differ. Whilst decapods, euphausiids and fish were
found throughout the water column or at depths of ~200 m, a significant proportion of the
copepods observed below the oxycline occurred within 40 m of it. Past studies héve
indicated that some copepods and euphausiids are tolerant of oxygen concentrations down
to 4.4 pmol 1! (Sameoto, 1986; Sameoto et al., 1987; Vinogradov et al., 1991). Whilst the
oxycline occurred in this study between 40 and 60 m, oxygen concentrations were >
5 umol I'! to ~100 m (and < 5 pmol I below to depths greater than 500 m). Hence, the
copepods observed in this study may have been limited in their vertical distribution not by
the oxycline but a particular threshold in oxygen concentration.

The physiology of the vertical migrants is unclear, although morphological
adaptations such as increased gill surface area have been suggested (Wessel and Johnson,
1996; Herring et al., 1998) and physiological alterations to metabolism permitting some
animals to live anaerobically for certain periods (Childress and Thuesen, 1992). The

decapods caught within the OMZ appeared to have a soft carapace and gills extending
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below the carapace possibly indicating a morphological adaptation to low oxygen
concentrations. In addition the higher daytime abundance of euphausiids at depth within
the OMZ compared to night-time abundances in surface water may suggest that during the
day the euphausiids Weré relatively inactivé and hénce more easily caught.

Distributions independent of the oxycline

Perhaps the most surprising result from this dataset was the distribution of
planktonic polychaetes, which appeared to be independent of the OMZ and did not exhibit
a pattern typical of diurnal migration. The distribution of polychaetes was similar during
both the day and night LHPR stations and their peak abundances occurred well within the
suboxic waters. Previous studies have tended to concentrate on the organisms capable of
migrating into or only remaining above the suboxic zone. An interesting question here is
“are the polychaete group the best adapted to low oxygen conditions?”. Levin et al. (2000)
observed polychaetes to be the dominant benthic fauna (86-99 %) with the OMZ on the
Oman margin in the NW Arabian Sea. Investigation of these macrobenthic polychaetes
identified morphological adaptations of branchiae enlargement and increased branching in
response to hypoxic conditions (Lamont and Gage, 2000). These adaptations were
hypothesised to result from either a direct response by the phenotype to intensity of
hypoxia or to represent early genetic differentiation among depth-isolated sub-populations,

and suggest that the polychaete community are adapted to low oxygen environments.

3.6 Summary

(1) An intense OMZ was present throughout the survey region, with a strong
oxycline at ~50 m separating oxygen rich waters at the surface from suboxic waters
below.

(2) The OMZ was the dominant forcing mechanism controlling the vertical
distribution of zooplankton.

(3) The wertical distribution of chaetognaths, amphipods, pteropods and
appendicularians was predominantly restricted to within oxygen rich surface waters.

(4) Some zooplankton (decapods and euphausiids) and fish undertook diel vertical
migrations into and out of the OMZ. Morphological and physiological adaptations to low
oxygen environments have been suggested for these groups.

(5) The vertical distribution of polychaetes appeared to be independent of water
oxygen concentration and it is hypothesised that this group may be the best adapted to a

low oxygen environment.
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4.1 Introduction

In this chapter the results from a multi-disciplinary survey of the Almeria-Oran
front are presented. Section 4.1 introduces the previous observations within the surveyed
region. In section 4.2 the hydrography of the Alboran Sea and the Almeria-Oran front is
presented and discussed. Observations of the distribution of phytoplankton are discussed
in section 4.3 and section 4.4 discusses the influence of the Almeria—Oran front on the
distribution of zooplankton. Section 4.5 summarises the conclusions drawn. The
discussion has been wrapped into the results, for the ease of the reader, as a result of the
large amounts of data presented in this chapter.

4.1.1 The physical structure of the Mediterranean Sea, Alboran Sea and the
Almeria-Oran Front
Basin-scale circulation of the Mediterranean Sea

The Mediterranean Sea is a semi-enclosed sea, its only communication with the
world’s Ocean through the Strait of Gibraltar. The primary circulation within the
Mediterranean is thermohaline, resulting from excess evaporation (an inverse estuarine
circulation) (Heburn, 1994). It is a two-layer flow where relatively fresh, warm Atlantic
Water (AW) enters the Western Mediterranean basin in an upper layer through the Straits
of Gibraltar and generally flows to the east. These waters of Atlantic origin eventually
reach the Levantine Basin in the eastern Mediterranean. By which time they have been
modified, through evaporative processes and mixing in specific areas of deep winter
mixing (Malanotte-Rizzoli et al., 1999), to such an extent that they sink to intermediate
depths (~400 m) forming the water mass referred to as Levantine Intermediate Water
(LIW) (Gascard and Richez, 1985; Heburn, 1994). This LIW then gradually flows
westwards, through the Strait of Sicily, into the Ligurian and Alboran basins and
eventually exits the Mediterranean via the Strait of Gibraltar below the incoming surface
AW layer.

Within this basin-scale concept, the detailed circulation of the Mediterranean Sea
is highly complex, consisting of a number of semi-permanent gyres and mesoscale eddies
interconnected by meandering jets and currents (Figure 4.1.1) (Millot, 1991; 1999).

Water Masses and circulation of the Alboran Sea

The Alboran Sea is the first Mediterranean basin encountered by the inflowing AW
and has a very complex bottom topography (Figure 4.1.2). This topography is composed
of both an East and West deep basin (1000 — 2000 m depth) as well as the Alboran Island

and associated shallow banks, which extend south-westward towards the Algerian Coast.
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Figure 4.1.1 The circulation of Modified Atlantic Water (MAW) and the Winter Intermediate
Water (WIW) in the western Mediterranean Sea (From Millot, 1999).

Figure 4.1.2 The topography of the Alboran Sea (depth in metres): reproduced from the GEBCO
digital atlas, BODC.
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The influence of this abrupt topography on the circulation in the Alboran Sea is not yet
fully understood (Tintore et al., 1994).

Atlantic Water entering the Alboran Sea, through the Strait of Gibraltar, is
generally modified in its eastward migration, and is typically referred to as Modified
Atlantic Water (MAW, 36.5<S < 37.5).. MAW usually occupies the upper 2-300 m of the
water column in the Alboran Sea and interacts below with LIW and to the east with
Mediterranean Surface Water (MSW, S > 37.5) (Tintore et al., 1994). Gascard and Richez
(1985) refer to Atlantic-Mediterranean Interface Water (AMIW) as the water that forms as
a result of the interaction between Atlantic waters and Intermediate waters, although more
recent authors refer to it as MAW (Viudez et al., 1996).

The large scale circulation of the Alboran Sea is generally well known. The main
inflow path of the AW modified to MAW, entering from the Strait of Gibraltar, is around
two anticyclonic gyres (Figure 4.1.3). Satellite imagery indicates that, on occasions, one or
both gyres can disappear (Heburn and La Violette, 1990). These gyres are referred to as
the Western and Eastern Alboran Gyres (WAG, EAG). The formation of, mean position,
and shape of the WAG, initiated by the inflowing jet of AW, are controlled by the
narrowness of the Strait of Gibraltar, the angle of the Strait with respect to the Alboran
Sea, and Coriolis force (Preller and Hurlburt, 1982; Heburn, 1985, 1987). The WAG has
been studied intensively (Gascard and Richez, 1985; La Violette, 1990; Heburn and La
Violette, 1990; Tintore et al., 1991) and is considered a quasi-permanent feature. The
EAG is less well-studied but is known to break down more readily than the WAG (Heburn
and La Violette, 1990; Prieur and Sournia, 1994; Viudez and Tintore, 1995).

The Almeria-Oran front

In the easternmost Alboran Sea near Cape Gata, where MAW meets MSW flowing
slowly west, an intense density front (the Almeria-Oran front) is present. Its size and
position appears to be partly influenced by the size and position of the EAG (Tintore et
al., 1988; Amone et 'al., 1990) and, when the EAG is present, the front is found at the
eastern boundary of the EAG. This makes its position highly variable, and the Almeria-
Oran Front (AOF) has been found in a median (Tintore ef al., 1988) and a southern
position (Prieur and Sournia, 1994). Associated with the AOF is a strong geostrophic
current (~1 ms™) on the EAG side of the front (Folkard er al., 1994). A secondary,
ageostrophic, circulation is present that is weaker than the primary circulation by 1-2
orders of magnitude. The spatial extent of the AOF in length is greater than 200 km,
~10 km in width. Physical and biochemical data indicate that the front is limited to the

upper 200 m. The secondary ageostrophic circulation associated with instability of the jet
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Figure 4.1.3 Cartoon of the two gyre surface circulation of the Alboran Sea, following Arnone
et al. (1990) and others.
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is characterised by surface convergence and periodic isopycnal sinking and upwelling
(Tintore et al., 1988; Prieur and Sournia, 1994; Allen et al., 2001).

As a result of the strong gradients, intense flows, restricted horizontal dimensions
and quasi-permanency, the AOF has been the subject of recent interdisciplinary
programmes such as ALMOFRONT-1 (Prieur and Sournia, 1994), ALMOFRONT-2
(Prieur, pers. comm.) and OMEGA (Allen et al., 2001; Fielding er al., 2001).

4.1.2 The distribution of phytoplankton and zooplankton at the AOF
The affect of the AOF on primary production

Frontal enhancement' of phytoplankton populations has been observed at the
Almeria-Oran front (Lohrenz ef al., 1988; Videau et al., 1994; Fiala et al., 1994). In fact,
Prieur and Sournia (1994) describe them as anomalously high, with maximum chlorophyll
concentrations of 23 mg m” measured by Gould and Wiesenberg (1990) at a depth of
54 m. Diatom and nanoplankton abundance, chlorophyll content and primary production
have been observed to be higher in the jet, measured from satellite data (Arnone and La
Violette, 1986; Lohrenz et al., 1988; Amone et al., 1990) or in situ shipboard data (Prieur
et al., 1993; Fiala et al., 1994; Videau et al., 1994). This suggests that the frontal-jet
system exhibits a fertilising effect on the otherwise oligotrophic waters of the Alboran
Sea. Such a frontal enhancement is thought to result from the vertical input of nutrients
caused by upwelling (Claustre et al., 1994; Fiala et al., 1994; Videau et al., 1994) and is
supported by observations from L’ Helguen ef al. (1992) and Videau et al. (1994) who
describe a shallower nitracline in frontal waters than in Mediterranean waters (18-30 m
and 30-60 m respectively). During ALMOFRONT-1 Videau et al. (1994) observed some

of this enhanced production exported down below the thermocline to depths of 110 m,

along the 28.0 oy isopycnal.
The affect of the AOF on zooplankton

Fewer studies have been made of the distribution of zooplankton at the Almeria-
Oran front. Coincident with the observations of high phytoplankton biomass at the front
during the project ALMOFRONT-1 Thibault et al. (1994) and Seguin et al. (1994)
observed higher total standing stocks of zooplankton, including higher copepod
abundances, in the frontal jet compared with surrounding waters. Baussant et al. (1993)
investigated the distribution of micronekton and macrozooplankton using a 38 kHz
echosounder, multi-net sampling and video profiling across the Almeria-Oran front. They

showed that the region was dominated by several deep scattering layers, which could be

Enhancement is used here to describe increased rates of primary production and increased biomass.
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attributed to fish such as Myctophid and Cyclothone spp. or euphausiids. These layers
were observed at different depths on each side of the front (50 metres deeper on the
Mediterranean side). Anderson and Sardou (1992) also refer to the existence of a non-

migratory species of myctophid fish pres'ent at the Ligurian front in the North Western

Mediterranean.

4.2 Hvdrography of the Alboran Sea and the Almeria-Oran front (AOF) during

cruise D224
4.2.1 General description of the Alberan Sea

The surface temperature field derived from remotely-sensed data, of the Alboran
Sea, on the 31% October, 19™ November and 2™ December 1996 are shown in Figure
4.2.1. Purple and blue represent cool waters, green and yellow warm, and the Spanish and
North African coastlines are clearly discernable. Satellite IR images were provided and
processed by the Southampton Oceanography Centre (SOC) and the University of Pisa
(UP).

The most outstanding feature in these data are the warm-cored anticyclonic gyres,
which, in terms of temperature gradient, are most prominent in October. During
November, the Western Alboran Gyre appeared to move eastwards to be replaced by a
new Western Alboran Gyre resulting in the presence of three gyres (Figure 4.2.1b).
Between the 19™ of November and the 2™ of December the “central” and Eastern Alboran
Gyres had coalesced (Allen et al., 2001) and the Alboran Sea circulation had returned to
the more “traditional” two Alboran Gyre flow regime (Figure 4.2.1c¢) (Tintore ef al., 1988;
Heburn and La Violette, 1990).

Thus the satellite IR imagery indicates that during the Finescale SeaSoar Surveys
of OMEGA (16-28/12/1996) the Almeria-Oran Front (henceforth denoted as AOF), as the
eastern boundary of the Eastern Alboran Gyre (EAG), was located in its median position.
4.2.2 Water masses in the vicinity of the AOF

The characteristics of all the water masses encountered in FineScale Surveys 1-3
(FSS1-3) are represented in the 6/S diagram in Figure 4.2.2. The lowest salinity waters,
~36.63, are surface waters of recent Atlantic origin and are referred to here as Modified
Atlantic Water (MAW) (Arnone et al., 1990; Sparnocchia et al., 1994). There is a mixing
line between the MAW and high salinity low temperature Mediterranean intermediate
waters (LIW). These waters have been identified here as Atlantic-Mediterranean Interface
Water (A-MIW) following Gascard and Richez (1985) and include any waters of <
15.5 Cand S < 37.5. Mediterranean Surface Waters (MSW, S > 37.5,t> 15.5 °C)
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Figure 4.2.1 NOAA-14 AVHRR images provided by the Natural Environmental Research
Council through the Southampton Oceanography Centre and processed at the University of Pisa
(Baldacci et al., 1998) {OF Sogy
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Figure 4.2.2. Potential temperature as a function of salinity for all the SeaSoar data collected
during the three finescale surveys. Note the relatively fresh surface modified Atlantic waters
(MAW) in the eastern Alboran gyre, the warm salty Mediterranean surface waters (MSW),
Atlantic-Mediterranean interface water (A-MIW), the Levantine water (LIW) and the temperature

minimum layer (TML).
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(Amnone et al., 1990) were found in the North East corner of FSS2 and FSS3. This water
appeared to have flowed slowly southward along the Spanish coast and appeared at the
surface near Almeria. The signature of MSW is less well defined than that of MAW, as
MSW is predominanﬂyﬂ old MAW that has remained at the surface in the Western
Mediterranean (Benzohra and Millot, 1995).

Below the surface waters, a Temperature Minimum Layer (TML) of water with
salinity of ~ 38.2 and temperature below 13.5 °C was present to depths of 250-300 m. This
has been called “Riviera Water” and forms through cooling of Atlantic waters along the
French Riviera (Gascard and Richez, 1985). At maximum SeaSoar depths of ~370m a
tight 0/S signature of Levantine Intermediate Waters (LIW) was observed that formed a
distinct salinity maximum (Spamocchia et al., 1994).

4.2.3 The horizontal structure of the AOF

The position of the surface signature of the AOF is denoted by a steep change in
surface temperature and salinity observed in the thermosalinograph datasets (Figure 4.2.3).
Its position and shape was seen to change significantly from FSS1 through to FSS3.
Between FSS1 and FSS2 the position of the front at the surface had (most notably in the
middle legs) moved Southwest (Figure 4.2.3a-b,d-e). Then between FSS2 and FSS3 it
returned to its more northeasterly position (Figure 4.2.3c,f).

The high temperature, low salinity signature of MAW was observed in the
southwest part of the survey area throughout FSSI-3, the temperature of the MAW
increasing and salinity decreasing towards the centre of the EAG. Northeast of the front
was water of higher salinity and lower temperature, identified as AMIW. During FSS2 and
FSS3 the salinity of the AMIW northeast of the front, near Almeria, intensified so that the
water had properties more typical of MSW (S > 37.5).

The near surface currents (at 14 m) measured with the VM-ADCP indicate that
associated with the AOF was a strong current, with speeds up to ~ 100 cm s' (Figure
4.2.4). The surface horizontal velocities were greatest and had a coherent structure on the
southwest, EAG, side of the front, and decreased in intensity towards the middle of the
EAG. On the northeastern, or “Mediterranean”, side of the front, horizontal velocities
were reduced (~20 cm s™) with no regular structure. The fast velocities associated with the
surface of the front followed the changing position of the front (identified in surface
temperature and salinity fields) between FSS1, FSS2 and FSS3. Comparison of the surface
currents with horizontal velocities at 54 m and 150 m depth indicated that velocities

decreased with depth, such that no obvious coherent flow could be associated with the

front at 150 m depth (Figure 4.2.5).
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Chapter 4: The Alboran Sea

4.2.4 The vertical structure of the AOF

Vertical hydrographic sections, from SeaSoar CTD data, across the Almeria-Oran
front (Figure 4.2.6) exhibit a temperature, salinity and density structure typical of the
front, with a steep gradient in isotherms, isohalines and isopycnals sloping sharply
upwards and breaking the surface. On the western side of the front the high temperature
low salinity signature of (MAW), present in the Eastern Alboran Gyre (EAG), was
observed down to depths of ~200 m. The mixed layer depth decreased from west to east
across the front from ~150 m to ~ 50 m on the Mediterranean side. Below the surface
waters was the TML and below that, the high salinity low temperature signature of LIW.

The slope of the density surfaces, across the front, changed with time and position
along the front. Along Leg e the front moved south and steepened between FSS1 and
FSS2, and then moved back northwards between FSS2 and FSS3. During FSS3 the front
was shallower than FSS1 (Figure 4.2.7). For future reference, the 27.9 isopycnal surface
has been chosen to represent the “path” of the front (depicted in yellow in Figure 4.2.7)
separating the EAG from MSW and is typically the water referred to as AMIW.
4.2.5 Subduction at the AOF

Through the examination of 6/S envelopes from each of the FineScale Surveys
(Figure 4.2.8), the presence of MSW within the survey area was found only in FSS 2 and
3. The appearance and distribution of MSW within the survey area can be followed by
plotting salinity on the 27.9 o surface (Figure 4.2.9). During FSS2 MSW was observed at
the surface off the coast of Spain, whereas during FSS3 MSW was clearly observed at the
southern end (off the coast of Algeria) of three SeaSoar legs (%, I, and /) at depths of up to
150 m. As the duration of each SeaSoar survey was 4 days with 1 day between each
survey, it implies that MSW was drawn down the front at mean vertical velocities of at
Jeast 25 m d™.
4.2.6 Discussion of the hydrography at the AOF

The AOF front forms where waters of Atlantic origin meet Mediterranean surface
waters in the Alboran Sea, and its shape and position are variable on a time scale of days.
In this study the AOF was found in its usual position as the eastern boundary of the
eastern of two Alboran gyres, the Eastern Alboran Gyre (Tintore et al., 1988; Folkard et
al., 1994; Prieur and Sournia, 1994). Within the Eastern Alboran Gyre, associated with the
AOF, is a strong frontal jet with a speed of ~1 m s, This frontal jet exits the Eastern
Alboran Gyre off the North African Coast, forming the Algerian Current. The
observations of the movement of the surface signature of the front south and back north,

and the change in slope of the density surfaces across the front between the surveys are
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137,20
137.10

Figure 4.2.9 Salinity (coloured dots) on the density surface oy = 27.9 and VM-ADCP derived
current velocity vectors at 54 m depth for (a) FSS2 and (b) FSS3. The depth of the density surface
o = 27.9 is identified in (c). From Allen ef al., 2001.
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consistent with baroclinic instability and propogation of wavelike meanders across the
front (Allen et al., 2001). Hence as Prieur and Sournia (1994) surmised, the AOF has a
primary geostrophic circulation with secondary ageostrophic components.

The analysis of ’ temperature and salinity on density surfaces showed MSW
advecting westwards along the Spanish Coast until it reached the AOF. At this point,
MSW became entrained into the frontal jet and advected with MAW along the front. The
repeat surveys showed that instability of the front caused subduction of water down and
across the front at an observed subduction rate of ~25 m d”. This subduction is known to
result from the significant baroclinic component to the instability of the frontal jet (Allen
et al., 2001). Previous authors have used a knowledge of the density fields and the Q-
vector form of the omega equation to diagnose quantitatively the vertical transport
resulting from the mesoscale ageostrophic circulation and found it to be similar (15 m dt,
Viudez ef al., 1996; 20-25 m d”!, Allen ef al., 2001). Vertical velocities of this magnitude
associated with baroclinic instabilities are consistent with other studies (Pinot et al., 1996;

Nurser and Zhang, 2000).

4.3 The distribution of phytoplankton and nutrients at the AOF during cruise

D224
4.3.1 The horizontal distribution of phytoplankton at the AOF

The surface distribution of chlorophyll a concentration (a proxy for phytoplankton
biomass), measured from the underway water surface sampler, showed no obvious
increase concurrent with the position of the surface of the AOF, throughout all three
surveys (Figure 4.3.1). Highest surface chlorophyll concentrations (>4.10 mg m”~) were
recorded in FSS1 in the Northwest of the survey area. During FSS2 chlorophyll
concentration had decreased and was near-uniformly distributed throughout the survey
area. The lowest values of chlorophyll concentration (<1.7 mg m™) were observed at the
northern edge of the survey area in FSS3, although chlorophyll concentration elsewhere
was increasing compared with FSS2 but had not returned to the levels observed in FSS1.

Chlorophyll concentration plotted as a third variable on a 6/S diagram for each
survey exhibits the difference in concentration between frontal and surrounding waters in
FSS1 and FSS3 and indicates there is also a difference in FSS2 (Figure 4.3.2). With lower
chlorophyll concentration within MAW (~2.90, 2.30 and ~2.30 mgm™), and higher
concentration in the AMIW (~3.50, 3.10 and ~2.90 mg m™) in FSS1, FSS2 and FSS3

(values respectively). In all surveys the lowest salinity waters (typically LIW) also contain
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FSS3 measured from the underway water source.
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low chlorophyll concentration. Lower chlorophyll concentrations also occurred in waters
with properties similar to MSW.

Integrated chlorophyll concentration (Zchl) was estimated from SeaSoar
fluorescence measurements. ZChl a was eétimated fo 50 (Zchlsg), 150 (Zchl;sp) and 250 m
(Zchlpsg) for each of the three surveys (Figure 4.3.3). Fifty metres was chosen because it
represented the depth of the mixed layer on the Mediterranean side of the front. The depth
of 150 m was chosen because it represented the mixed layer depth within the EAG. In
addition, it allowed the data to be compared with the ALMOFRONT-1 dataset (Prieur et
al., 1993; Videau er al., 1994), and 250 m was identified as the depth below which
chlorophyll was not observed.

In FSS1, high Xchlsy occurred only in the Northwest of the survey area, with
surrounding water containing less than half the concentration (~75 and ~25 mgm™
respectively). When chlorophyll concentration was integrated over 150 and 250 m, the
front was clearly identified by higher chlorophyll values than surrounding waters (Figure
4.3.3d,h), with highest values occurring in the north-west of the survey area off the coast
of Almeria. One area, in the Southeast of the survey area on the EAG side of the front,
showed an increase in Xchlysy concentration not seen in Zchlsy. This region is close to the
coast of Algeria, near Oran.

During FSS2 there was no coherent structure to the distribution of integrated
chlorophyll concentration that could be related to the position of the AOF (Figure
4.3.3b,e,h). The most notable feature was that Xchlsy contained typically only a third of the
chlorophyll concentration of the total water column (Zchlsy = 20 mg m™ compared with
Schlyso 65 mgm?). Similar to the surface chlorophyll concentration (see above), the
integrated chlorophyll concentration was uniformly distributed over the survey area.

Integrated chlorophyll concentration from FSS3 exhibits the lowest values
throughout the 3 surveys (Figure 4.3.3¢,f,i), with no coherent structure related to the AOF.
Similar to FSS1 there was a high in Zchl,s off the coast of Algeria, in the Southeast of the
survey area, which did not appear in Zchlsg, indicating phytoplankton were present below
50 m.

4.3.2 The vertical distribution of phytoplankton at the AOF

The vertical distribution of fluorescence plotted from leg e of each survey
indicated that phytoplankton were present throughout the mixed layer, with no distinct
sub-surface maximum (Figure 4.3.4). In FSS1 the vertical extent of the fluorescence was

limited to within the euphotic zone (0.1 W m? isolume depth = ~100 m) on both sides of
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the front, with higher fluorescence values at and northeast of the surface front. Below the
euphotic zone a small increase in fluorescence occwired along the frontal isopycnal
(27.9 ©p). In FSS2 the depth at which fluorescence was observed deepened to ~150 m
within the EAG, whilst remaining withiﬁ the eﬁphotic zone east of the front. As with
FSS1, there were higher fluorescence values east of the front. In leg e of FSS3 this
situation had reversed, whilst high fluorescence values were still observed at the front, east
of the front fluorescence values had decreased such that they were lower than within the
EAG (which did not vary significantly between FSS1, 2 and 3). During FSS3 distinct
tongues of fluorescence were observed lying between the 27.4 and 28.4 o, isopycnals at
the bottom of the thermocline, under the surface waters of the EAG and extending to
depths of ~200 m (Figure 4.3.4c).

4.3.3 Finescale vertical structure of fluorescence and nutrients across the AOF

Five CTD stations across the AOF, taken between FSS1 and FSS2, were used to
examine the finescale vertical distribution of fluorescence and nutrients. Station 13038
was within the EAG, whilst Station 13041 was on the eastern Mediterranean side of the
front. An easterly shoaling of isotherms and isohalines was apparent, reflecting the
position of the front, the depth of the thermocline increasing from ~100 m to ~50 m east of
the front. The nitracline shelved from 50-100 m on the Alboran Gyre side of the front to
30-50 m on the Mediterranean side, following the change in mixed layer depth. Surface
values of nitrate were typically ~1 pmol I'': below the nitracline, at 300 m depth, the
nitrate concentration increased to ~8 umol 1’ (Figure 4.3.5). Silicate and phosphate
profiles showed similar distributions, with surface values of ~0.8 and 0.05 pumol 1" and
concentrations of ~7.9 and 0.41 pmol I at ~400 m. The profile of phosphate at Station
13039 showed an erratic distribution with depth that was not reflected in the nitrate and
silicate profiles. This may have resulted from analysis error or contamination of the
phosphate samples; problems associated with the phosphate sensor of the autoanalyser
were documented in the cruise report (Allen and Guymer, 1997).

Vertical profiles of fluorescence yield from 5 CTD stations, carried out across the
front between FSS1 and FSS2 showed that phytoplankton were typically uniformly
distributed above the nitracline, which was at a similar depth to the thermocline (Figure
4.3.5). Surface values of fluorescence were comparable at each of the five CTD stations,
although fluorescence yield indicates that chlorophyll was present to greater depths at

CTD station 13037 than at more easterly stations.
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Figure 4.3.5 The vertical distribution of temperature (top), salinity (middle top), nitrate
concentration (bottom middle) and fluorescence yield (bottom) from CTD stations 13037 - 13041
across the Almeria-Oran front (from west to east).
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4.3.4 Discussion of the distribution of phytoplankton and nutrients at the AOF

Concurrent measurements of chlorophyll concentration (a proxy for phytoplankton
biomass) and hydrography indicate that the AOF influenced the distribution and biomass
of phytoplankton during 'OMEGA. These observations showed that: on occasion the front
appeared to act as a barrier between Mediterranean waters that contained high surface
phytoplankton biomass and the EAG that contained lower biomass; the horizontal
distribution of surface and integrated phytoplankton biomass provided evidence to suggest
frontal enhancement of phytoplankton biomass at the AOF; phytoplankton were observed
periodically in a layer along the frontal isopycnal to depths of 200 m; and ultimately that,
similar to the physics, the surface and integrated phytoplankton distributions were variable
on a time scale of days. These findings will be discussed individually in greater detail
below, but should not be deemed mutually exclusive. In fact, the observation of frontal
enhancement of phytoplankton biomass is possibly the most important result, but is not
discussed first because it draws on the conclusions of the other observations.
i) A gradient in phytoplankton biomass was observed crossing the front from west to east

The idea that fronts separate different water masses, and hence different plankton
populations is well established (Sournia, 1994). In this case, the horizontal maps show that
the surface chlorophyll concentration was up to 1 mgm™ higher in the waters of
Mediterranean origin, north east of the front, than in Atlantic waters within the EAG.
From these surface maps, especially during FSS1 and FSS2, the AOF seemed to present a
barrier between the surprisingly more productive Mediterranean waters (typically
classified as oligotrophic, e.g. Estrada et al., 1999) and the waters of Atlantic origin. From
FSS1 to FSS2 the chlorophyll concentration at the surface reduced by up to a half. This
was most likely a result of a storm-induced mixing event (Figure 4.3.6) that took place
towards the end of FSS1, removing phytoplankton from the surface layer. During FSS3
surface chlorophyll concentration was highest within the frontal region, up to twice as
high as within the EAG, implying a form of frontal enhancement.
ii) Enhanced phytoplankton biomass was observed at the front

Higher surface phytoplankton standing stocks within fronts compared with
surrounding water has been widely reported (Savidge, 1976; Pingree et al., 1978; Simpson
et al., 1979; Beardall er al., 1982), leading to the notion of frontal enhancement (Le Fevre,
1986; Olson 2002). Whilst implied for FSS3, the surface chlorophyll values from each
finescale survey (Figure 4.3.1) did not provide conclusive evidence of frontal
enhancement of phytoplankton biomass. However Pingree et al. (1978) found subsurface

high phytoplankton biomass at fronts, associated with the thermocline.

133



Chapter 4: The Alboran Sea

30{ I

[\o)
(=)
I

Wind Speed (m s-1)

O = ' 360

Figure 4.3.6 Wind speed during the three finescale surveys. The duration and timing of each
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On examination of the integrated chlorophyll concentrations at Zchlsp, Xchlisy and
Zchlysy the surface position of the front could be easily identified by an increase in
chlorophyll concentration compared with surrounding waters in FSS1. This distribution
was similar to that observed by Prieur ef al. (1993) and values of Zchl;sp were comparable
(60 - 100 mg m™, Prieur er al., 1993; 60 - 120 mg m™, this study). For Schls, this higher
chlorophyll concentration was only noticeable in the north west of the survey area. When
integration was extended to 250 m this extended to the south east (Figure 4.3.3d,g). These
observations suggest that there was a Subsurface Chlorophyll Maximum (SCM) or that
phytoplankton were present at depth. Contour plots of the SeaSoar legs and the greater
detail CTD stations do not exhibit an obvious SCM, although a shadow of higher
fluorescence concurrent with the path of the front can be seen on Figure 4.3.4a. This
pattern of frontal enhancement of integrated phytoplankton biomass was not observed in
FSS2 or FSS3. The storm event mentioned previously is presumed to have increased
mixing, disrupting the signal in FSS2 (Figure 4.3.5). This would also account for the
general increase in chlorophyll concentration observed throughout the survey region in
FSS2 (Figure 4.3.3) and within the mixed layer (Figure 4.3.4), where mixing would bring
nutrients to the surface.

However, the lack of a high frontal productivity signal in FSS3 is perhaps more
surprising. An obvious layer of enhanced phytoplankton biomass was observed in vertical
contours of fluorescence data in FSS3 (Figure 4.3.4c), that may have been responsible for
the signal of frontal enhancement in FSS1. It could be proposed that measurements of
Zchlysp should also have exhibited a higher chlorophyll concentration along the front in
FSS3, perhaps diluted by the significant across-front subduction (see below). The
mechanisms and processes that control the origin and position of the SCM and typical
frontal enhancement patterns are similar; either accumulation (Franks, 1992), or in situ
activated population growth through increased nutrient availability and suitable light
conditions (Simpson et al., 1979; Le Fevre, 1986). Without investigations into the
photoadaptive ability of the phytoplankton or speciation, that would indicate the origin of
the phytoplankton (e.g. Latasa et al., 1998), neither of these mechanisms can be discarded
as the formation process goveming the observed frontal enhancement in FSSI. The
ALMOFRONT-1 study indicated the occurrence of frontal enrichment with subsequent
downwelling within the Almeria-Oran front region (Fiala ez al., 1994; Thibault et al.,
1994; Videau et al., 1994). However the lack of observed frontal enhancement in FSS3
and the speed of the frontal jet, which is fast enough to transport phytoplankton through
the survey region in ~3 days (Allen ef al., 2001; Fielding et al., 2001), may, in this case,
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indicate a third mechanism for the integrated chlorophyll distribution observed in FSS1.
Where a patch of high phytoplankton biomass, possibly originating from a productive
coastal upwelling region north east of the survey area (Tintore et al., 1991) could be
entrained into the fast-ﬂowing jet associated with both the EAG and the front, and
advected through the survey region. Overlaying the map of VM-ADCP derived current
velocity at 14 m depth on the map of Zchl;so shows that the highest values of Zchl;sp lie
within the fast frontal jet (Figure 4.3.7) supporting this supposition.

The vertical distribution of phytoplankton plays a major role in understanding the
differences between the surface and integrated chlorophyll concentrations reported ‘above.
Fluorescence signals indicate that phytoplankton were present throughout the mixed layer
in the survey area with no distinct subsurface chlorophyll maximum. This contrasts with
previous work, including the ALMOFRONT-1 study, where a distinct chlorophyll
maximum was identified at the depth of the nitracline (DePalma et al., 1987; Videau et al.,
1994). In the present study the nitracline coincided with the thermocline at the bottom of
the mixed layer, but the surface values of ~ 1 pmol 1" do not indicate severe nitrogen
depletion. The nitrate concentrations reported in this study agreed with previously reported
values (Bianchi er al., 1994). In both the OMEGA and ALMOFRONT studies the
nitracline shoaled across the AOF from Atlantic waters to Mediterranean waters, although
its depth was shallower during the ALMOFRONT-1 study (18-30 m at the front, Videau et
al., 1994 compared with 30-50 m, this study). The deeper nitracline and more depth-
independent fluorescence signal in the surface layers may be a seasonally dependent
observation resulting from the entrainment of deeper waters through enhanced winter
overturning.

iii) Phytoplankton was subducted down frontal isopycnals to a depth of ~200 m

In a significant number of the FSS3 legs distinct signatures of phytoplankton
biomass below the euphotic zone, lying concurrent with the frontal isopycnal, were
observed. High fluorescence was observed in layers coincident with the density surfaces
~27.4 - 28.4 extending to depths of up to 200 m, below the nitracline, euphotic zone and
overlying Modified Atlantic Waters (MAW). This deep fluorescence maximum occurred
coincidentally with the period of subduction of Mediterranean Surface Waters (MSW)
discussed in Section 4.2. Phytoplankton will be rapidly advected along the front by the
frontal jet (up to 1 m S'I). Ageostrophic cross-front and vertical motion associated with
periodic mesoscale instability of the front will result in a downward and cross-front
secondary transport of phytoplankton. Lohrenz er al., (1988) previously observed
chlorophyll maxima occurring along isopycnals on the Mediterranean side of the front.

136



Chapter 4: The Alboran Sea

37.0 T T T
110
105
36.5+ _
b 1 \\\
Q
"U ::S»\\‘\
£
8
bl
36.0 - . N
455 : ] ] Chloroph}_'ll
2.5 2.0 -1.5 -1.0 -0.5 concentration
(mg m2)

Longitude (°E)

Figure 4.3.7 VM-ADCP derived current velocity at 14 m over laid on chlorophyll concentration

integrated over 150 m.
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However, this was attributed to the accumulation of cells in a particular zone of density
stratification (as hypothesised by Hobson and Lorenzen, 1972). The present observations
of layers of fluorescence coincident with the subducted MSW and the depth attained
suggest that at least some phytoplankton were drawn down and along the isopycnals.
Boucher et al. (1987), Dewey et al. (1991) and Hood et al. (1991) made similar
observations of downward and oblique transport of phytoplankton along isopycnals. The
subduction of phytoplankton at the Almeria-Oran front has been commented on
previously, resulting in a virtual south-north transect of chlorophyll concentration (Figure
8 in Videau et al., 1994) analogous to the in-situ fluorescence transects presented here
(Figure 4.3.4). Using estimates of vertical displacement rates, Videau et al. (1994)
calculated isopycnal descent rates to be 35 m d”', not dissimilar to the subduction rate of
25m d! calculated and observed during this study (Section 4.2; Allen et al., 2001).

This observation of the subduction of Mediterranean Surface Water and an
associated phytoplankton population may explain why frontal enhancement of
phytoplankton biomass was not evident in FSS3 in the Xchlysp data. Since the
phytoplankton which were subducted down and across the front originated from the
Mediterranean waters (which were advected along the coast of Spain, Allen et al., 2001;

Fielding et al., 2001) in FSS3, rather than from within the frontal region as postulated for
FSS1.

4.4  The distribution of zooplankton at the AOF during cruise D224
Longhurst-Hardy Plankton Recorder (LHPR) net samples and acoustic backscatter
data from the VM-ADCP and SIMRAD EK500 echosounder were used to investigate the
distribution of zooplankton at the AOF.
4.4.1 Data collected with a Longhurst Hardy Plankton Recorder (LHPR)
4.4.1.1 Hydrographic conditions during the LHPR stations
Both LHPR stations were undertaken in the southwest corner of the survey region
at the starting point of the SeaSoar surveys, six days apart (Figure 4.4.1). LHPR station
13036, taken on the 15™ of December 1439 - 1715, was prior to FSS2, LHPR station
13048, taken on the 21“ of December 0915 — 1149, occurred after FSS2 and before FSS3.
In each case the LHPR was deployed on the Mediterranean side of the AOF, and towed in
a v-shaped profile across the front. Retrieval was in Atlantic waters within the Alboran
Gyre. As a result in the shift in water masses across the tow, the down and up part of each

tow is displayed and discussed separately.
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Figure 4.4.1 The cruise track of RRS Discovery during LHPR station 13036 and 13048.
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The surface waters of the downcast of station 13036 had a salinity (>37.5) and
temperature (~14 °C) typical of Atlantic-Mediterranean Interface Water (AMIW), found
predominantly in the frontal region (Figure 4.4.2a). The mixed layer depth was ~100 m,
and below this the temperature (~13 °C) and salinity (>38) were more typical of deeper
Mediterranean waters such as Levantine Intermediate Water (LIW). The surface waters of
the upcast were warmer and fresher than those found at the surface during the downcast,
the temperature (>15 °) and salinity (<37.5) indicative of Modified Atlantic Water (MAW)
found within the Alboran Gyre (Figure 4.4.2b). As well as a difference in surface water
mass the other major feature of note between the down and upcast was the deepening of
the thermocline. During the upcast the mixed layer extended to ~130 m, below which were
deeper Mediterranean waters identified by their increasing salinity.

The vertical profile of temperature and salinity from the downcast of LHPR station
13048 shows a similar pattern to station 13036. Cooler (respective to MAW) and saltier
AMIW, representative of water in the frontal region, was present within the mixed layer
which extended to ~100 m. A slight anomaly of warmer and saltier water was found at
~30 m (Figure 4.4.3a). This may have been present in station 13036, but was not measured
because the LHPR had not switched on at this point (see Chapter 2 methods referring to
logging mode of LHPR). The water below the mixed layer in both the down and upcast
was cool and salty, indicative of the deep Mediterranean waters. Similar to station 13036
the upcast mixed layer depth was deeper than the downcasts. In this case the mixed layer
extended further, to ~150 m, and was represented by a steeper change in temperature and
salinity than during station 13036 (Figure 4.4.3b). The surface waters of the upcast of
station 13048 were warm and fresh showing that the LHPR surfaced into MAW within the
Alboran Gyre. Above the thermocline, during the upcast a temperature anomaly was
observed at ~75 m that did not have an associated change in salinity, neither was it
observed in station 13036.

The deepening of the thermocline between station 13036 and 13048 may have
been a result of “where” in the Alboran Gyre the LHPR surfaced rather than an “actual”
deepening of the mixed layer. This can be concluded from the consistent depth of the
mixed layer within the Alboran Gyre (~150 m) shown in the SeaSoar density plots of
FSS1, 2 and 3 (Figure 4.2.7). Since the front moved southwest during or prior to FSS2,
even though the start and end positions of the LHPR stations were similar (Figure 4.4.1),
station 13036 may not have extended as far in to the Alboran Gyre as station 13048, which

occurred when the front had returned to a more northeasterly position.
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4.4.1.2 The distribution of zooplankton biovolume at LHPR station 13036

The vertical distribution of biovolume at station 13036 showed differences
between the down and upcast (Figure 4.4.2). During the downcast biovolume was low
(~0.02 mlm™) in the AMIW within the mixed layer (Figure 4.4.2a). Below this four
maxima (~0.04 ml m™) occurred. These were at the mixed layer depth (~100 m), at 200 m,
300 m and the bottom of the cast (~400 m). Between these depths biovolume remained
relatively constant ranging from 0.01 to 0.02 mlm™. The maxima, occurring at 200 m,
corresponded to the depth at which the lowest temperature was observed, and was just
below the depth at which density became constant on the Mediterranean side of the front
as observed in the SeaSoar data (Figure 4.2.7). The maxima at 300 m does not correspond
to a respective change in temperature or salinity recorded by the LHPR, but can be
associated with the boundary below which density remains constant (Figure 4.2.7).

During the upcast, as with the downcast, four maxima were observed, although
their depths and vertical extent were different. The surface values, within the Alboran
Gyre were consistently high (~0.05mlm™), over double that observed on the
Mediterranean side of the front within AMIW. Although this difference could also be
attributed to the true surface waters not being sampled on the downcast, as below ~50 m
values of biovolume decrease to ~0.02 ml m™ similar to values observed in the downcast.
The second maxima occurred at ~130 m, coincident with the mixed layer depth. This same
feature was observed in the downcast at the bottom of its shallower mixed layer. The third
maxima occurred slightly above 200 m, which corresponded to a depth just below the
greatest density contrast. The fourth maxima occurred below 275 m, where biovolume was
consistently high between 0.02 and 0.03 mlm™ in the bottom 100 m of the cast (300 to
400 m depth).
4.4.1.3 The distribution of zeoplankton abundance at LHPR station 13036

The vertical distribution of zooplankton abundance at station 13036 was different
on the down and upcast. During the downcast maximum zooplankton abundance occurred
in an approximately 60 m thick layer between 170 and 230 m (Figure 4.4.2). This layer
coincides with one of the maxima in biovolume, and is coincident with the depth of
greatest density gradient. Throughout the rest of the sampled water column, abundance
remained comparatively constant (between 50 to 100 m‘3)_, except for two minima of
<50 m” that occurred at ~95 m and ~290 m (Figure 4.4.2a). These two minima coincide
with two maxima in biovolume. It can be hypothesised that there may have been either a

few large organisms within the sample or that the mean size of the zooplankton caught at
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this depth was greater than surrounding water. Copepods accounted for >80 % of total
zooplankton abundance at all depths except between 75 and 100 m and at ~130 m (Figure
4.4.4a), and below 170_m contributed between 90 and 96 % to the total abundance.
Between 75 and 100 m, the first minimum in total zooplankton abundance, the percentage
of copepods reduced to ~62 %. However a similar reduction did not occur in the second
total zooplankton abundance minimum. The second most common group were ostracods,
characteristically accounting for 5 — 10 % of total abundance. This increased to a
maximum of 37 % coincident with the reduction in copepod contribution. This shift in
percentage contribution resulted from not only a decrease in the number of copepods
within the samples (half the number ~50 No. m> of surrounding waters), but also an
increase in the number of ostracods present (Figure 4.4.5d,f). Chaetognatha were the third
highest contributors to total abundance, occurring with greater dominance in the surface
~130m, typically at ~2 %. Euphausiids were relatively important contributors to
abundance only at certain depths; 40 m and 135 to 170 m, which corresponded with
depths where an increase in their abundance was observed (Figure 4.4.5a) rather than a
decrease in the abundance of other taxa. The remaining plankton was composed of
Amphipoda, Appendicularia, Decapoda, Fish, Polychaeta, Pteropoda and other groups (see
Figure 4.4.4a). Some taxa were only represented by one or two individuals in the whole
sample (e.g. Cephalopods, Heteropods, Pyrosoma).

The upcast showed a similar total zooplankton abundance distribution to the
downcast below the mixed layer depth, with copepods dominating the samples
numerically (Figure 4.4.4b). Above this, within the MAW total zooplankton abundance
was high (150 - 250 No. m'z). Two maxima in total abundance occurred during the upcast;
at ~130 m the bottom of the mixed layer, and at ~15 m, at the surface. Copepods were the
most abundant group in all the upcast samples, contributing > 60 % of total abundance in
all samples, and in the deep maxima of total abundance this contribution increased
> 90 %. The second most common group were ostracods. Within the surface MAW the
percentage contribution from euphausiids increased towards the surface with a maximum
occurring at ~50 m (~5 %).
4.4.1.4 The vertical distribution and size of main taxonomic groups at LHPR station

13036

Figure 4.4.5 shows the vertical d’istribution of abundance of each taxonomic group,
the downcast presented on the left of each graph (filled in white) and the upcast on the
right (filled in grey). Two features are evident, (1) the abundance of each group below
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~200m is typically the same between the down and upcast, (2) there is a marked
difference between the abundances caught towards the surface, in AMIW (on the
downcast) and MAW (on the upcast), with greater abundances occurring in MAW. More
specifically, the groupstopepoda, Euphausicea, ’Decapoda, Chaetognatha, Polychaeta,
Amphipoda, Heteropoda and Pteropoda all show up to a five-fold increase in abundance
within the MAW. In each case these greater abundances occur within the mixed layer
depth, above ~150 m. Below the mixed layer their numbers are reduced dramatically, and
are less than the smaller numbers found in AMIW. The Pteropod group are an exception.
Their distribution was relatively constant throughout the water column except within
AMIW, where they were absent (Figure 4.4.5k). Fish also show a different distribution to
the other taxa, with similar and high abundance above the mixed layer depth in both
AMIW and MAW and high abundance at depth, below ~300 m. It is expected that the
analogous distributions of Doliolids, Salps and Siphonophores are a result of sampling
inaccuracies caused by the inherent difficulties in identifying and counting gelatinous
organisms in squashed zooplankton samples caught in a fast-towed LHPR (see Chapter 2).
Notably, in each of these cases the total abundance of each taxa within a sample was small
(<1 m™).

As well as variation in the distribution of different taxonomic groups, there were
distinct variations in the mean size of organisms within some taxonomic group with depth
(Figure 4.4.6). For euphausiids and fish, larger specimens occurred below ~200 m. These
variations in size with depth appeared to be caused by variations in the life stage caught.
The surface samples consisted of larval stages of euphausiids and fish, as well as juvenile
stages of a bi-lobed eye euphausiid. The deeper samples (>200 m) contained adult stages
of Stylocheiron sp. Nematocelis sp. and Euphausia krohni. The greater size, as well as the
increase in abundance, of fish below 300 m was probably responsible for the total
biovolume maxima observed at depth in both the down and upcast (section 4.4.1.2). The
surface larval fish species were not identified, but the fish caught at depth were of the
genera Cyclothone and Argyropelecus and the myctophid genera Benthosema and
Hygophum. In general Cyclothone were the most abundant fish followed by the
myctophids. The hatchet fish 4rgyropelecus sp. was caught infrequently. The pteropods
caught possessed an external shell and were Diaria sp. and Eulio sp.. Although occurring
in low abundance throughout the survey region, two features dominated the distribution of
Pteropods. Their relative absence from the EAG and a marked increase in mean length

with depth.
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The mean length of chaetognaths shows a different distribution to the other groups
measured. Their mean length remained relatively constant (~5-10 mm) throughout the
water column (Figure 414.6b), except for two maxima occurring at ~100 m during the
downcast, and between 100 and 130 m during the upcast. These depths are at the base of
the mixed layer on either side of the front.
4.4.1.5 The distribution of zooplankton biovolume at LHPR station 13048
Similar to station 13036, the vertical distribution of zooplankton biovolume at
station 13048 showed differences between the down and upcast (Figure 4.4.3). The
downcast shows, in contrast to station 13036, high biovolume (up to ~0.04 ml m™) within
the AMIW. This may be a result of the LHPR sampling from the surface on this occasion.

As well as a surface maximum, two subsurface maxima in biovolume were observed at
~220 m and from ~340 m to the bottom of the cast (Figure 4.4.3a). The maximum at
220 m was the largest (~0.045 ml m™) and coincided with the depth at which the lowest
temperature was observed. Between these maxima, biovolume varied between 0.01 and
0.02 ml m>, similar to the values observed at station 13036. Interestingly, the downcast
biovolume maxima observed at ~100m and ~300m during station 13036 were
represented by minima in station 13048 of ~0.01 and ~0.015 ml m~ respectively.

During the upcast the maximum value of biovolume (0.055 ml m™) was observed
in a layer ~40 m thick between 180 and 220 m, just below the depth of greatest
température gradient (Figure 4.4.3b). Below this, in the deep Mediterranean waters,
biovolume was relatively high (0.02 to 0.03 ml m™), except for an anomalous sample of
0.05 ml m™ at ~390 m. Contrary to station 13036, biovolume was low within the Alboran
Gyre MAW (0.005 — 0.02 ml m'3) except for one sample at ~120 m that was the upper

boundary of the thermocline.
4.4.1.6 The distribution of zooplankton abundance at LHPR station 13048

The vertical distribution of zooplankton abundance at station 13048 was relatively
similar on the down and upcast, with greatest abundance (>300 m™) occurring between
200 and 230 m on the downcast and, slightly shallower, between 190 and 220 m on the
upcast (Figure 4.4.3). In both cases, this maxima in abundance was surrounded by water
of relatively high abundance (>150 m™) persisting from ~150 m to ~250 m during the
downcast and to ~225 m during the upcast. These maxima in abundance coincided with

the depth of greatest biovolume.

Above the mixed layer depth abundance was greater on the Mediterranean side of

the front (typically >100 m™ within AMIW) compared with the Alboran Gyre side
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Chapter 4: The Alboran Sea

(typically <100 m” within MAW). Total abundance within AMIW was ~ 50 % greater in
station 13048 than in station 13036, the maximum occurring just above the thermocline.

At all depths except 174 m on the downcast and 33 m on the upcast copepods
contributed >80 % to the total abundance (Figure 4.4.7). At these two exceptions
copepods were still the dominant taxa but their contribution had reduced to 75 % and
71 % respectively. This lower dominance was not associated with a distinct reduction in
copepod abundance (Figure 4.4.8). Below ~190 m the contribution from copepods to total
zooplankton increased to >90 %, similar to station 13036 and this may have been related
to reduced numbers of euphausiids and chaetognaths. The second most important group
were ostracods, that contributed typically ~4 % of total abundance but this increased to
~16 % where the copepod contributions decreased. As with station 13036 Chaetognatha
and Euphausiacea were the next most dominant groups, occurring above ~190 m as up to
8 % of total zooplankton. In both cases this probably resulted from an increase in their
abundance compared with deeper waters rather than a change in the numbers of other
groups (Figure 4.4.8a,c). The other taxa caught at this station are shown in Figure 4.4.7.
4.4.1.7 The vertical distribution and size of main taxonomic groups at LHPR station
13048

The vertical distribution of abundance of each taxonomic group identified during
station 13048 is presented in Figure 4.4.8, the downcast shown on the left side of each
graph (filled in white) and the upcast on the right (filled in grey). Three patterns can be
identified: (1) as with station 13036, the abundance of each group below ~200m is
comparable between the down and upcast; (2) there are marked differences between the
abundances caught towards the surface in AMIW (on the downcast) and MAW (on the
upcast), with (in contrast to station 13036) greater abundances occurring in AMIW; and
(3) several groups show maximum abundances between 180 and 200 m (Figure
4.4.8a,d,f). The increased abundances of euphausiids, chaetognaths, polychaetes,
amphipods, doliolids, salps, siphonophores and appendicularians occurred in AMIW
above ~100 m (Figure 4.4.8). Only in the euphausiids did this not represent the maximum
abundance found throughout the cast. Copepods and ostracods show similar distributions,
with maximum abundances occurring just below and just above ~200 m respectively. At
similar depths a second and larger maxima in euphausiid abundance occurred on the
Atlantic side of the front.

Three groups deviated from these distribution patterns. Fish (Figure 4.4.8¢), as at

station 13036, showed two peaks in abundance.
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The first within the surface 50 m (0.25 — 0.5 m™), comprised small fish ~5 mm long, and
the second below 200 m (0.25 — 0.5 m™), comprised of larger individuals, 20 to 30 mm
long (Figure 4.4.9¢). During the downcast there was also an increase in fish abundance
(>0.5 m™) just below the mixed layer depth. Pyrosoma shows a distribution independent
of water mass, with maximum abundances (up to 0.3 m™) occurring at depth (~300 m).
Pteropods occurred throughout the water column, the dominating feature of their
distribution being their absence from AMIW, this was also observed at station 13036.

Variations in the mean length of other taxa with depth were similar to those
observed at station 13036, the mean size of copepods, euphausiids and pteropods
increasing with depth (Figure 4.4.9c,d,e,f) and amphipod size remaining constant
independent of depth (Figure 4.4.9a). A maxima in mean length (>10 mm) for the
euphausiid group also occurred at a shallower depth of ~140m during the upcast,
coinciding with the bottom of the mixed layer.

The maxima in mean length of chaetognaths (~110 m depth during the downcast
and ~150 m during the upcast) occurred at the base of the mixed layer, comparable with
the distribution observed at station 13036.
4.4.1.8 An analysis of zooplankton abundance and biovolume with water mass

The two LHPR stations provide contrasting and “conflicting” results, in terms of
zooplankton abundance and biovolume either side of the front. In station 13036 higher
biovolume was observed east of the front compared with within the Alboran Gyre, whilst
station 13048 indicated that higher biovolume existed within the Alboran Gyre compared
with east of the front. As a result of this ambiguity a more detailed examination of the
exact water masses the LHPR sampled and their corresponding zooplankton abundance
and biovolume was undertaken. Depth, a down or upcast identifier, zooplankton
biovolume and zooplankton total abundance were plotted as a third coloured variable on a
0/S diagram (Figure 4.4.10). Figure 4.4.10a,b shows that LHPR station 13036 did not
sample in MSW (east of the front) but within AMIW, continuing into the temperature
minimum layer and LIW before returning through AMIW (a) and surfacing into MAW.
The high biovolume observed within the surface waters of the downcast is therefore more
indicative of frontal waters, often reported to support greater zooplankton biomass (Le
Fevre, 1986). LHPR station 13048 also did not start within MSW. It should be noted,
however, that the water masses sampled during the downcast were not the same as station
13036 (Figure 4.4.10c,d), and were more similar to waters sampled during the upcast of

station 13036 that contained similar zooplankton biovolumes and abundances
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(Figure 4.4.10e,f,g,h). The values of zooplankton biovolume and abundance found within
the Temperature Minimum Layer and LIW are comparable between the two stations.

A difference between the two LHPR stations is the sampling of MAW, which
occurred only at station A13036, and MSW, which occurred only at LHPR station 13048.
The surface water mass of the upcast of station 13036 are clearly identifiable as MA'W
(Figure 4.2.2), compared with those sampled during station 13048. Distinct differences in
the biovolume sampled at each station are evident in this warm and relatively fresh water.

During station 13048 MSW was sampled, not at the surface (as would be
expected), but at depth (120-140 m) and during the upcast. The very warm and salty “true”
MSW contained low biovolume and abundance as would be expected of an oligotrophic
sea (Estrada et al., 1999), greater zooplankton abundance and biovolume occurring where
MSW mixed with AMIW (Figure 4.4.10f,h). This indicates that station 13048 was
possibly undertaken during the period when phytoplankton was being subducted to
~200 m as observed in the fluorescence data from SeaSoar (section 4.3), and this water
was associated with elevated values of zooplankton abundance and biovolume.
4.4.1.9 Acoustic backscatter data at LHPR stations 13036 and 13048

Acoustic backscatter data were collected concurrently with the LHPR casts using a
150 kHz VM-ADCP and a SIMRAD EKS500. Only VM-ADCP data were collected at
station 13036 as a result of the loss of the tail fin of the EK500 towed fish prior to FSS1. It
was subsequently replaced after the LHPR station for use during FSS2. For ease of
comparison with the previous temperature, salinity, density and fluorescence contoured
plots of the AOF (section 4.2,4.3), VM-ADCP and EK500 acoustic backscatter collected
during the LHPR stations have been plotted in reverse, crossing the front from West
(within the Alboran Gyre) to East (the Mediterranean side). Figure 4.4.11 shows a
contoured plot of acoustic backscatter collected using a VM-ADCP during station 13036
and LHPR sampled zooplankton biovolume. It is known (see Chapter 5) that there is not
an exact relationship between acoustic backscatter and zooplankton biovolume, although
some similar patterns are discernable. During the LHPR cast two “patches” of high
acoustic backscatter were observed (-75 to -68 dB), labelled sound scattering layer 1 and 2
(SSL1 and SSL2) on Figure 4.4.11. Between these two patches was a layer of low acoustic
backscatter (-84.5 to -80 dB). Comparison with the LHPR sampled biovolume show that;
(1) high backscatter observed within the surface waters of the upcast of the LHPR (MAW)
was associated with high zooplankton biovolume, (2) conversely in the surface waters of

the downcast low zooplankton biovolume caught in the LHPR occurred coincidently with
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Chapter 4: The Alboran Sea
low acoustic backscatter, (3) the layer of low acoustic backscatter was observed at depth
where low zooplankton biovolume was observed, and (4) that below ~200 m, within SSL.2
the picture is more confusing. The upper extent of SSL2 was defined by two peaks in
zooplankton biovolume auﬁng the down and upcast. Below this level biovolume drops

whilst acoustic backscatter remains high.

SSL2 was a common feature to both LHPR stations. The depth of SSL1 was more
variable. Figure 4.4.12a-d shows the contour plots of acoustic backscatter collected using
the VM-ADCP and the EK500 during LHPR station 13048. At this station two layers of
low acoustic backscatter were observed, in addition to two patches of high acoustic
backscatter. These separated SSL.1 and SSL2, and, at the western end of the cast, SSI.1
from the surface. SSL1 (-75.5 to -71 dB) extended from the surface, during the downcast,
to ~130 m, during the upcast, and was associated with high values of zooplankton
biovolume. The two layers of low acoustic backscatter (100 - 200 m during the downcast
and 30 - 100 m during the upcast) similarly coincided with observations of relatively low
zooplankton biovolume. As observed at station 13036, the upper extent of SSL2 was
associated with high values of biovolume, below which acoustic backscatter increased
whilst zooplankton biovolume decreased (Figure 4.4.12a).

Acoustic backscatter from the 200, 120 and 38 kHz frequencies (Figure 4.4.12b-d)
shows similar scattering layers to the VM-ADCP, although both scattering layers are not
evident at all frequencies. SSL.1 was observed clearly in both the 200 and 120 kHz data (-
83 and —79 dB respectively), whilst SSL2 was observed clearly only at 38 kHz. The
absence of SSL2 from the data at 200 kHz and to some extent at 120 kHz is related to the
increased attenuation of acoustic signal with depth at higher frequencies. Whilst SSL1 was
not clearly observed at 38 kHz, acoustic backscatter values were higher within the surface
200 m during the downcast than the upcast. The presence of SSL1 in 200 and 120 kHz
data and its absence from the 38 kHz data implies that SSL1 could have been composed of
zooplankton smaller than the individual target size of the 38 kHz frequency (~4 cm).

4.42 Data collected with a VM-ADCP and an EK500 echosounder
4.4.2.1 Underway acoustic backscatter observations during FSS1-3

Acoustic backscatter data were collected from both the VM-ADCP and the EK500
throughout cruise D224 (except during FSS1 when the EK500 was under repair) and are
used here to describe the distribution of zooplankton larger than a few millimetres in
length, using the assumption that an increase in backscatter is related to an increase in

zooplankton biomass (following Holliday and Pieper, 1995; Heywood, 1996; Roe et al.,
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1996). The backscatter data for each frequency from each of the three finescale surveys
was colour-contour plotted. The VM-ADCP data are presented in Figure 4.4.13 and the
EK500 data for FSS2 in Figure 4.4.14 and for FSS3 in Figure 4.4.15. Acoustic backscatter
data for the duration of the cruise can be found in two data reports (Allen et al., 1997;
Crisp et al., 1998).
In Figure 4.4.13 (VM-ADCP acoustic backscatter) two separate patches of high
backscatter can be clearly identified. These have been classified as Sound Scattering Layer
two and three (SSL2 and SSL3), although it is recognised that “layer” may not be the most

appropriate term.

SSL2 is represented by a permanent layer of high acoustic backscatter below ~200
m. At the lower limit of the VM-ADCP 150 kHz frequency range it represented the
- greatest intensities observed (~-58.5 dB). The upper depth limit of SSL2 was variable,
ranging from ~200 m on the third day of FSS1 to ~250 m on the second day of FSS3, and
was often clearly seen by stark contrast with targetless waters above it.

SSL3 does not refer specifically to a discrete layer, but is used here to describe a
diurnal signal. Above SSL2, nighttime data are distinguished by high acoustic backscatter
within the surface 200 m of the water column. These values were up to 20 dB higher than
daytime values that varied between —90 and —-70 dB.

SSL2 and SSL3 were also prominent features in the EK500 data (FSS2, Figure
4.4.14; FSS3, Figure 4.4.15). SSL2 was only observed in the 38 kHz frequency data, since
the acoustic penetration of the 200 and 120 kHz frequencies was not sufficient to resolve
below ~100 and ~200 m respectively. The 38 kHz data (Figure 4.4.14c; 4.5.15¢) indicate
that the SSL2 observed in the VM-ADCP data may be a separate layer or the upper limit
of a large permanent deep scattering layer present between 200 m and > 600 m, that has its
greatest intensities of ~-57 dB at 400 m. It is noticeable that this layer shows little diurnal
variation in intensity or depth. This layer is coincident with the depths at which fish were
more abundant in the LHPR samples, and at which the non-migratory Cyclothone spp.

were observed by Baussant ef al. (1993).

SSL3 was a consistent feature at all three EK500 frequencies, with nighttime
surface intensities ~20 dB greater than daytime values, occurring within the surface 50-
100 m. At all frequencies, smaller and less persistent discrete layers of high backscatter

are identifiable.

Individual twenty-four-hour periods of VM-ADCP acoustic backscatter data
(Figure 4.4.16), from each of the finescale surveys (jday 348, 353, 358), and EK500 data,
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Figure 4.4.16 Twenty-four hour periods of VM-ADCP acoustic backscatter from jday 348 (top),
353 (middle) and 358 (bottom). Overlayed on each plot is the position of the 27.4 and 28.4 o,
isopycnal surfaces. Sound Scattering Layers 1-3 (SSL1, SSL2 and SSL3) are identified.
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from jday 353 and 358 (Figure 4.4.17), show considerable detail and variety in acoustic
patterns. Some of this variability can be attributed to the physical structure of the water
column, and since the front was crossed at a different time each day the resulting pattern is
complex (the position of the 27.4 and 28.4 (o7 isdpycnal surfaces are overlaid on Figures
4,5.16 and 4.5.17). This is particularly evident in the daytime data. During jday 348
(Figure 4.4.16a), VM-ADCP acoustic backscatter was relatively low (-90 to —-81 dB)
throughout the surface 200 m, except for a patch of high acoustic backscatter that occurred
above the frontal isopycnal within the EAG. During jday 353 a distinct ~30 m thick layer
of high backscatter occurred at ~150m, above SSL2, coincident with the frontal
isopycnal. This layer was present in the 38 kHz data and at the limit of the 120 kHz range
(Figure 4.4.17ab). Dusk upward migration coincided with the crossing of the AOF on jday
353, although high backscatter in the surface 100 m Within the EAG, similar to jday 348,
was evident (at ~1500 hrs GMT) immediately prior to the vertical migration. The
occurrence of high backscatter, indicating greater zooplankton biomass within the EAG
close to the AOF is consistent with the observation of higher zooplankton abundance and
biomass within surface waters on the EAG side of the AOF from LHPR station 13036.

The daytime pattern of acoustic backscatter on jday 358 was dominated by a
~70 m thick layer of high VM-ADCP acoustic backscatter (-78 to —66 dB) that surrounded
the frontal isopycnal. This layer was at a similar depth and of similar thickness to SSL1
identified at LHPR station 13048. On jday 358 it rose from ~150 m at dawn to ~50 m at
1600 hrs GMT before deepening as the EAG was re-entered at dusk, contrary to more
typical upward vertical migration of zooplankton at dusk. This layer persisted at the depth
of the frontal isopycnal during and despite diurnal vertical migration. Concurrent
fluorescence data, from the fluorometer mounted on SeaSoar, indicated that this layer was
synchronous with the period at which phytoplankton was subducted down and along the
front (Figure 4.4.18). According to LHPR station 13048 the depth of the SSL was
coincident with higher net sampled biovolume which Was’ composed of predominantly
copepods, euphausiids and chaetognaths.
4.4.2.2 Diel vertical migration at the AOF

The observation of DVM in bioacoustic datasets has been widely reported (e.g
Pleuddemann and Pinkel, 1989; Heywood, 1996; Roe et al., 1996; Wade and Heywood,
2001). During D224 the acoustic data from all frequencies were characterised by a clear
DVM signal of higher backscatter in surface waters at night (SSL3). Figure 4.4.19
presents the day and night vertical profiles of VM-ADCP data averaged for FSS1, FSS2
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(middle) and 38 kHz (bottom) during jday 353. Overlayed on each plot is the position of the
27.4 and 28.4 o isopycnal surfaces. Sound Scattering Layers 2 and 3 (SSL2 and SSL3) are
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Figure 4.4.18 Contoured sections of fluorescence yield (instrument volts - top), VM-ADCP
acoustic backscatter (middle) and EK500 38 kHz acoustic backscatter (bottom), across the
Almeria-Oran front for leg g of FSS3. The 27.4 and 28.4 o isopycnals are over-layed for
reference. The sound scattering layers discussed in the text are marked as SSL1-3.
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Figure 4.4.19 Vertical profiles of VM-ADCP acoustic backscatter data averaged for night and
day during (a) FSS1, (b) FSS2 and (c) FSS3

FSS2 FSS3
Acoustic backscatter (dB) Acoustic backscatter (dB)

690 -80 -7(? -60 -50 -90 -80 =70 -60 -50

o @) e (b)

(

200 -

g
'%‘ 400 === N1
A

600 -

800 . . . L L . L L 1 1 L L L

Figure 4.4.20 Vertical profiles of EK500 38 kHz acoustic backscatter data averaged for night
and day during (a) FSS2 and (b) FSS3.
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and FSS3. The data were split into night and day using light levels measured at 5 m (from
the light sensor mounted on SeaSoar). All data where light = 0 W m™ were deemed night,
from approximately 17:30 to 06:47 GMT, and correspondingly data where light >0 W m™
were classed as day. An hour of data either side of these times (i.e. 16:30 — 18:30 and
05:47 — 07:47) was also removed as it was assumed that during this period zooplankton
would be vertically migrating.

Figure 4.4.19 clearly shows a DVM signal above ~200 m, where at night acoustic
backscatter throughout the surface 200 m was ~10 dB greater than daytime values. Below
~200 m the acoustic profiles were similar, indicating that the zooplankton migrating into
the surface at night may have daytime depths below the range of the VM-ADCP.

Vertical profiles of 38 kHz acoustic backscatter show a distribution reinforcing the
observation of two dominant scattering layers (SSL2 and SSL3). SSL2 is represented by a
maximum in acoustic backscatter (~-60 dB) occurring around 400 m, its intensity only
5 dB less at night (Figure 4.4.20). Whereas above 200 m night-time values of acoustic
backscatter are ~15 dB greater than daytime values. Therefore a proportion of the
zooplankton and micronekton responsible for SSL.2 are undertaking DVM into the surface
200 m at night.

RMT net samples, undertaken as part of leg 2 of cruise D224, indicated that
siphonophores, heteropods, pteropods, cephalopods, amphipods, euphausiids, Pyrosoma
and myctophid fish were undertaking DVM to varying depths (Powell, 1997), whilst
Cyclothone fish presented no such behaviour. Cyclothone fish were the most abundant
group of fish and maximum numbers occurred at ~400 m, coincident with the persistent
SSL2.

The other facet of DVM behaviour that can be observed using acoustic methods is
the speed of the migration. Many acoustic studies infer the vertical speeds of zooplankton
through measuring the speed at which “backscattering bands” move up and down (e.g.
Mauchline and Fisher, 1969; Mauchline, 1980). Using this method with the D224 dataset
is complicated as discrete bands moving up or down were rarely identifiable. It was
therefore decided to estimate the vertical speed of the leading edge of dawn and dusk

migrations, where the slope of the leading edge would indicate the speed of the migration

following:
AZ

c=—
At
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where ¢ is the speed in em s, AZ is the change in depth of the band (cm) and At is the
time (s) in which this change occurred.

Table 4.1 presenfs estimates of migrations speeds for jday 348, 353, 358 and the
whole of the available data. Mean dusk upward migrations were faster than mean dawn
downward migrations, although as shown for jday 358 dusk migrations were occasionally
slower than dawn migrations. The migration speeds estimated here are not dissimilar to
those reported by Tarling et al. (2001) of between 4 and 7 cms” for the pteropod
Cavolinia inflexa, and in excess of 11 cms’ for the euphausiid Meganyctiphanes
norvegica in the Mediterranean Sea. In fact daily variations in estimated speeds may be a
function of measuring different zooplankton populations migrating at different rates rather
than a single population varying its rate of migration, since the data presented here is from

a moving ship rather than an on-station study.

Dawn Dusk
Jday . .
(ecms™) (ecms™)
348 4.9 11.5
353 6.1 6.3
358 10.68 10.4
All available data 8.63 (£3.05)* 10.67 (£3.28)*

*Standard deviation

Table 4.1 Estimated speeds of dawn (upwards) and dusk (downwards) migration

through examination of moving bands of high backscatter.

Pearre (1979) pointed out that these measurements represented the mean
movement of the population, i.e. the vector sum of the mean velocities of all the
individuals within a population moving in all directions at any time and that the vertical
speed of individual zooplankton may greatly exceed that of the population. Pleuddemann
and Pinkel (1989) and Roe and Griffiths (1993) noted that VM-ADCP-derived estimates
of vertical motion resulted principally from the vertical migration of zooplankton. Roe and
Griffiths (1993) and Tarling et al. (2001) propose that in using this estimate, vertical
migration is being considered in terms of the vertical rhovement of individuals rather than
the vertical movement of an entire band of backscatter, therefore bypassing Pearre’s
objections. The leading edge of the dawn downward migration on jday 348 had associated

vertical velocities of ~3 em s™, whilst the leading edge of the dusk upward migration had
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maximum speeds of ~7 cm s™. The dawn and dusk migrations for jday 353 were 3 and
10 em s and for jday 358 were ~1.5 and ~8 cm 57! respectively (Figure 4.4.21). It must be
noted that VM-ADCP-derived vertical velocities include zooplankton movement plus
water movement (Roe and Griffiths, 19934). The general background vertical speed of the
water, away from the strong diel pattern, was of order 3 cm s™ upwards. This background
vertical velocity is likely to include instrumental bias as well as water movement.
Subtracting this bias gives descent speeds between 4.5 and 6 cm s and ascent speeds
between 4 and 7 cm s These estimates of migration speeds are of the same magnitude as
those calculated from the movement of backscatter bands and are far in excess of the
downward 0.03 cm s (25 m d!) associated with the ageostrophic nature of the AOF.

4.4.3 Discussion of the distribution of zooplankton at the AOF

4.4.3.1 The hydrography during the LHPR stations
From SeaSoar data, and previous studies (Tintore et al., 1988; Prieur et al., 1993;

Allen et al., 2001) it is known that the position and steepness of the AOF is highly
variable on a time scale of days. LHPR station 13036 was undertaken prior to FSS2 when
the AOF had steepened and moved southwest, whilst LHPR station 13048 occurred when
the AOF had shallowed and returned to a more northeasterly positioned. This was
reflected by the steeper density gradient observed at station 13036 compared with station
13048 (0.04 and 0.02 kg m™ m" respectively).

4.4.3.2 The affect of the AOF on zooplankton distribution inferred from LHPR data
The distribution of zooplankton at the AOF was influenced by the physical

structure of the water column. From the LHPR samples several features can be
summarised: maximum zooplankton abundances occurred at ~200 m; maximum
zooplankton biovolumes occurred at depths where there were variations in either density
or temperature; the front appeared to have little influence on zooplankton distribution
below ~200 m; pteropods were absent from the Mediterranean side of the front; enhanced
zooplankton abundance was observed in frontal waters; larval stages were present in
surface water, adult stages were present at depth; and an increase in zooplankton biomass
occurred at the depth at which subducted phytoplankton was observed

Maximum zooplankton abundances at ~200 m
Maximum abundance of zooplankton occurred between 180 and 220 m.

Specifically this resulted from an increase in the abundance of copepods and ostracods
where numbers were two or three times greater than surface values and was represented by
their near total dominance of the zooplankton taxa present (~99 %). Notably this

maximum occurred on the down and upcast of both LHPR stations, significantly below
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Figure 4.4.21 VM-ADCP derived vertical velocities for jday 348 (top), 353 (middle) and 358
(bottom). Periods of migration have been circled.

174



Chapter 4: The Alboran Sea

the pycnocline. Although not related to the water column structure at the LHPR stations
this depth was coincident with the greatest depth of the MAW/LIW interface at the base of
the middle of the EAG (as observed from SeaSoar data). It could therefore be speculated
that the daytime distribution of copepods and ostracods was consistent with removal from
MAW or to the depth of a density discontinuity. But without data from stations in the
middle of the EAG the cause of this maximum is unknown. However it does have
important implications for the conclusions drawn from previous studies. Thibault er al.
(1994) and Youssara and Gaudy (2001) both used net hauls from only 0 to 200 m depth to
examine the distribution of mesozooplankton, particularly copepods, based on the
assumption that this was where most of the pelagic biomass and production is usually
found. They cited day/night differences in total zooplankton to be not significant inferring
that vertical migration, if present, occurred within the upper 200 m of the water column. In
several cases, observed highest abundances in integrated vertical net hauls were during the
day. These results, which Youssara and Gaudy (2001) refer to as ambiguous, may be
caused by inconsistencies in “catching” the highest abundances of copepods at the vertical
limit of their net hauls.
Maxima in biovolume were at depths consistent with density discontinuities

High values of both zooplankton abundance and biovolume were found at the base
of the mixed layer on either side of the front and at the depth of the temperature minimum.
This is consistent with observations by Murav’yev and Shirshov (1984), Ortner et al
(1980; 1981) and Magnuson et al. (1981) of the orientation of zooplankton to density
discontinuities and close association with thermal gradients. High values of biomass were
also associated with depths just below or above the greatest change in density. This may
have resulted from avoidance of large salinity or temperature gradients. For example,
Harder (1968) observed pteropods actively avoiding large salinity gradients, and
preferentially remaining with waters of smaller gradients.
Zooplankton distribution below ~200m

According to the LHPR samples the distribution of zooplankton below ~200 m
was similar on both the down and upcast, the front presenting no obvious influence.
Contrary to these results there is evidence that surface-enhanced productivity is exported
to deep waters and the benthos below frontal zones enhancing deeper secondary
productivity (Mann and Lazier, 1991; Gerin and Goutx, 1994). The greater spatial
coverage attained using the RMT nets, during leg 2 of cruise D224, indicated that the
biomass of fish, heteropods, euphausiids and possibly cephalopods were increased on

waters sampled below the front compared with Mediterranean waters (Powell, 1997). The
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lack of variations below ~200 m in the LHPR data is expected to be related to the small
spatial distances covered by the LHPR (~15 km). The horizontal distance travelled by the
LHPR below 200 m would be insufficient to sample below true MSW, frontal and MAW
during the same cast.

Why were Pteropods were absent from the Mediterranean side of the AOF?

The distribution of pteropods at the AOF was notable by their presence in deep
Mediterranean waters and the EAG, and their absence from the Mediterranean side of the
front. Oceanic fronts acting as barriers to the distribution of fauna have long been
recognised (Reid er al., 1978; Backus, 1986). For example, Wiebe and Flier] (1983)
observed a rapid cross-front transition in euphausiid species at a cold-core ring front. The
temperate euphausiid Nematoscelis megalops was present in the ring core but was
replaced by the subtropical euphausiid Stylocheiron affine in the surrounding Sargasso Sea
waters.

The absence of pteropods from the Mediterranean side of the front was surprising,
since species of pteropods present in Mediterranean waters have been observed previously
(Sardou et al., 1996). However Powell (1997) identified morphological differences in the
pteropods present within Almeria-Oran frontal waters that were hypothesised by Van Der
Spoel (pers. comm. refered to in Powell, 1997) to be indicative of environmental stress.
This environmental stress being related, in this case, to encountering unfavourable
temperature and salinity contrasts or values. It was hypothesised that these pteropods
could have switched to asexual reproduction within the stressful frontal environment
producing aberrant stages and therefore this could reduce the ability of the group to
proliferate within the frontal region.

Increased zooplankton abundance within frontal water

High zooplankton abundance was observed on the EAG side of the front, within
waters of a mix between AMIW and MAW. High zooplankton abundance and biomass
often characterise frontal, compared with adjacent, waters (Gaudy et al., 1996). Several
mechanisms can explain this increase (see Chapter 1). For example the concentration of
organisms through transportation towards a convergence zone (Herman et al., 1981,
Gaudy et al., 1996). However the increased abundance observed in this study did not
occur where the sloping isopycnals break the surface (which, incidentally, was not
sampled because the LHPR was always at depth when the surface signature of the front
was crossed) but occurred just within the EAG, in the region where the fast-flowing
frontal jet was observed from SeaSoar and VM-ADCP data. High abundance of
zooplankton, particularly copepods, within the frontal jet associated with the AOF has
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been observed previously (Seguin et al., 1993; Youssara and Gaudy, 2001). This high
abundance could result from either accumulation of fauna transported in from the Atlantic,
through the Strait of Gibraltar into the frontal current, or from a local increase in
secondary production. Greze et al. (1985)46bservéd' high abundance of zooplankton to the
east of the Strait of Gibraltar and attributed it to the permanent introduction of Atlantic
fauna by the current entering the Mediterranean Sea. However, taxonomic identification of
fauna within the AOF jet found only a small number, in low abundance, of species
endemic to the Atlantic (Seguin ef al., 1993). The presence of larval stages in the present
study and previous studies (Seguin ef al., 1994; Youssara and Gaudy, 2001) in these
surface waters indicate that the high abundance in the frontal jet may be a consequence of
local secondary production. Observations of primary and secondary productivity from the
ALMOFRONT-1 study provide supporting evidence for this supposition. High abundance
of diatoms, fuelled by the advection of nutrients into the euphotic zone by the secondary
circulation, was observed at the AOF (Fiala et al., 1994; Prieur et al., 1993; Videau ef al.,
1994). In accordance with the classic food chain concept (Cushing, 1989), where diatoms
are considered the preferential food of copepods, maximum zooplankton grazing activity
on phytoplankton was also observed at the front (Thibault et al., 1994; Striby and Goutx,
unpublished results cited in Youssara and Gaudy, 2001). Youssara and Gaudy (2001)
postulate that since there is an isopycnal downwelling transfer of primary and secondary
production from the Mediterranean to the Atlantic side of the front (Prieur et al., 1993;
Seguin et al., 1994) and hence the jet, eggs produced at the front (the Mediterranean side
of the jet) would develop during their cross frontal transport such that maximum numbers
of nauplii would be present in the jet.

The continued observation of high zooplankton abundance within the frontal
region, through subsequent studies (i.e. ALMOFRONT-1 and OMEGA), suggests the
maintenance of favourable trophic conditions, responsible for reproductive success and
larval growth. Zooplankton such as copepods require periods of 15-20 days for successful
naupliar development (Landry, 1983; Hart, 1990) and since the AOF is a quasi-permanent
structure in the Alboran Sea (Tintore et al., 1988; Folkard er al., 1994; Allen et al., 2001),
the minimum time for zooplankton growth is greatly exceeded. High zooplankton
abundance at the AOF, having now been observed repeatedly at several periods of the
year, may be a permanent feature of the Alboran Sea.

Ontogenetic variation in zooplankton with depth
Ontogenetic stratification of zooplankton is well documented (e.g. Roe, 1972). In

the present study the mean length of euphausiids, fish and pteropods increased below
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~200 m. Examination of the LHPR samples indicated that surface waters typically
contained larval stages of euphausiids and fish. The partition of larval euphausiids within
surface waters and adult euphausiids at depth has been observed previously at the AOF
(Baussant et al., 1993) and within the western Mediterranean (Anderson and Sardou,
1992). The vertical distribution of different-sized euphausiids within the water column
may result from either a change in species or a change in life stage (ontogenetic
behaviour). Anderson and Sardou (1992) indicate the presence of four abundant species of
euphausiid; Nematoscelis megalops, Stylocherion longicorne, Euphausia krohni and
Thysanopoda aequalis within the western Mediterranean Sea. According to Baker et al.
(1990) the typical lengths of the four abundant species are 22-26 mm, 6-11 mm, 16 mm
and 12-22 mm respectively. Therefore the change in mean length increasing with depth
may indicate a vertical shift in species from Stylocherion longicorne at the surface to
Nematoscelis megalops at depth. However Anderson and Sardou (1992) observed both
these species occupying the same depth strata.

Alternatively, the increase of mean size with depth may indicate ontogenetic
behaviour, i,e, the vertical separation of different life stages to prevent intra-specific
competition. Ontogenetic behaviour has been observed and suggested for several
euphausiids (Boysen and Buchholz, 1984; Trathan er al., 1993; Tarling et al., 1998). In the
western Mediterranean the most abundant species found in the study by Anderson and
Sardou was Nematoscelis megalops, which was observed to have a bimodal vertical
distribution with a shallow maximum (75-150 m) of small individuals (<11 mm) and a
deeper (350-550 m) layer of larger (>11 mm). Tarling er al. (1998) propose that variations
in the depth and vertical migration of different life stages may be related to the energetic
costs involved with maintaining a pelagic lifestyle. They calculated that a 25 mm krill
would need to provide between 41 and 54 % of the ATP necessary for a 30 mm krill to
maintain its pelagic lifestyle. Using this they hypothesised that it is energetically
“understandable” that large individuals ascend less frequently than small ones.

The variation in mean length with depth observed in this study was related to the
presence of a greater number of euphausiid larvae within the surface LHPR samples.
Whilst an additional stratification of different euphausiid species may also have influenced
the size structure, the numerical dominance of euphausiid larvae was such that the
dominant mechanism controlling this distribution is proposed as being a result of
ontogenetic stratification.

The similar pattern of increased mean fish length with depth was also a result of

larval stages caught at the surface and juvenile and adult stages at depth. Taxonomic
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identification of the fish larvae within the RMT net samples indicated that Benthosema sp.
larvae were the most abundant at the surface, whilst Cyclothone sp. larvae and juveniles
occurred at depth (Pugh, pers. comm.).

The final group to show a variation with dépth in mean length were the pteropods.
Whilst a degree of ontogenetic stratification may have caused this pattern (age was not
identified) it is also possible that environmental stress, that was producing aberrant stages
(Powell, 1997), may have stunted growth within the frontal waters.

Zooplankton were observed coincident with subducted phytoplankton

An increase in zooplankton biomass was observed at depths comparable with the
frontal isopycnal. The orientation of zooplankton to density discontinuities is well
documented (see above). However the increase in zooplankton at depths of the frontal
isopycnal was not a consistent feature at both LHPR stations, but occurred only at station
13048 immediately prior to the period in which phytoplankton was observed to be
subducted down the front in SeaSoar data during FSS3. The layer of zooplankton
concurrent with the frontal isopycnal (also observed in the acoustic backscatter data) may
result from either the subduction of zooplankton from surface waters, with the
phytoplankton, or from some behaviourally-mediated concentration in the vicinity of a
food source. Isopycnal downwelling of secondary production at the AOF has been
suggested (Prieur ef al., 1993; Gerin and Goutx, 1994; Seguin et al., 1994; Pedrotti and
Fenaux, 1996) and cannot be discarded as the formative mechanism. However isopycnal
downwelling, as part of the secondary circulation, is a consistent feature at the AOF,
compared with only the periodic subduction of phytoplankton. Since the presence of a
concurrent layer of zooplankton at the frontal isopycnal was also transient, coincident with
the subducted phytoplankton, the author favours the theory that this layer of zooplankton
was a consequence of behaviourally-mediated concentration.

Taxonomic identification of the LHPR samples indicated that this layer had
increased abundances of larger (with respect to surrounding waters) chaetognaths and,
during the upcast, of larger euphausiids. Euphausiids are omniverous, and as such may be
concentrating at a food source, whilst chaetognaths are recognised to be voracious
predators and the reason for the concentration of large specimens within this layer is
unclear from the present data. Chaetognaths are a major predator of copepods (Sullivan,
1980; Feigenbaum and Maris, 1984) as well as feeding on fish larvae and micro- and
meso-zooplankton (Feigenbaum, 1991).’There was no dramatic decrease or increase in the
abundance of copepods compared with surrounding waters, at depths of the frontal

isopycnal, but it is possible that the concentration of herbivorous zooplankton at this depth
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was attracting higher trophic level predators. The increase in mean size of the zooplankton
within this layer may result from either the presence of adult specimens, remaining in
surface food-rich waters rather than diel migration to deep waters during the day, or a shift
in species present within the depth strata. N "

Both euphausiids and chaetognaths are able swimmers, capable of influencing their
position within the water column and resisting transport through isopycnal downwelling of
speeds observed at the AOF. Further evidence to suggest behavioural mediation of
position rather than passive subduction was apparent in the acoustic backscatter data. The
layer of high backscatter, coincident with the frontal isopycnal, was represented by greater
intensities at night, possibly indicating that some zooplankton were interrupting their diel
migratory behaviour to remain within a food rich region.
4.4.3.3 The affect of the AOF on zooplankton distribution inferred from acoustic
backscatter data

Three scattering layers were identified in the acoustic backscatter data: a moving
layer of high acoustic backscatter represented the diel migration of some zooplankton; The
presence of a permanent deep scattering layer indicated that some zooplankton and/or
micronekton were remaining at depth through both the day and night; and the presence of
high backscatter coincident with the subducted phytoplankton indicated some zooplankton
were interrupting their diel migration to accumulate at a source of food. In addition
patches of high backscatter were observed within the fast flowing frontal jet.

Diel vertical migration at the AOF

Diel vertical migration of zooplankton was observed in the acoustic backscatter
data from all frequencies. SSL3, the acoustic signal of DVM was typically identified by an
increase in acoustic backscatter in the surface rather than a distinct layer migrating to the
surface at dusk and down at dawn. Hydrographic changes along the cruise track resulted in
variations of the depth of greatest acoustic backscatter within the surface 200 m, although
where density gradients did not dominate highest backscatter was found in the surface 50
to 100 m. It is recognised that many zooplankton species do not migrate as compact
populations, nor do they necessarily remain in surface waters throughout the night (Pearre,
1979; Roe, 1984a,b). Therefore highest biomasses may occur in surface waters throughout
the night, with moderate biomasses occurring throughout the rest of the water column. If,
for example, the model of vertical migration (Fig 3A, Pearre, 1979 and as suggested by
Roe, 1984a,b) was correct (in which a vertically-migrating organism has a very short time
spent in changing depth and long and equal times at the upper and lower ends of its range)

it would represent a bimodal distribution of biomass (with maxima at the surface and
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depth). Between these maxima was an intermediate biomass, similar to the observed
pattern of night-time acoustic backscatter data.

Supplementary RMT (Rectangular Midwater Trawls) net samples showed that
myctophid fish, decapods, euphausiids, ﬁferopods and siphonophores were undertaking
vertical migration at the front (Howell, pers. comm.). These animals represent dominant
acoustic scattering groups, especially myctophid fish which have resonant gas bladders
thereby augmenting their acoustic scattering (Johnson, 1977). Thibault et al. (1994) and
Anderson and Sardou (1992) also observed the vertical migration of several groups of
zooplankton (euphausiids, mysids, fish and decapods) over a depth range of 300-400 m.

Detailed examination of acoustic backscatter at dusk and dawn reveals various
estimates of migratory speeds. With dawn, downward (5.4 cms’), speeds being
significantly slower than dusk, upwards (8.1 cms™), motion (P>0.05, Students t-test).
VM-ADCP-derived vertical velocity estimates were similar to those obtained from
measuring the trajectories of backscattering bands over time, although upward velocities
were slightly smaller. These estimates of migratory speeds are comparable with previous
studies (Roe and Griffiths, 1993; Heywood, 1996; Tarling er al, 1998; Wade and
Heyward, 2001). Tarling ef al. (1998) cite consistently lower VM-ADCP-derived speed
estimates to be a result of methodological differences. It is expected that the discrepancy
here is a result of the measured traj ectory of a backscattering band estimating the speed of
the population migration, whilst the VM-ADCP-derived vertical velocities measures the
speed of individual zooplankton that may differ from the population. The estimated
migratory speed deduced from the scattering layers may well be biased, high or low, as
different portions of the population move at different rates. For example Roe et al. (1984)
and Wiebe ef al. (1992) noted that leading edge individuals of a copepod migration
dropped back.

A permanent deep scattering layer was present at the AOF

A permanent deep scattering layer (SSL2) was observed in acoustic backscatter
data from the VM-ADCP and 38 kHz echosounder, within the TML and LIW. The
presence of a deep scattering layer is a common feature of bioacoustic surveys in the
Mediterranean Sea (Baussant ef al., 1992; 1993) and has been attributed to the occurrence
of mesopelagic fish, particularly Cyclothone and myctophid species. The pattern of
38 kHz sound scattering layers confirms this observation. The vertical distribution of
fishes (Myctophid, Cyclothone) corresponds to the depth of SSL2. Myctophid fish, which
contain a gas-filled swim bladder the size of which determines their acoustical properties
(Marshall, 1970; Love, 1978), have been shown to be responsible for strong deep echo
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signals (Barham, 1966; Aboussouan, 1971). They were observed in RMT net samples
(Howell pers. comm.) to undertake DVM and were probably partly responsible for the
DVM (SSL3) signal in the 38 kHz data. However, the most abundant group of fish present
in this study (from béth LHPR and RMT net samples) and in previous studies
(Aboussouan, 1971; Laval et al., 1989; Baussant et al., 1993) were Cyclothone fish that
did not undertake DVM. Since SSL2 showed little variation in depth or intensity through
both the day and night it is probable that these fish were predominantly responsible for it.
As the physical properties of the water mass below 200 m showed no significant variation,
it is understandable that SSL.2 remained at the same depth either side of the front. This is
however contrary to the observation of a variation of 50 m in depth either side of the front
(Baussant ef al., 1993).

Zooplankton occurred coincident with subducted phytoplankton

SSL1 was observed at LHPR station 13048 and found coincident with the layer of
subducted phytoplankton during FSS3. LHPR samples identified an increase in biomass at
corresponding depths and taxonomic identification revealed a maximum abundance of
large euphausiids and chaetognaths. This observation of a scattering layer present in the
frontal region at depths between 100 and 200 m is supported by observations of Baussant
et al. (1993). These authors proposed that the observed scattering layer between 100 and
200 m in the frontal zone was a result of increased abundances of euphausiid larvae.

The layer of high backscatter (SSL1) at the front persisted despite and during the
occurrence of diel migration. Sameoto (1976) observed deep chlorophyll maxima to be
exploited by planktonic grazers, at least some of which would be expected to migrate to
near-surface waters. More recently, Owen (1981) and Wishner and Allison (1986)
observed zooplankton concentrating in convergence zones interrupting their diel
migration. It is likely that the observations in this study indicate a similar occurrence, and
thus the horizontal and vertical distribution of some of the zooplankton at the Almeria-
Oran front are controlled by a combination of physical processes and animal behaviour.

Increases in zooplankton abundance and biomass within frontal waters, compared
with adjacent waters, may be caused by physical processes (such as the drawing down of
surface species by subduction) and/or behaviour (active accumulation of animals at a more
abundant food source). The rate of subduction (25 md™ or 0.03 cm s) is significantly
less than the rate of vertical migration of some zooplankton (Heywood, 1996 Tarling et
al., 1998), and speeds observed in this study. In addition the coincident abundance of
phytoplankton tends to suggest the increase in zooplankton abundance was a result of
behaviourally-mediated concentration in the presence of convergence zones and increased
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food abundance (as seen by Okubo, 1978; Gorsky ef al., 1991 and modelled by Franks,
1992; 1997). These observations support the hypothesis presented by Gorsky et al. (1991),
that enhanced superficial production can influence the mesopelagic ecosystem.
High acoustic backscatter within the fast ﬂbwing ﬁontal Jet

In addition to the three identified scattering layers the acoustic data, a patch of high
VM-ADCP, 120 and 200 kHz acoustic backscatter was consistently observed at the
surface on the Atlantic side of the Almeria-Oran front, coincident with the strong frontal
jet (1 ms™). LHPR station 13036 showed high abundance of small copepods and
euphausiids at the surface within the EAG side of the front and Optical Plankton Counter
data (not shown, Fielding et al., 2001) also indicated the presence of a high abundance of
particles sized between 0.65 - 1.35 and 1.35 - 2.75 mm ESD. High zooplankton biomass
has been observed in strong jets by Nash et al. (1989) and at the Almeria-Oran front by
Thibault et al. (1994) and Seguin et al. (1994). At the AOF that increase was dominated
by copepods with approximate lengths of 1 mm. These copepods would be ideally
sampled by the OPC in the size range 0.65 — 1.35 mm ESD (Herman, 1992; following
particle length approximately 1.5 times ESD according to Beaulieu et al., 1999) and are of
similar size to the mean copepod length measured at LHPR station 13036. It is
hypothesised that the increased abundance of small copepods within the frontal jet result
from advection and concentration of localised secondary production as proposed by

Thibault ez al. (1994).

4.5 Summary

(1) The variability in the position and shape of the AOF and the strongly sheared

velocity field indicate mesoscale frontal instability and the presence of ageostrophic flow.
The observation of the entrainment of MSW into the frontal jet where it was drawn down
and across the front permitted the estimation of a subduction rate of ~25 m d™".

(2) High phytoplankton biomass in the vicinity of the AOF was recorded and
phytoplankton were also observed being drawn down the front to depths of ~200 m. The
distribution of zooplankton appeared to be influenced by the AOF.

(3) This study shows that some organisms find a front to be a barrier (e.g.
pteropods), whilst others find the front is an environment that promotes production or
accumulation through either behaviourally or physically mediated processes (e.g.
chaetognaths and euphausiids).

(4) 1t is likely that the observations in this study indicate that the horizontal and

vertical distribution of larger zooplankton (e.g. > 5 mm in length) at the Almeria-Oran
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front are controlled by a combination of physical processes, with downward vertical
motion providing a vertically-displaced food source, and animal behaviour, with diel
migration disturbed by food availability.

(5) The effects of mesoscale physical processes on zooplankton
distribution/patchiness have similar temporal and spatial scales as some zooplankton
behaviour (Haury, 1982), and as such can be difficult to differentiate in observations.
Modern survey tools (SeaSoar, OPC, acoustics etc.) that determine physical and biological
variables concurrently, and at the same high resolution time and space scales, permit a
quasi-synoptic understanding of biological distributions about which previous
investigators have had to speculate intuitively (Baussant ez a/., 1993; Videau et al., 1994).

(6) To identify ecosystem dynamics in the real ocean requires that relevant and
complementary data are taken concurrently: the results of this study show convincingly
that biological distributions in the vicinity of a front result from a combination of physical,

chemical and biological factors.
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5.1. Introduction

In this chapter the relationship between zooplankton net samples and observed
acoustic backscatter is examined. In section 5.2 VM-ADCP acoustic backscatter is
compared with LHPR sampled zooplankton from the Indian Ocean (Discovery cruise
209). The relationship is examined through direct comparison and through the use of
acoustic models (see Chapter 1 and 2). In addition a direct relationship is examined using
only groups classed as significant acoustic scatterers and included in the models. These are
amphipods, chaetognaths, copepods, euphausiids (including decapods), fish and pteropods
(Stanton et al., 1994a). Even though siphonophores are significant acoustic scatterers
(Warren, 2001), they could not be included in this study because, as with most net systems
(Pugh, 1989), they are destroyed in the LHPR samples. The oxygen concentration of the
water from which the LHPR sampled was categorized to identify whether the differences
in zooplankton groups that occurred between the oxygenated and deoxygenated water was
represented in the observed acoustic backscatter and the acoustic scattering models.

In section 5.3 the relationship between VM-ADCP acoustic backscatter data and
LHPR zooplankton samples from the Mediterranean Sea (Discovery cruise 224) is
examined. Concurrent acoustic backscatter data taken with a biological multifrequency
echosounder (SIMRAD EKS500) is analysed using the same method. Each frequency
(153 kHz from the VM-ADCP and 200, ’120 and 38 kHz from the EK500) is compared
directly with the zooplankton samples and acoustic scattering models. The water mass
(identified using the environmental sensors mounted on the net) from which the LHPR
samples were taken is established and used to investigate whether changing zooplankton
population size-structure affects observed and model-estimated acoustic backscatter.

Section 5.4 compares and contrasts the two studies and summarises the results and

Section 5.5 lists relevant conclusions.

5.2 Comparison of observed acoustic backscatter (OAB) and zooplankton samples

from the Arabian Sea

5.2.1. Description of concurrent acoustic backscatter and zooplankton samples

Figure 5.2.1 shows a contour plot of VM-ADCP acoustic backscatter over the
period of the downcast of the LHPR Station 12664#1. Two sound scattering layers can be
identified, Sound Scattering Layer One (SSL1) occurred between the surface and 70 m
depth with intensities from —64 to —~76 dB, with the greatest intensities occurring near the

surface above 50 m. The second Sound Scattering Layer (SSL.2) occurred below 250 m
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Figure 5.2.1 A contour plot of VM-ADCP acoustic backscatter during the LHPR Station
12664#1. Two Sound Scattering Layers (SSL) are identified. SSL1 in the surface 0 to 70 metres

and SSL2 below 250 metres.
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Figure 5.2.2 The distribution with depth of (a) observed VM-ADCP acoustic backscatter, (b)
total LHPR sample biovolume (red) and total sample abundance (black), and (c) acoustic group
biovolume (red) and acoustic group abundance (black).
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and was ~-70 dB in intensity. Between these two scattering layers was a region of low
acoustic backscatter, ranging between —94 and —80 dB, with the lowest values recorded

between 100 and 175 metres.

Using the method outlined in Section 2.3.2.1, acoustic data in the vicinity of each
two-minute LHPR sample were calculated. A summary of the acoustic volume
backscattering statistics and the standardised biovolume and abundance for each sample is
shown in Table 5.2.1. The standard deviation of the observed VM-ADCP acoustic
backscatter was calculated in linear form before converting to decibels (dB). Values of the
observed VM-ADCP acoustic backscatter range from ~64.85 to —90.86 dB and the
standard deviation varies between 0 and 1.64 dB. The final column indicates whether the
sample was collected from water with high or low oxygen concentration (identified from
the CTD prior to the LHPR cast, see chapter 3). Samples collected from the surface to
50 m were in oxic conditions (45 — 200 umol1?), from 50 to 100 m were in dysoxic
conditions (4.4 — 45 umol ') and below 100 m were in anoxic conditions (<4.5 umol ™

(classified following Bernhard and Sen Gupta, 1999).
Figure 5.2.2 shows the distribution with depth of VM-ADCP Observed Acoustic

Backscatter (OAB), total biovolume, total abundance, acoustic group biovolume and

acoustic group abundance for each two-minute LHPR sample. OAB (Figure 5.2.2a) was
strongest at the near-surface (-65 dB), dropping 15 dB between 50 and 70 metres to ~ -
80 dB. A secondary maximum of approximately -77 dB occurred at 95 m. The lowest
value of VM-ADCP acoustic backscatter (-90 dB) occurred around 122 m, below this
depth VM-ADCP acoustic backscatter increased to a maximum of -75 dB at the bottom of

the LHPR cast. This distribution was approximately constant throughout the LHPR haul.

The strongest backscatter, at the surface, was not concurrent with the highest
zooplankton biovolume. The maximum total biovolume (0.68 ml m™) was found at ~50 m
with a secondary maximum at ~70m (Figure 5.2.2b). Total biovolume decreased
dramatically below 70 m, coinciding with the first decrease in VM-ADCP OAB. From
70 m to the bottom of the LHPR cast total biovolume ranged between 0.01 and 0.2 ml m"3,
with four small maxima occurring at 87 (0.15 ml m™), 113 (0.13 ml m™), 180 (0.21 mlm’
%) and 247 m (0.05 ml m™). These maxima were predominantly caused by euphausiids in
the sample. The lowest total biovolume of 0.01 ml m™ was recorded at 223 m. In general
although there was higher biovolume at the surface concurrent with the high acoustic

backscatter, this relationship was not continued at depth i.e. the increase in acoustic
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Sample Mean . St:fn(?ard ) LHPR Sample | LHPR Sample | Oxygen
Number Backscattering | Deviation to | Biovolume to 2 | Abundance to Conditions*
to 2 d.p. (dB) 2 d.p. (dB) d.p. (ml m>) 2 d.p. (No. m™)

10 -64.85 0.86 0.26 678.82 Oxic

11 -66.71 0 0.37 585 Oxic

12 -68.04 1.46 0.68 408.03 Oxic

14 -71.58 0.28 0.38 469.08 Dysoxic
16 -73.08 0.46 0.53 366.94 Dysoxic
18 -78.94 0.28 0.20 443.56 Dysoxic
21 -79.29 1.43 0.09 88.98 Dysoxic
22 -79.94 1.64 0.15 57.33 Dysoxic
23 -77.98 0 0.08 135.33 Dysoxic
25 --82.03 0.37 0.06 38.2 Anoxic
28 -88.25 1.22 0.12 28.71 Anoxic
30 -90.86 0.56 0.07 21.26 Anoxic
31 -89.93 0.56 0.07 29.85 Anoxic
33 -87.48 0.75 0.03 31.59 Anoxic
35 -85.79 0.81 0.02 16.17 Anoxic
37 -85.82 0.56 0.03 25.71 Anoxic
38 -84.81 0.51 0.10 33.30 Anoxic
39 -86.00 0.29 0.21 44.93 Anoxic
40 -84.68 1.07 0.20 37.50 Anoxic
43 -81.87 0.82 0.07 65.59 Anoxic
45 -82.33 0.30 0.04 32.13 Anoxic
46 -81.33 1.08 0.04 19.53 Anoxic
47 -80.72 0 0.01 11.72 Anoxic
49 -78.99 0.06 0.01 5.18 Anoxic
51 -78.81 0.59 0.02 0.64 Anoxic
53 -78.26 0.59 0.05 2.69 Anoxic
56 -75.65 0.58 0.02 1.44 Anoxic

* Oxic - 45-200pumol m™
Dysoxic - 4.4 - 45 ymol m”™
Anoxic - <4.4pumol m™ (Bernhard and Sen Gupta, 1999)

Table 5.2.1 Summary of acoustic backscattering statistics, zooplankton biovolumes and

abundance for LHPR samples from Station 12664#1.
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backscatter below 125 m was associated with a relatively small zooplankton biovolume
(0.068 ml m™) (discussed in Chapter 3).

Total zooplankton abundance showed maximum values (2400 m~) above ~80 m
(Figure 5.2.2b). The major contributors were copepods. Below 80 m, concurrent with the
decreasing acoustic backscatter, total abundance was at most one quarter of surface values.
A small increase in total abundance occurred at 95 m coincident with an OAB maximum.
Below 100 m total abundance typically remained below 50 m™.

The acoustic groups biovolume (Figure 5.2.2¢) followed a similar distribution to
the total biovolume, although in all cases the acoustic groups biovolume was at least an
eighth of the total (note different scales). The only tangible difference was in the surface
samples, where the acoustic groups’ biovolume was at its maximum values concurrent
with the maximum values of acoustic backscatter.

The acoustic groups’ abundance mirrored the distribution of total abundance, and
as copepods were the dominant contributors and are classified as a significant acoustic
scatterer the abundances were of a similar magnitude.

5.2.2 Direct comparison

5.2.2.1 Direct comparison of zooplankton biovolume and observed acoustic

backscatter

The correlation between acoustic backscattering values and LHPR biovolumes was
examined using a predictive (following Flagg and Smith, 1989a and Heywood et al.,
1991) and a functional regression (following Wiebe ez al., 1996 and Greene et al., 1998).

In Figure 5.2.3 the total VM-ADCP acoustic backscatter observed in the vicinity of
each two-minute LHPR sample is plotted against total zooplankton biovolume for that

sample. An exponential curve fit to the data yields the expression:

DV=aexp (bx OAR)

Where DV is total zooplankton biovolume (displacement volume) and OAB represents
observed acoustic backscatter. The values of @ and b are 178.3 and 0.09098 respectively.

The correlation coefficient is 0.67 (to 2.d.p.) (which is significant at the 99% level
for 27 points) and 45% of the data fitted the regression line.

To compare the results with Flagg and Smith (1989a) (henceforth denoted FS1),
Heywood et al. (1991) (henceforth denoted HSB) and Batchelder er a/ (1995) (henceforth
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Figure 5.2.3 LHPR sample total standardised biovolume (DV) plotted against observed
VM-ADCP acoustic backscatter (OAB).
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Figure 5.2.4 LHPR sample zooplankton dry weight (DW) plotted against observed VM-
ADCP acoustic backscatter (OAB).

161



Chapter 5: Biological validation of acoustic backscatter

denoted BVVS), biovolume was converted to dry weight (mg m™) using Wiebe er al.

(1975) conversion tables where:

LOG(DV) =-1.828+0.848LOG(DW)  (mgm™)

DV is displacement volume or total zooplankton biovolume and DWW is dry weight. Flagg
and Smith (1989b) (henceforth denoted FS2) found that the Wiebe er al. (1975) method

over-estimated the dry weight and applied the following correction:
DW =0.81DW, (mgm™)

where DW,, is the dry weight estimated by Wiebe er a/. (1975).

Two comments should be made concerning this method: 1) the conversion tables
detailed in Wiebe er al. (1975) were later corrected (Wiebe, 1988), and 2) it should be
noted that it is not clear whether HSB converted diéplacement volume to carbon weight
(mg C m™) or dry weight (mg m”~) as both are referred to in the text (Heywood et al.,
1991). For comparative purposes the exact method outlined by FS2 was followed.

Zooplankton dry weight plotted against VM-ADCP OAB (Figure 5.2.4) yields an
exponential relationship, where the values of a and 5 are 29980.66 and 0.09875
respectively, the correlation coefficient is 0.66 (to 2.d.p.), which is significant at the 99%
level for 27 points and 43% of the data fitted the regression line. However these data and
relationship use absolute backscatter and not relative backscatter as used in previous
studies. To compare the relationship betWeen zooplankton dry weight and VM-ADCP
acoustic backscatter with previous data sets, dry weight was log-transformed so that the
rate of change could be examined (i.e. ADW/AAB). Figure 5.2.5 shows the logarithm of
dry weight divided by 4r plotted against acoustic backscatter. Dry weight was divided by
4m after the theory suggested by FS2. This follows the premise that since target strength

(and therefore the backscattered signal) is equal to log(c, /47), where o is the acoustic
cross section, and dry weight is approximately proportional to cross-sectional area (which
should be proportional to acoustic cross section), it is logical to plot log(DW /4r) against

the observed VM-ADCP acoustic backscatter.
A predictive linear regression line fitted to the data in Figure 5.2.5 yields the

relationship:
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Figure 5.2.5 LHPR sample log(DW/4n) plotted against observed VM-ADCP acoustic
backscatter (OAB).
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Figure 5.2.6 LHPR sample log(DW,./4m) of significant acoustic scattering groups plotted
against observed VM-ADCP acoustic backscatter (OAB).
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log(DW /47 )= 0.04164 x OAB +2.992

The correlation coefficient is 0.47 (n = 27, P = 0.05) and 22% of the data fitted the line.
The significant coefficient in this equation is the slope of the line (0.04164, S, = 0.0158),
which represents ADW/AAB. FS2 comment that the intercept (2.992) will be, at the least,
instrument specific.

ADW/AAB was compared with previous results (0.115, FS2; 0.056, HSB; and
0.055, BVVS) using a students t-test. The null hypothesis (H)) was that ADW/AAB was
not significantly different from the slope of previous regression lines (i.e. 0.115, 0.056 and
0.055). The null hypothesis was accepted when ADW/AAB was compared with HSB,
BVVS, and rejected when compared with FS2 (Table 5.2.2).

(Hy) v = 0.115 (Flagg and | 0.056 (Heywood | 0.055 (Batchelder
0 Smith, 1989b) et al., 1991) et al., 1995)

Hy accepted at P = 0.01

(ADW/AAB = 0.0416)" YES no no

Hy accepted at P = 0.01 o o o
(ADW/AAB = 0.08769)

Hj accepted at P = 0.01

(ADW,o/AAB = 0.0444)" YES 1o no

H)j accepted at P = 0.01
(ADW,,/A4B = 0.07736)° YES ho no

! = calculated using a predictive regression.

? = calculated using a geometric mean estimate of the functional regression

Table 5.2.2 Examination of ADW/AAB compared with previous studies

The above method was also applied to the biovolume data (DW,g) of only the
significant acoustic scattering groups (Figure 5.2.6). The resultant regression line has a

correlation coefficient of 0.56 (n =27, P = 0.05) and 32 % of the data fitted the line. The

regression yielded the following relationship:

log(DW,, /47)=0.04439 x OAB +2.508

ADW,/AAB (= 0.04439 with a standard error of 0.013) was compared with previous
results (Table 5.2.2) and found to be significantly different from FS2 result but not from

HSB and BVVS.
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At this point it should be noted that the present author disagrees with the
regression analysis outlined above. According to Wiebe ef al. (1975), when examining a
relationship between variables which are subiect to both natural variability and
measurement error and when the observations cannot be assumed to be a random sample
from a bivariate normal population, the geometric mean estimate of the functional
regression of Y on X (Ricker, 1973) is appropriate. In addition the correct algorithms for
the conversion of biovolume (DV) to dry weight (DW) were used (Wiebe, 1988) where:

log(DV) = —1.842 + 0.865log(DW)

Recalculating equations for the regression lines of log(DW/4mw) and log(DW,,/4m) versus

observed backscatter (Figures 5.2.5 and 5.2.6 respectively) gives:

log(DW [47) = 0.08769 x OAB +6.7743

and

log{DW,, /41)=0.07736 x OAB +5.2557

The correlation and regression coefficients remain the same values of 0.47 and 22 %, and

0.56 and 32 % respectively.

ADW/AAB of the new regression equations were compared with previous work
(Table 5.2.2). ADW/AAB for log(DW/4m) was not found to be significantly different from
previous work, and ADW,o/AAB for log(DW,/4m) was found to be only significantly
different from the results of FS2.

5.2.2.2 Discussion of direct comparison

Zooplankton biovolume (DV) was found to be exponentially related to observed
VM-ADCP acoustic backscatter (OA4B). This was consistent with previous work and

shows that acoustic backscatter can be used as a general proxy for the distribution of

zooplankton (FS1, HSB).

As this, and other work, involves the use of “relative” acoustic backscatter and for
statistical comparison with previous work, zooplankton volume (DV) was converted to dry
weight, log-transformed and plotted against VM-ADCP acoustic backscatter. The resultant

slope of a regression line (ADW/AAB) expresses the rate of change in biomass with a
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change in acoustic backscatter and the intercept is instrument and experiment-specific.
FS2 expected this to provide a linear dependence with a proportionality constant of 1/10
(i.e. ADW/AAB = 0.1), where the larger the slope the less sensitive the VM-ADCP would
be to changes in zooplankton concentration.

The data presented in this study exhibit a poorer correlation between log(DW/4r)
and VM-ADCP acoustic backscatter than that found by previous authors (FS1, FS2, HSB,
BVVS). However, it should be noted that the study which had the greatest regression and
correlation coefficient (by FS1 and FS2, r*= 0.96) was carried out in an area dominated by
a single species of copepod, Calanus finmarchicus (Smith and Lane, 1988), ie. a
simplified “acoustic situation”. Batchelder et al. attributed their and Heywood et al.’s
“poorer” correlations to using depth integrated net hauls compared with vertically
stratified net hauls.

ADW/AAB in this study was 0.04164, lower than previous studies direct
comparisons between VM-ADCP acoustic backscatter and net-sampled zooplankton.
According to FS2 this implies that the VM-ADCP used in this study was the most
sensitive or, alternatively that the zooplankton analysed were larger. The latter statement is
certainly valid, because the mesh size of the net used in this study (333 um) was larger
than that used by FS2 and HSB. Therefore the mean length of zooplankton caught varied
between 1 and 15 mm (see chapter 3), larger than the zooplankton sampled by HSB
(where 50 % of the population < 1 mm). Additionally the wavelength of the acoustic
signal of a 150 kHz VM-ADCP is ~ 10 mm, closer to zooplankton length in the present
study than HSB'’s.

An alternative reason for variations in ADW/AAB was proposed by HSB. They
showed that the slope of the regression line (ADW/AAB), and the fit of the data to the line
(r%), varied if the value of the sound absorption coefficient (c), used in calculating acoustic
backscatter, was changed. The value of a used to calculate acoustic backscatter in the
present study was 0.44 dB m™ (RD Instruments, 1990) compared with 0.46 and 0.4 used
by HSB. The slope of their regression line varied from 0.056 to 0.052 with the change in
o, not sufficient to account for the variation of 0.0144 (~25 %) between HSB’s study and
the one reported here. HSB also considered that the error caused by changes in o would be
negligible compared with errors in the displacement method for measuring biovolume and

patchiness in the zooplankton.

A comparison of the relationship between acoustic backscatter and zooplankton

biomass found in the present study and previous ones is more complex than just

196



Chapter 5: Biological validation of acoustic backscatter

comparing the value of ADW/AAB. Each study occurred in a different area, the Western
North Atlantic, Gulf Stream (FS1 and FS2), the southern Indian Ocean (HSB), the Eastern
North Atlantic (BVVS) and the north Indian Ocean (this study), where different
zooplankton populations and community structures will exist (Van der Spoel and Heyman,
1983). In addition, a different zooplankton net with different mesh sizes was used in each
study. FS1 and FS2 used a MOCNESS with a 149 um mesh, HSB used a WP2 with a
142 um mesh, BVVS used a ring net with a 153 pm mesh and the present study used a
LHPR with a 333 um mesh. As we now know, acoustic backscatter is not related linearly
to zooplankton biomass but is a complex function of zooplankton size, morphology and
physiology (Stanton et al., 1996; Chapter 1). Hence similar results should not be expected
from the above comparison, as each study will be catching a different zooplankton
population with a different size structure.

5.2.3 Model-estimated acoustic backscatter

5.2.3.1 Comparison of observed and model-estimated acoustic backscatter

The comparison of acoustic backscatter with net-sampled zooplankton has
progressed from direct comparisons to the use of models (Zhou ez al., 1994; Wiebe et al.,
1996; Greene et al., 1998). This uses a knowledge of the zooplankton population (the
zooplankton net sample) combined with acoustic scattering models to predict acoustic
backscatter.

The relative contribution of six “significant acoustic scattering” zooplankton
groups, identified in the taxon-specific model equations given by Stanton et al. (1994a),
were estimated and compared with the observed acoustic backscatter in the vicinity of the
LHPR net sample. As is evident in Figure 5.2.7 the estimated pteropod contribution
(Figure 5.2.7¢) is larger than that of any other taxon in most of the samples. The
contributions of all the groups except for the euphausiids are normally less than the
observed value of acoustic backscatter, with the amphipod and chaetognath groups the
smallest. The euphausiid group had the second highest estimated acoustic backscatter, and
values from some samples are greater than the observed acoustic backscatter.

The percentage contribution of each group to the total model-estimated acoustic
backscatter (TMEAB) was examined. In surface waters, above 70 m, pteropods had the
largest model-estimated acoustic backscatter, comprising up to 69.5 % (Figure 5.2.8).
Amphipods contributed the least, comprising only 0.3 % of the TMEAB. Below 70 m
euphausiids had the greatest model-estimated acoustic backscatter, comprising up to

99.5 % of the total amount. Copepods were the second largest contributors, except below
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Figure 5.2.7 Model-estimated acoustic backscatter plotted against observed VM-ADCP acoustic backscatter for (a) Copepods, (b) Euphausiids and
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Figure 5.2.8 The percentage contribution of each significant acoustic scattering group to the
total model-estimated acoustic backscatter.
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230 m where they were replaced by fish. The contribution of each group to the TMEAB
was not necessarily related to its abundance or biovolume. Figure 5.2.9 shows the
contribution of each group to biovolume, abundance and TMEABRB for three samples from
17.5, 159.5 and 242 metres depth. Sample 10 shows that whilst pteropods are numerically
(0.1 %) and volumetrically (2.2 %) insignificant, they dominate the model-estimated
acoustic signal (69.5 %). In deeper samples (where pteropods were not present) the
abundance is dominated by copepods and the biovolume and TMEAB is dominated by
euphausiids and decapods.

The TMEAB for each sample was compared with the observed acoustic
backscatter (OAB) observed in the vicinity of the net-sampled volume (Figure 5.2.10).
The functional regression line fit to the log-transformed data explained 29 % of the total
variance of the data (r* = 0.29). The slope of the regression (0.67 to 2.d.p) was
significantly different from the expected slope of one (t-test, n = 25, P>0.05). Colour
coding the data according to the dominant acoustic scattering group indicates that when
pteropods were present in the samples the TMEAB was comparable with the observed
values. In deeper samples, where euphausiids and decapods were the largest contributors
to the TMEAB it typically exceeded the observed value. This implies that the euphausiid
and decapod model is incorrect. A possible cause of inaccuracy may be an orientation
effect, which has both a biological and an instrumental origin (Griffiths et al., 2002).
Acoustic backscatter from an euphausiid-shaped animal is directional. Its dependence with
angle has been studied by Stanton ef al. (1993b), Macaulay (1994) and more recently in
the laboratory by McGehee et al. (1998), in which variations of up to 25 dB were found.
The models assume broadside incidence of the acoustic signal to the zooplankton.
However, the orientation of an euphausiid within the water column is unknown and may
vary (biological origin). In addition the VM-ADCP beams are inclined 30° from the
vertical (instrumental origin). Therefore a —5 dB correction (applied to the euphausiid and
decapod contribution) required to force agreement between the model-estimated and
observed values is not inconsistent with the angular variation of backscatter between 0 and
30° reported by McGehee ez al. (1998). A functional regression line fitted to the corrected
log-transformed data (Figure 5.2.11) explained 44 % of the total variance of the data. The
slope of the regression line (0.87 to 2.d.p) was not significantly different from the
expected slope of one (t-tsst, n =25, P>0.05).

The type of water the sample was drawn from was identified (Figure 5.2.11) and

shows the model and observed acoustic data clusters depending on whether the source
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Figure 5.2.9 The contribution of each significant acoustic scattering group to abundance,
biovolume and model-estimated acoustic backscatter at (a) 17.5 m, (b) 159.5 m and (c) 242 m.
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Figure 5.2.10 Model-estimated acoustic backscatter plotted against observed VM-ADCP
acoustic backscatter.
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Figure 5.2.11 Model-estimated acoustic backscatter corrected for 30° orientation effect plotted
against observed VM-ADCP acoustic backscatter. A description of the oxygen concentration
of the water for each sample is provided.
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water was oxic, dysoxic or anoxic. The model predictions work well for samples drawn
from oxic and dysoxic water and not for samples drawn from anoxic water.

An alternate view is to analyse only the acoustic data that resulted from either
“evenly” distributed, or frequent targets. This follows the conclusion of Brierley et al.
(1998b) that VM-ADCP acoustic backscatter compared favourably with a calibrated
echosounder only under these conditions. In this case all samples where the observed
acoustic backscatter was greater than —80 dB were analysed and everything below —80 dB
was discarded. This dynamic range was comparable with the datasets analysed by Wiebe
et al. (1996) and Greene et al. (1998). The resultant regression line (Figure 5.2.12) fit to
the log-transformed data explained 62 % of the variance of the data. The slope of the
regression line (1.00 2.d.p) was not significantly different from the expected slope of one
(t-test, n = 12, P>0.05).
5.2.3.2 Discussion of model estimations

The use of models to describe acoustic scattering has arisen because the echo
return from a target is dependent not only on its size but also its composition (Stanton et
al., 1993a). The results presented here show that abundance, biomass and model-estimated
acoustic scattering contributions of six zooplankton groups vary disproportionately. In
particular, where a rare and small but strong acoustic scatterer such as a pteropod can
contribute as little as 0.1 % to the total sample abundance, 0.1 % of the biovolume but
represent 69.5 % of the TMEAB. These results indicate the necessity for caution when
describing zooplankton abundance and biovolume from acoustic backscatter without
concurrent net data to indicate the types of scatterers, and supports the need for accurate
acoustic scattering models.

The results of this study provide a convincing demonstration that at high
backscatter intensities the observed VM-ADCP acoustic backscatter data collected were
consistent with the forward problem predictions. The relationship between observed VM-
ADCP and TMEAB compared favourably with that found when using a well-calibrated
biological echosounder (Wiebe et al., 1996; Greene et al., 1998), and like the study by
Wiebe er al. the pteropod contribution was typically larger than the other taxa. However
the results of this study also provide examples of situations in which inconsistencies
between the observed and model-estimated acoustic backscatter indicate potential model,
instrumental and methodological problems.

Model
When euphausiids and decapods were the dominant scattering group the TMEAB

typically exceeded the observed values. Two potential sources of error affecting the model
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Figure 5.2.12 Model-estimated acoustic backscatter (in the same dynamic range as Wiebe ef
al., 1996 and Greene ef al., 1998) plotted against observed VM-ADCP acoustic backscatter.
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predictions for this group are an orientation effect and inadequate knowledge of the sound
speed and density contrasts of the zooplankton. The orientation effect was allowed for in
the results (see Figure 5.2.11), although it should be noted that if the animals in the ocean
have a preferred orientation, the echo levels could easily differ by several decibels from
the level averaged over all orientations (Wiebe ef al., 1996). The second error refers to the
calculation of the reflection coefficient (see Chapter 1) used within the model.
Euphausiids and decapods, which exist within the oxygen minimum layer of the Indian
Ocean, have softer carapaces than their other ocean environment counterparts (Herring et
al., 1998). This would effect their density and hence their reflection coefficient. The value
of the reflection coefficient used in Stanton ef al. (1993a) and Greene et al. (1998) was
R=0.058. Using an alternative value of R (R=0.031, given by Foote (1990)) would reduce
the mean bias of the euphausiid and decapod dominated samples by 4.6 dB. Inadequate
measurements of speed of sound and density contrasts, and the lack of knowledge
regarding the orientation of euphausiids and decapods within the open ocean results in our
inability to distinguish between these two errors. In fact a recent and novel proposal for
the use of acoustic methods includes the ability to detect the orientation of zooplankton
through repeated measurements of a zooplankton population at multiple angles (pers.
comm. Stanton).

Instrumental

Brierley et al. (1998b) commented on the unreliability of acoustic measurements
made with an VM-ADCP in regions of low or irregularly distributed targets. The results
presented in this study show that at high backscatter intensities (which are related to many
or evenly distributed targets) model-estimated and observed acoustic backscatter are
comparable, the VM-ADCP behaving as well as a biological echosounder. However, at
low backscatter intensities the model predictions become increasingly poor. This may be
as a function of the VM-ADCP’s method of averaging acoustic backscatter from four
beams, instead of using just one as in a biological echosounder.

Methodological

Comparing model-estimated with observed acoustic backscatter assumes that the
two instruments (in this case the VM-ADCP and the LHPR zooplankton net) are sampling
the same zooplankton population. The first basic condition to be met is that both
instruments are sampling similar size ranges. In this case the acoustic frequency used of
153 kHz, resolving single targets of ~10mm and multiple targets of <10 mm, is
comparable with the size of zooplankton caught by the LHPR (>~1 mm following Nichols

and Thompson, 1991). The second condition should be that the two instruments have
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comparable sampling volumes. Since the VM-ADCP has four conical beams (with a
beamwidth of 2.5°) the volume of water insonified increases with depth, whereas the
LHPR sample volume remains constant. Figure 5.2.13 shows the volume of water sampled
by an VM-ADCP and the LHPR with depth during a two-minute period. At the surface the
volumes sampled are similar, the VM-ADCP measuring from ~190 m®> of water and the
LHPR from ~40 m’. At 300 m the VM-ADCP backscatter measurements are made from
~170000 m° of water, nearly four orders of magnitude greater than the LHPR. This
divergence in the volume of water sampled affects the probability of each instrument in
encountering strong but rare acoustic scatterers such as pteropods. Where, because of its
larger sampling volume, the VM-ADCP is more likely to sample at least one pteropod
than is the LHPR (Figure 5.2.14).

An additional problem resulting from spreading is singular to the VM-ADCP. An
VM-ADCP has four beams, each angled 30° from vertical. This results in the fore and aft
beams angled 60° from each other, so that at 10 m depth the centre of the beams are
separated by 17 m and at 300 m depth by 520 metres. If a ship travels at 2 m s, a sample
taken at 10 m depth would contain zooplankton information over a distance of ~240 m
(during a two-minute sample) whilst a sample taken at 300 m depth would cover a
distance of ~750 metres. Hence zooplankton patches at depth could be smeared by the

VM-ADCP.
A combination of these problems and the knowledge that when the LHPR is at

300 m depth it could be up to 850 m behind the ship (allowed for when calculating OAB,

see chapter 2) creates a large margin for error.

5.3 Comparison of observed acoustic backscatter (OAB) and zooplankton samples

from the Alboran Sea

5.3.1 Description of concurrent acoustic backscatter and zooplankton samples

Figure 5.3.1 presents a contour plot of VM-ADCP observed acoustic backscatter
over the period of the LHPR station 13048. Two sound scattering layers are identified,
Sound Scattering Layer 1 (SSL1) was a discrete layer that existed at the surface to 100 m
at the beginning of the LHPR cast and deepened to a depth ~150 m during the upcast
(following the ~28 oy isopycnal, Chapter 4). The second Sound Scattering Layer (SSL2)
occurred below ~250 m, in predominantly Levantine Intermediate Water (Chapter 4) with

intensities of 65 dB and above. The SSL1 had lower backscattering intensities than
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Figure 5.2.13 The volume of water sampled by the LHPR and the VM-ADCP as a function of
depth.
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Figure 5.2.14 The probability distribution for the number of pteropods within a sample, given a
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Figure 5.3.1 A contour plot of VM-ADCP observed acoustic backscatter during the LHPR
Station 13048. Two Sound Scattering Layers are identified. SSL1, a layer of higher backscatter
concurrent with the 27.9 o, isopycnal along the front, and SSL2, a permanent feature occurring

below ~250 m.
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SSL2 of ~-75 dB. At ~200 m depth during the downcast the lowest values (~-85 dB) of

acoustic backscatter were observed.

Observed acoustic- backscatter from the EK.500 for the three frequencies 200, 120
and 38 kHz during the LHPR haul is shown in Figure 5.3.2. The 200 kHz data show a thin
layer of high backscatter in the surface 20 m and the beginning of SSL2 before it
disappears below the acoustic penetration depth (Figure 5.3.2a). At 120 kHz the layer of
high acoustic backscatter seen at the surface in 200 kHz data is thicker, extending ~25 m,
and of similar intensities (Figure 5.3.2b). The greater depth resolution shows SSL2 in
more detail and observed acoustic backscatter is higher at 150 m during the upcast than at
the beginning of ’Lhe downcast. The layer of highest backscatter (SSL1) at depth is seen
occasionally, as it occurs at the greatest extent of the 120 kHz range. The SSL1 dominates
the acoustic backscatter at 38 kHz (Figure 5.3.2¢), it begins at ~200 m although the
greatest intensities of >-65 dB are below 300 m. SSL2 is not obvious in the 38 kHz data,

although there is higher acoustic backscatter in the surface 100 m during the downcast

than during the upcast.
A summary of the acoustic volume backscattering statistics from the VM-ADCP

and the standardised biovolume and abundance for each sample is shown in Table 5.3.1.
Observed VM-ADCP acoustic backscatter values range between —61.20 and —84.44 dB
and the standard deviation lies between 0 and 2.02 dB. The final column indicates from
which water mass the sample was taken from. The water masses, identified using
temperature and salinity data collected from the LHPR’s environmental sensors, were
separated into five groups: water of predominantly Atlantic origin (AOW); predominantly
Mediterranean surface water origin (MOW), mixed Mediterranean and Atlantic water
(MMAW), Temperature Minimum Layer water (TML) and Levantine Intermediate Water
(LIW). The last two water masses were identified after Gascard and Richez (1985). The
respective temperature and salinitys of each water mass are listed in Table 5.3.2.

The acoustic volume backscattering statistics for the three frequencies (38, 120 and
200 kHz) of the EK500 are presented in Table 5.3.3. The 38 kHz frequency data had the
greatest dynamic range, with minimum and maximum values of —89 and —58dB
respectively and a standard deviation between 0.06 and 2.45 dB. The 120 kHz data ranged
between —88.51 and —70.80 dB with a standard deviation of between 0 and 1.11 dB, and
the 200 kHz data varied between —91.55 and —75.32 dB with a standard deviation between
0 and 1.92 dB. As in Table 5.3.1, the water mass from which the sample was taken has

been identified in the final column.
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Figure 5.3.2 Contour plots of EK500 (a) 200 kHz, (b) 120 kHz and (c) 38 kHz observed
acoustic backscatter during the LHPR Station 13048 (note different scales). Two Sound
Scattering Layers are identified. SSL1, a layer of higher backscatter concurrent with the 27.9
o, isopycnal along the front, and SSL2, a permanent feature occurring between ~250 and
>600 m.
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Table 5.3.1. Summary of ADCP acoustic backscattering statistics, zooplankton
biovolumes and abundance for LHPR samples from Station 13048,

LHPR Sample

Sample Mean . St-an.dard . LHPR Sample Water
Number Backscattering | Deviation to 2 | Biovolume t? 2 Abundance t(s) 2 Mass*
to 2 d.p. (dB) d.p. (dB) d.p. (ml m™) d.p. No. m™)
1 -72.77 0.29 0.02 123.33 MOW
2 -75.47 0.34 0.04 159.28 MOW
3 -74.46 0.39 0.03 193.36 MOW
4 -75.98 0.29 0.02 159.20 MMAW
5 -76.32 0.56 0.01 122.81 MMAW
6 -77.16 0.88 0.01 62.26 MMAW
7 -76.02 1.29 0.01 44.25 MMAW
8 -79.78 0.64 0.01 118.01 MMAW
9 -80.70 0.39 0.01 146.10 MMAW
10 -78.60 0.57 0.02 137.28 T™L
11 -81.22 0.46 0.02 231.58 TML
12 -84.33 0.59 0.02 185.07 TML
13 -84.45 0.00 0.03 193.19 LIW
14 -77.87 0.00 0.03 230.56 LIW
15 -74.34 0.85 0.03 306.16 LIW
16 -67.43 0.83 0.03 311.74 LIW
17 -67.41 0.01 0.05 314.92 LIW
18 -70.44 0.00 0.04 233.42 LIW
19 -66.40 0.89 0.02 130.49 LIW
20 -62.30 0.00 0.02 123.84 LIW
21 -62.28 0.00 0.02 71.58 LIW
35 -62.81 0.31 0.04 39.19 LIW
36 -61.91 0.30 0.04 79.97 LIW
37 -61.41 0.85 0.03 52.91 LIW
38 -61.20 0.58 0.05 56.84 LIW
39 -62.08 0.58 0.04 51.95 LIW
40 -62.03 0.31 0.02 49.65 LIW
41 -62.80 0.31 0.03 59.36 LIW
42 -62.86 0.57 0.03 49.58 LIW
43 -66.24 0.58 0.02 94.63 LIW
44 -68.99 0.78 0.02 112.65 LIW
45 -68.27 1.06 0.03 116.89 LIW
46 -69.01 0.01 0.05 213.75 TML
47 -70.74 0.29 0.06 312.17 TML
48 -72.06 1 0.01 0.05 309.17 TML
49 -71.19 0.30 0.06 291.36 TML
50 -70.99 0.29 0.06 313.19 TML
51 -72.85 0.30 0.06 307.81 TML
52 -74.39 2.02 0.02 217.65 MMAW
53 -79.69 0.63 0.03 226.73 MMAW
54 -78.62 0.25 0.02 230.69 MMAW
55 -78.99 0.29 0.02 220.15 MMAW
56 -78.75 0.58 0.02 178.41 MMAW
57 -76.71 0.30 0.01 181.24 MMAW
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58 -71.79 1.06 0.04 5 82.07 MOW
59 -78.72 0.70 0.01 60.28 MOW
60 -79.21 0.34 0.01 84.49 MOW
61 -78.82 0.00 - 0.01- 61.02 MOW
62 -81.58 0.29 0.01 37.15 AOW
63 -80.47 0.00 0.01 68.52 AOW
64 -81.83 0.61 0.02 137.28 AOW
65 -80.23 0.29 0.01 68.45 AOW
66 -81.76 0.27 0.02 108.39 AOW
* AOW — Atlantic Origin Waters
MOW — Mediterranean Origin Waters
MMAW — Mixed Mediterranean Atlantic Waters
TML - Temperature Minimum Layer Waters
LIW — Levantine Intermediate Waters
Table 5.3.2. Identification of Alboran Sea water masses
Water Mass Temperature Salinity
(O
Atlantic Origin Water >16.2 <37
(MOW)
Mediterranean Origin Water >15.5 >37.5
(MOW)
Mixed Mediterranean 13.5-15.5 37.5-38.1
Atlantic Water (MMAW)
Temperature Minimum Layer <13.5 ~38.2
(TML)
Levantine Intermediate Water >38.2
(LIW)

S
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Table 5.3.3. Summary of EK500 acoustic backscattering statistics for LHPR samples

from Station 13048

38 kHz

120 kHz

200 kHz
Sample Mean Standard Mean Standard Mean Standard Water
Number Backscatter Deviation Backscatter Deviation Backscatter | Deviation Mass*
(dB) (dB) (dB) (dB) (dB) (dB)

1 -62.43 0.09 -76.28 0.56 -80.83 0.75 MOW
2 -73.69 0.17 -81.31 0.76 -85.40 0.29 MOW
3 -78.23 0.87 -81.48 0.47 -85.76 0.21 MOW
4 -80.24 1.16 -84.18 0.40 -87.69 0.10 MMAW
5 -81.08 0.78 -83.27 0.99 -84.95 1.92 MMAW
6 -81.96 1.25 -84.69 1.05 -87.02 0.00 MMAW
7 -81.80 0.15 -84.05 0.49 -86.04 0.91 MMAW
8 -82.65 0.61 -85.27 0.10 MMAW
9 -82.14 1.08 -85.15 0.01 MMAW
10 -73.63 1.54 -82.79 0.04 T™ML
11 -78.63 1.22 T™L
12 -84.53 1.24 TML
13 -86.57 0.48 LIwW
14 -79.84 1.67 LIW
15 -75.70 0.75 LIw
16 -68.51 1.16 ~73.31 0.00 LIW
17 -67.01 0.45 -71.84 0.25 LIW
18 -72.16 0.13 LIW
19 -59.80 2.10 LIW
20 -60.01 0.64 LIwW
21 -59.42 0.74 LIW
22 -61.29 0.46 LIwW
23 -61.57 0.06 LIwW
24 -61.31 0.54 LIwW
25 -59.66 0.69 LIW
26 -58.88 0.61 LIW
27 -59.33 0.21 LIW
28 -58.63 0.67 LIW
29 -59.10 0.81 LIW
30 -58.81 0.07 Liw
31 -59.36 0.60 LIW
32 -61.95 0.38 LIW
33 -62.92 -0.33 LW
34 -60.75 012 LIW
35 -60.11 0.40 LIW
36 -58.89 0.55 LIW
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37 -58.84 0.39 Liw
38 -59.21 041 LIwW
39 -60.01 0.69 LIW
40 -60.70 0.06 LIW
41 -60.38 0.30 LIw
42 -60.64 053 LIW
43 -66.06 1.36 LIW
44 -69.44 0.91 -70.80 0.00 LIW
45 -68.40 1.21 -70.80 0.59 LIW
46 -69.60 0.98 -72.46 0.56 TML
47 -70.47 0.94 TML
48 -71.38 0.35 -73.65 0.00 TML
49 -71.11 0.41 -74.23 0.51 TML
50 -70.86 0.65 -74.70 0.15 TML
51 -72.86 0.66 -76.52 0.24 TML
52 -74 51 2.24 -78.03 0.91 MMAW
53 -83.54 0.27 MMAW
54 -81.55 0.25 -80.98 0.00 MMAW
55 -82.92 1.16 -81.55 0.00 MMAW
56 -83.20 0.71 -81.41 0.18 MMAW
57 -81.32 0.91 -81.38 0.20 MMAW
58 -80.64 0.67 -80.07 1.11 -75.32 1.59 MOW
59 -85.55 1.25 -85.53 0.35 MOW
60 -88.93 245 -86.90 0.55 -86.89 0.00 MOW
61 -86.59 157 -86.68 0.82 -88.68 0.62 MOW
62 -85.20 145 -88.51 076 -91.45 0.42 AOW
63 -79.30 0.98 -87.17 0.91 -90.95 0.90 AOW
64 -82.62 0.80 -88.41 0.09 -91.55 0.19 AOW
65 -83.85 145 -87.76 0.25 -90.72 0.25 AOW
66 -82.46 0.98 -87.99 0.15 -91.35 0.25 AOW

AOW - Atlantic Origin Waters

MOW — Mediterranean Origin Waters

MMAW - Mixed Mediterranean Atlantic Waters
TML — Temperature Minimum Layer Waters
LIW — Levantine Intermediate Waters
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In Figure 5.3.3 the distribution with depth of observed VM-ADCP acoustic
backscatter, total biovolume, total abundance, acoustic group biovolume and acoustic
group abundance for each two-minute LHPR sample is presented. In all variables there
were differences between the up and downcasts of the LHPR haul, not surprisingly as the
haul was conducted through several water masses and across a front. Values of observed
VM-ADCP acoustic backscatter (Figure 5.3.3a), on the downcast, remained fairly constant
around -75 dB to a depth of 100 m. Below this, acoustic backscatter decreased to its
lowest values during the haul of ~-85 dB at 170 m, with a small maximum of -78 dB at
130 m depth. Below 170 m acoustic backscatter increased occurring with two maxima at
210 and 270 m dépth. During the haul the highest acoustic backscatter was observed at
300 m depth (between —65 and —60 dB) and the acoustic backscatter values of both the up
and downcast followed a similar distribution from the bottom of the VM-ADCP range to
~240 m. From 240 m to ~100 m acoustic backscatter was higher in the upcast than it had
been in the downcast, although the distribution was comparable, with a maxima (-72 dB)
at ~130 m. Above 100 m acoustic backscatter intensities remained around ~-81 dB, 6 dB

less than on the downcast.

Whilst VM-ADCP acoustic backscatter remained constant from the surface to
~100 m, zooplankton biovolume (Figure 5.3.3b) had a subsurface maxima of ~0.04 ml m>
at 40 m, this decreased to the lowest biovolume of the downcast (<0.01 ml m™) at 100 m.
A second maximum occurred at ~240 m depth, coincident with a peak in acoustic
backscatter. Below 240 m biovolume decreased, although two samples had elevated
biovolumes as a result of large Pyrosoma being caught in the net. The abundance of
zooplankton (Figure5.3.3b) followed a similar distribution to the biovolume on the
downcast. The only discrepancies observed were caused by an increase in the abundance
of copepods at 148 m and the occurrence of Pyrosoma below 300 m. The abundance of
zooplankton showed similar distributions in both the up and downcast of the haul, except
the minimum values of abundance were found at ~50 m on the upcast compared with at
~100m on the down. Biovolume values of the upcast were more erratic than the
downcast. The depth that the largest biovolume was found during the upcast (~200 m) was
slightly shallower and occurring over a larger depth range than the downcast, and no
subsurface maximum at ~50m could be recognised. Like the VM-ADCP acoustic
backscatter biovolume and abundance was smaller in the upcast than during the downcast.
Biovolume and abundance data for only the significant acoustic scatterers (Figure 5.3.3¢)

followed a similar profile to those for the total zooplankton in both the up and downcast.
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(a) Observed Acoustic Backscatter (dB) (b) Standardised Abundance (No m3) (c) Standardised Abundance (No. m-3)
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Figure 5.3.3 The distribution with depth of (a) observed VM-ADCP acoustic backscatter, (b) total
LHPR sample biovolume and total sample abundance, and (c) acoustic group biovolume and acoustic

group abundance. The downcast is in yellow, the upcast in red.
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Figure 5.3.4 The distribution with depth of observed EK500 acoustic backscatter at (a) 200 kHz, (b)

120 kHz and (c) 38 kHz.
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Resembling the VM-ADCEP profile, the intensities of acoustic backscatter at depths
above 100 m in the downcast of all three frequencies of the EK3500 were greater than the
upcast (Figure 5.3.4) with greatest intensities occurring at the surface. The difference in
depth range attained with each frequency is shown in Figure 5.3.4, with the 200 kHz
frequency producing values to ~100 m, the 120 kHz to ~240 m and the 38 kHz having the
greatest depth range of ~800 m. The highest acoustic backscatter intensities at 120 and
38 kHz occurred at depth (-72 dB at 230 m and ~-60 dB below 250 m for each frequency
respectively). Below 100 m in the 120 kHz data, acoustic backscatter intensities in both
the up and downcast were of similar values (Figure 5.3.4b) except for a slight maximum
of —80 dB at 130 m on the upcast. The 38 kHz data follows a similar profile to the VM-
ADCP, with a maxima at ~130 m on both the up and downcast, a minima at ~170 m,
which is lower and deeper on the downcast than the up (-86 at 170 m compared with —
83 dB at 156 m) and a maxima (-67 dB) at 220 m on the downcast (Figure 5.3.4c).
Acoustic backscatter intensities were fairly constant from 260 m to the bottom of the
LHPR haul in both the up and downcast. The only similarity between the acoustic
backscatter and zooplankton biovolume and abundance profiles is a maxima occurring
between 200 and 230 m depth.

5.3.2 Direct comparison

5.3.2.1 Direct comparison of zooplankton biovolume and abundance and observed

acoustic backscatter

Following the method outlined in section 5.2.2.1 the correlation between acoustic
backscatter and LHPR-sampled zooplankton biovolumes was examined. In Figure 5.3.5
the total VM-ADCP and EK500 200, 120 and 38 kHz acoustic backscatter observed in the
vicinity of the two-minute LHPR is plotted against zooplankton biovolume for that
sample. Contrary to Section 5.2.2.1 an exponential curve was not fitted to the data. This
procedure is thought to be slightly tenuous as both exponential and linear regression lines
fitted to the data provide similar statistics (Table 5.3.4). However, it should be noted that,
as with previous data (Section 5.2.2.1, FS1; FS2; HSB; etc.), a general trend of higher
backscatter associated with larger biovolumes could be discerned at all frequencies. The
best fit to the data was a linear regression line fit to the 120 kHz acoustic data, where 57 %
of the data (r* = 0.57) fitted the regression line.

To compare the results with FS1, HSB, BVVS and section 5.2.2.1 (henceforth
denoted S5) biovolume was converted to dry weight (DWW, mg m?), using Wiebe’s (1988)
conversion tables, divided by 4% and logged (after FS2, see section 5.2.2.1). Log(DW/4r)
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Figure 5.3.5 LHPR samﬁle total standardised biovolume (DV) plotted against (a) observed
VM-ADCP acoustic backscatter (OAB), (b) EK500 200 kHz acoustic backscatter, (c) EK500
120 kHz acoustic backscatter and (d) EK500 38 kHz acoustic backscatter.
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2

Instrument and frequency Equation r
VM-ADCP linear DV = 0.09344+0.0009121 048 0.20
VM-ADCP exponential DV = 0.02192¢"02201045 0.18
EK500 200 kHz linear DV =10.1505+0.00152704B 0.36
EK500 200 kHz exponential DV = 8.515¢"7159048 0.37
EK500 120 kHz linear DV = 0.1965+0.00212204B 0.54
EK 500 120 kHz exponential DV = 6.942¢"07044045 0.49
EK500 38 kHz linear DV =0.0606+0.000504B 0.12
EK500 38 kHz exponential DV = 0.0804¢"0130045 0.11

Table 5.3.4 Equations and r* values for linear and exponential regression lines fit to

zooplankton biovolume and observed VM-ADCP and EK500 acoustic backscatter.
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was plotted against observed acoustic backscatter for each frequency (Figure 5.3.6) and
ADW]/AAB was calculated using both a predictive and a functional regression for the VM-
ADCEP data. Values of ADW/AAB were also investigated for acoustic data from the EK500
although, because they are not being compared with previous results, only a functional
regression has been used in their calculation. The strongest correlation was again found in
the 120 kHz data, where 57 % of the data fitted the regression line. This method was also
used for the dry weight of solely the significant acoustic scattering groups and
log(DW,e/4m) was calculated and plotted against observed acoustic backscatter (Figure
5.3.7). The fit of the data to the regression line improved at all frequencies (r* = 0.22, 0.66,
0.61 and 0.19 coinpared with 0.23, 0.28, 0.57 and 0.16 for VM-ADCP, 200, 120 and
38 kHz respectively).

VM-ADCP ADW/AAB was compared with previous results (0.115, FS2; 0.056,
HSB; 0.055, BVVS; 0.0416 and 0.08769, S5) using a students t-test (Table 5.3.5). The
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of only the significant acoustic scattering groups (ADW,g /AAB).

The VM-ADCP ADW/AAB, calculated using a predictive regression, was the
smallest value of all the studies and found to be statistically significantly different from
that calculated by FS2, HSB and from the functional regression calculated value of
ADW/AAB from S5.

When calculated using a functional regression, VM-ADCP ADW/AAB was still
statistically different from FS2 and from the functional regression calculation of
ADWIAAB from S5. ADW,,/AAB was found not to be significantly different from
ADWIAAB (P=0.01), but were found to be significantly different from the results of FS2
and the functional regression calculated value from S5.

ADW/AAB and ADW,o/AAB for each frequency of the EK500 were compared with
each other (Table 5.3.6). No statistically significant difference was found between the two
highest frequencies of 200 and 120 kHz. The only significant difference between the 200
and 38 kHz frequencies was between the 200 ADW,o/AAB and the 38 ADW/AAB. The
insensitivity of the t-test could be a result of the large standard error and small sample size
of the 200 kHz data set (S.E. = 0.0169, n = 15). For example, where the 38 kHz ADW/AAB
was compared with ADWag /AAB (larger data sets, with smaller standard errors (n = 66,
S.E. = 0.0033 and 0.004873 respectively) a significant difference is found, although the
difference between values of ADW/AAB is less.
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Figure 5.3.6 LHPR sample log(DW/4r) plotted against (a) observed VM-ADCP, (b) EK500
200 kHz, (c) EK500 120 kHz and (d) EK500 38 kHz acoustic backscatter (OAB).
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Figure 5.3.7 LHPR sample log(DW,./47) of significant acoustic scattering groups plotted against
(2) observed VM-ADCP, (b) EK500 200 kHz, (c) EK500 120 kHz and (d) EK500 38 kHz
acoustic backscatter (OAB).
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Table 5.3.5 Examination of VM-ADCP ADW/AA4B compared with previous studies

. . 0.055
Hp) v= 0.115 (FS2 0.056 (HSB) 0.0416" (S5 0.0877% (S5
(Hy) (FS2) BYVS) (83) (85)
Total sample
Hy accepted (P=0.01)
. YES YES no o YES
ADCPADWIAAB = 0.0203
Hj accepted (P=0.01)
YES YES
ADCPADW/AAB = 0.0420° ne ne no
Acoustic groups only
Hj accepted (P=0.01)
) YES no no no YES
ADCPADW,,/A4B = 0.0246
Hy accepted (P=0.01)
YES no no no no
ADCPADW,,/A4B = 0.0531"

' = calculated using a predictive regression

? = calculated using a geometric mean estimate of the functional regression

Table 5.3.6 Examination of EK500 ADW/AAB between different acoustic frequencies

(Hy)v= 200 kHz 120 kHz 38 kHz
ADWIAAB = 0.0718 ADWIAAB =0.0598 ADWIAAB = 0.0287
Acoustic groups only
Hy accepted (P=0.01)
200kHZADWIAAB = 0.0718 X no no
Hy accepted (P=0.01)
200kHzADW,,/A4B = 1o 1o YES
0.1009
Hj accepted (P=0.01)
120kHzADW/AAB = 0.0598 no X YES
Hj accepted (P=0.01)
120kHzADW, /AAB = no 1o YES
0.0767
Hy accepted (P=0.01)
38kHZADW/AAB = 0.0287 no YES X
Hj accepted (P=0.01)
38kHzADW,/AAB = 0.0339 no YES No
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5.3.2.2 Discussion of direct comparison

Zooplankton biovolume was not exponentially related to observed VM-ADCP or
EK500 acoustic backscatter, contrary to the findings in Section 5.2. Although, agreeing
with previous studies, a general trend of an increase in biovolume related to an increase in
observed acoustic backscatter could be discerned (Table 5.3.4). The commercially built
fisheries echosounder (the EK500) acoustic backscatter (at its higher frequencies) showed
a better correlation with the zooplankton biomass than the VM-ADCP.

While the VM-ADCP acoustic data used in this study could be described as
absolute (after Roe et al., 1996), the inability to calibrate the instrument and for
comparison with 'previous studies ADW/AAB was calculated (see Section 5.2.2.1). A
predictive regression produced the lowest value of ADW/AAB (0.0203) compared with
previous studies, and was significantly different from that of FS2 and HSB. The functional
regression calculated ADW/AAB was greater (0.0420), closer to the value of HSB, but still
significantly different from FS2’s and S5’s. Again this indicates (according to FS2) that
the VM-ADCP used in this study was the most sensitive to changes in zooplankton
concentration. An interesting observation at this point is that the VM-ADCP used in this
study was the same as that used in the Indian Ocean and the same type of net was used to
catch the zooplankton (the Longhurst Hardy Plankton Recorder, although a modern
version; see Chapter 2). Hence it is unlikely that the instruments could be “mechanically”
more sensitive, therefore it is more likely the greater sensitivity could be attributed to
differing zooplankton populations that live in the Indian Ocean and Mediterranean Sea. In
this case the average mean length of the zooplankton caught in the Indian Ocean was
larger than that in the Mediterranean Sea (7.23 and 6.7 mm respectively). Since the
individual target size of the 150 kHz frequency is ~1 cm, it could be that the VM-ADCP
was more sensitive to the target size (zooplankton) in the Indian Ocean than in the
Mediterranean Sea.

As in Section 5.2.2.1, the data presented in this study exhibit a poorer correlation
between log(DW/4n) and VM-ADCP acoustic backscatter than that found in previous
studies (FS1, FS2, HSB and BVVS). Comparable with the data from Section 5.2.2.1, the
poor regression and correlation coefficients are presumed to result from a sample set that
is comprised of a complex size and composition structure resulting from a mixed species
zooplankton population, rather than an environment dominated by a single species and
cohort of Calanus finmarchicus (FS2).

This dataset, from a different area and environment, results in a different
correlation from previous studies, although not statistically significantly different (p>0.05)

224



Chapter 5: Biological validation of acoustic backscatter

from BVVS or from S5. This is surprising as each study concemns different zooplankton
populations with different size structures. This may have resulted from statistical error

because of the small sample size and large scatter (BVVS, S5 and this study had the

poorest correlation).
From Section 5.2.2.2 and above it could be concluded that the greatest effect on

ADWJAARB is the frequency of the acoustic instrument used and the size of zooplankton
caught. This should show up in the value of ADW/AAB that was calculated using
multifrequency acoustic data from the EKS500 and log(DW/4r). The frequency whose
wavelength is comparable to the length of zooplankton caught ought to have the lowest
value of ADW/AAB. The LHPR, using a 333 um net, catches zooplankton of length
>1.3 mm (Nichols and Thompson, 1991) and the average size of zooplankton caught in
the Mediterranean Sea was ~6.7 mm, which is comparable with the wavelength of the
200 kHz frequency. However the 38 kHz had the lowest value of ADW/AAB, which would
suggest the greatest sensitivity to the zooplankton present. But if we retum to FS2’s
hypothesis that ADW/AAB should be equal to 0.1, the best correlation occurs with acoustic
data at 200 kHz (using only the significant acoustic scattering groups), agreeing with the
supposition that the 200 kHz frequency target size (~7.5 mm) is comparable with the size

of zooplankton caught.
Using this deduction, if we return to the VM-ADCP data we can conclude that the

study with the best correlation was by either FS2 (using a predictive regression) using a
150 kHz VM-ADCP in the Gulf Stream or S5 (using a functional regression) using a
150 kHz in the Indian Ocean. Ambiguities in this study are related to FS2’s original

assumption where (working backwards):

Log(DW/4m)=0.1 (1)
because:

TS = 10Log(cvs/4m) (2)
where:

Gbs € Oa

and:

Caoc DWW

where TS is target strength or, in this case, acoustic backscatter, oys is the backscattering

cross section and o, is the cross-sectional area. Errors may arise based around assumptions
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1 and 2. Table 5.3.7 provides a comparison of target strength (at 120 kHz), dry weight,
cross-sectional area and the proportionality constant between o, and DW of seven
zooplankton groups (after Table 1 in Griffiths e a/., 2002). ,/DW varied between 1.84
and 13 depending on zooplankton group and hence FS2’s assumption of o, «c DWW is
questionable or may only be applicable in single zooplankton species studies. As such the
value of the fit between observed acoustic backscatter and log(DW/4r) or ADW/AAB
becomes uncertain.

5.3.3 Model-estimated acoustic backscatter

5.3.3.1 Comparison of VM-ADCP observed and model estimated acoustic

backscatter

To improve the relationship between acoustic backscatter and zooplankton,
acoustic models must be used. The relative contribution of six “significant acoustic
scattering” zooplankton groups, identified in the taxon-specific model equations given by
Stanton et al. (1994a) are presented in Figure 5.3.8. The model estimates for all groups are
less than the observed acoustic backscatter, with fish and amphipods having the lowest
model-estimated values. As is evident in Figure 5.3.8f the estimated pteropod contribution
to the total acoustic backscatter is larger than that of any other taxon in many of the
samples i.e.2-80 dB.

The percentage contribution of each group to the total model-estimated acoustic
backscatter (TMEAB) was calculated (Figure 5.3.9). Whilst copepods contributed at least
~50 % to the TMEAB in most samples they did not dominate every sample. During the
downcast, in waters of Mediterranean origin, chaetognaths contributed greatly to the
TMEAB, especially in a twenty metre thick layer at 90 m where their contribution reached
~80 %. Below 160 m this contribution dropped to < 10 % for the rest of the cast.
Pteropods dominated the TMEAB in a fifty metre-thick layer from 200 m, where they
contributed more than 70 % and up to 90 % of the TMEAB. This layer of pteropod
dominated samples also occurred on the upcast, although in a thinner and deeper layer.
During the upcast the euphausiid contribution to the TMEAB increased until they
dominated up to 75 % of the TMEAB in samples above 50 m in waters of Atlantic origin.
The fish group added little to the TMEAB, its greatest contributions (10-25%) occurring at
depth (200-300 m) in Levantine Intermediate Water and between 50 and 100 m.

The model-estimated acoustic backscatter for each zooplankton group is summed
(in linear form) to create TMEAB for each sample, which can be plotted against observed

VM-ADCP acoustic backscatter to investigate the relationship between acoustic

226



-100+

-120+

-140

(a) Copepod

-60

-140

-120

-100 -80 -60

~100-

Model-Estimated Acoustic Backscatter (dB)

-120+

(d) Chaetognaths

-140

"‘1

-140

-120

-100 -80 -60

-100

-120 -

(b) Euphausiids/Decapods

-140

-140

-120 -100

-100-

-120-

-140

(e) Fish

-140

-120 -100

Observed Acoustic Backscatter (dB)
Figure 5.3.8 Model-estimated acoustic backscatter plotted against observed VM-ADCP acoustic backscatter for (a) Copepods, (b) Euphausiids and

Decapods, (c) Amphipods, (d) Chaetognaths, (e) Fish and (f) Pteropods.

LTT

T

-80

-60

-100+

~120-

-140

(c) Amphipods

-14

-60

0 -120 -100

-804

-100+

~-120

-140

(f) Pteropods

-140

-120 -100

IojedsIORg ONSNOOE JO TONEpPI[EA [BOIS0[01d ¢ Io1dey)



Chapter 5: Biological validation of acoustic backscatter

(a) Downcast
0

50

100 A

150

Depth (m)

200 -

250 A

300 I T T T 1
0 20 40 60 80 100

(b) Upcast

50

100 -

150

Depth (m)

200

250

300 7
0 20 40 60 80 100

Contribution to Acoustic Backscatter (%)

1 Copepods BN Amphipods I Pteropods
B Euphausiids/Decapods Bl Chaetognaths B Fish
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Table 5.3.7 Target strength of single individuals from seven representative animal classes
at a frequency of 120 kHz, together with estimates of dry weight, cross-sectional area, and

G/ DW.

Gonplonkion | Ty | o s G| oW
Decapod -72.3 87 160 1.84
Pteropod -80.3 0.48 2 4.17

Fish -103.3 25 200 8

Chaetognath -106.7 0.26 1.43 5.5

- Amphipod -117.9 0.04 0.34 8.5

Large Copepod -103.1 0.23 0.95 4.13

Small copepod -124.3 0.01 0.13 13

Dry weights and areas were obtained from Stanton er a/. (1994), Flagg and Smith (1989b),
Foote (1990) and Davis and Wiebe (1985), either directly or by using the regression

equations therein.

Table 5.3.8 Summary of the functional regression lines fit to EK500 data

. . t-test (p>0.05
Frequency Equation of the line r’ . (p )
significant
Uncorrected model
200 kHz TMEAB = 0.87460AB — 5.9187 0.65 no
120 kHz TMEAB = 0.94970AB — 6.5069 0.49 no
38 kHz TMEAB = 0.78590AB - 37.7310 0.48 YES
Corrected model
200 kHz TMEAB = 0.74930AB — 15.9922 0.64 no
120 kHz TMEAB = 0.96870AB — 5.1568 0.46 no
38 kHz TMEAB = 0.99970AB — 18.4659 0.70 no
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backscatter and zooplankton (Figure 5.3.10a). The functional regression line fit to the log-
transformed data explained 10% of the total variance of the data (r* = 0.10) and the slope
of the line (0.61 to 2.d.p) was significantly different from the expected slope of one (t-test,
= 53, P>0.05). The relationship between TMEAB and observed VM-ADCP acoustic
backscatter is poor; one inaccuracy may be the orientation effect referred to in Section
5.2.3. Ten samples, all with OAB values in excess of —65 dB were diminishing the
relationship between OAB and TMEAB (identified in Figure 5.3.10a). When they were
removed from the dataset the functional regression fit to the log-transformed data
explained 37 % of the total variance of the data (r* = 0.37) and the slope of the line (0.87
to 2.d.p) was not significantly different from the expected slope of one (t-test, p>0.05)
(Figure 5.3.10b). On examination of the LHPR haul it was noticed that all these samples
were taken below 250 m in the Cyclothone and Myctophid rich Levantine Intermediate
Water (LIW). Myctophid fish represent dominant acoustic scatterers that have resonant
gas bladders, thereby augmenting their acoustic scattering (Johnson, 1977). However, the
models used in this study represent fish as fluid filled spheres and therefore their acoustic
backscatter is underestimated (see future work, Ben Reeder of WHOI running gas bladder
models).
5.3.3.2 Comparison of EK500 observed and model-estimated acoustic backscatter
Concurrent with the VM-ADCP acoustic backscatter observations was the EK500.
The EK500 is a multifrequency purpose-built biological echosounder and, as such, it is
expected that the relationship between its acoustic backscatter and net-sampled
zooplankton is superior to the VM-ADCP. The relative contributions of the significant
acoustic scattering groups are presented in Figure 5.3.11. The disparity in the frequency
used matched to the size of zooplankton caught is exhibited by the differences in the
model-estimated acoustic backscatter. For example, using data at 200 kHz the model
estimation is often greater than the observed value, whilst when using 38 kHz data the
model estimation is always less than the observed value (Figure 5.3.11). Whilst the
38 kHz observed acoustic backscatter had the highest intensities, the model estimated
values for all groups were the lowest except in the pteropod group. In general the model

estimations calculated for the 200 and 120 kHz frequencies were similar, although the

120 kHz data was typically slightly lower.

The percentage contribution of each significant acoustic scattering group to the
TMEAB for each frequency is shown in Figure 5.3.12a, b and c (note different depth
axis). As with the VM-ADCP data, the dominant contributor to the TMEAB changes

between the down and up cast of the LHPR haul. Analogous to all frequencies and the
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Figure 5.3.10 Model-estimated acoustic backscatter (MEAB) plotted against VM-ADCP
observed acoustic backscatter, (a) all samples and (b) samples above 250 m. LHPR samples
collected below 250 m are represented by the unfilled symbols.
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Figure 5.3.12a The percentage contribution of each significant acoustic scattering group to the
total model-estimated 200 kHz acoustic backscatter for the (a) downcast and (b) upcast of LHPR
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Figure 5.3.12b The percentage contribution of each significant acoustic scattering group to the
total model-estimated 120 kHz acoustic backscatter for the (a2) downcast and (b) upcast of LHPR
Station 13048.
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VM-ADCP, from 20-80 m depth the contribution from copepods dominated (~50 %) the
TMEAB, below this it changed to a thin layer of chaetognath-dominated samples. From
100 m the percentage contributions of each group diversifies between the frequencies. At
200 kHz euphausiids (50 %) and pteropods (30 %) dominate the TMEAB, whereas at 120
and 38 kHz copepods (35-65 %) and chaetognaths (30-60 %) dominate. In a layer of
~50 m, just below 200 m depth, the TMEAB estimated at 150 (VM-ADCP), 120 and
38 kHz was dominated by pteropods. Below this, in Levantine Intermediate Water (LIW),
fish became the main contributors to the TMEAB (note, only the 38 kHz frequency
reached these depths). In the upcast, fish or pteropods dominated the TMEAB up to a
depth of two hundred metres in the 38 kHz dataset. Whereas, comparable with the VM-
ADCP data, copepods, euphausiids and pteropods played a major role in the 120 kHz
TMEAB. Above 150m, the percentage contributions of each significant acoustic
scattering group at each frequency became similar again and from this depth to the
surface, in waters of Atlantic origin (AOW), the TMEAB was comprised of euphausiids,
copepods and pteropods. Amphipods alse contributed noticeably to the TMEARB in the
upcast, which was not seen in the downcast samples.

TMEAB plotted against observed acoustic backscatter for each frequency is
presented in Figure 5.3.13. Following the pattern identified in Figure 5.3.11, the TMEAB
calculated at 200 kHz was overestimated compared with the acoustic backscatter, the
120 kHz was typically within 5 dB and the 38 kHz was under estimated. The equations of
the functional regression lines fit to the log-transformed data, the fit of the data to the line
(r?) and the result of the t-test testing whether the slope of the line differs from the
expected slope of one are presented in Table 5.3.8. Data collected at 200 kHz showed the
best correlation with observed acoustic backscatter (r* = 0.65) compared with the 120 and
38 kHz data (r* = 0.49 and 0.48 respectively). However, the 120 kHz data were closer to
the expected relationship of one to one than the 200 kHz, though in both cases the slopes
were not significantly different from the expected slope (t-test, P>0.05). The 38 kHz data
exhibited the poorest correlation and the slope of the regression was significantly different
from the expected (t-test, P>0.05).

The EK500 the transducers are vertically downward-looking, hence there 1s no
reason to correct for angle of orientation errors as associated with the VM-ADCP data
(e.g. the euphausiids contribution) However, as observed in Figure 5.3.12, fish are
important contributors to the TMEAB (especially at depth). As commented earlier

(Section 5.3.2.1), some of these fish have gas bladders that are not incorporated into the
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acoustic models. This inaccuracy may cause the poor correlation identified in the 38 kHz
data and was emphasised by the deeper transmission of the 38 kHz frequency which
collected more samples in the fish rich LIW: Therefore a greater number of the samples at
38 kHz would have biased TMEAB caused by inaccuracies in the fish model. A correction
of 10 dB was added to the model-estimated fish contribution and the relationship between
model-estimated and observed acoustic backscatter re-examined (Figure 5.3.14). A
summary of the functional regression lines fit to the log-transformed data is presented in
Table 5.3.8. The correction reduced the relationship between TMEAB and OAB at
200 kHz, although the slope was still not significantly different from the expected. This is
possibly because the sample size (n = 15) and the standard error of the regression line
(S.E. = 0.1429) were too low to create a significant result. The relationship between
TMEAB and OAB of the 38 and 120 kHz data was improved, with the slope of the
regression line of the 38 kHz data no longer significantly different from the expected
slope. In addition the correlation between TMEAB and OAB was notably improved from
48 % of the data fitting the regression line to 70 %.

Where the slope of the regression line is roughly equal to the expected (v = 1), the
intercept provides an indication of the error of the models. For example, the error of the
models at 120 kHz results in an offset of —5 dB, whilst TMEAB at 38 kHz has an intercept
of —18 dB (Table 5.3.8). This provides an example of a situation where the statistical test
implies that the models provide a suitable TMEAB, whereas the estimate is actually a
factor of 6 different (remembering that an increase of 3 dB is equal to a doubling in the
acoustic signal).

The water mass from which the LHPR sample was taken was identified. Figure
5.3.15 shows that the model and acoustic data cluster depending from which water mass
the sample was drawn. Samples from Levantine Intermediate Water (LIW) typically had
the highest OAB and in EK500 data the highest TMEAB. TML water had the second
highest OAB and TMEAB, notably both these water masses had numerous samples
containing myctophid fish. Water of Atlantic origin (AOW) characteristically had the
lowest OAB and TMEAB. Between the AOW, TML and LIW clusters were samples from
mixed Mediterranean and Atlantic water (MMAW) and water of Mediterranean origin
(MOW), these water masses are typically found within the front (Chapter 4).

5.3.3.3 Discussion of model estimations

The results presented in this section show that the relationship between acoustic

backscatter and zooplankton abundance/biomass is not simple. Through analysis of the
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percentage contributions of individual zooplankton taxa to the TMEARB it can be seen that
within one region the dominant acoustic-scattering zooplankton group can vary both
horizontally and vertically. Two features are evident from the acoustic scattering
contribution. First, following previous studies when pteropods are present they typically
dominate the TMEAB (Wiebe er al, 1996), even though the numbers of pteropods
encountered here are, on average, a factor of 10 less than those in the study by Wiebe er
al.. This is not unexpected as pteropods have hard shells and, on a per-unit-biomass basis,
are orders of magnitude stronger acoustic scatterers (at the frequencies used here) than
other zooplankton types (See Table 1 in Stanton er al., 1994a). Second, different
zooplankton groups dominate the TMEAB at different frequencies. This is most likely a
function of size, where smaller-sized zooplankton dominated the highest frequency but not
the lower frequencies. For example, below 100 m the 200 kHz frequency TMEAB was
dominated by euphausiids (of ~2 mm length), whereas the 120 and 38 kHz TMEAB were
dominated by chaetognaths (of ~12 mm length). An aspect of this feature is also evident
between the 150 kHz VM-ADCP and 38 kHz data. Where, below 250 m, copepods and
euphausiids dominate the VM-ADCP TMEAB, whilst fish contribute the most to the
TMEAB in 38 kHz data. This is very important with respect to the relationship between
OAB and TMEAB at 38 kHz, because this frequency is particularly sensitive to resonant
scattering from gas bladders (Medwin and Clay, 1998). Hence any underestimate in the
scattering models will dominate the 38 kHz TMEAB, as was shown in the above dataset
where a 10 dB correction applied to the fish model estimate significantly improved the
relationship between OAB and TMEAB.

The data presented in this study show that under certain conditions acoustic
scattering models can be used to explain the relationship between zooplankton and VM-
ADCP OAB. In this case when samples from below 250 m (within the fish-rich LIW)
were ignored the relationship between TMEAB and VM-ADCP OAB compared
favourably with that found by Wiebe e al. (1996) and Greene et al. (1998). In fact the
slope of the regression line (0.87 to 2.d.p) was closer to the expected slope of one
compared with the study of Greene er al. (0.77; estimated from Figure 9, Greene et al.,
1998), although the correlation was poorer. This was contrary to Zhou et al. (1994) where,
using a VM-ADCP and an acoustic scattering model to estimate acoustic backscatter from
a single species population of FEuphausia superba, they described a relationship
significantly different from the expected (v # 1, P>0.05), but with good linear correlation

@ =0.77).
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The relationship between TMEAB and OAB is close to the expected when using a
purpose-built biological echosounder. The results from this study show that the acoustic
backscattering data collected with a SIMRAD EKS500 are generally consistent with the
forward-problem predictions when using an appropriate frequency. This is particularly
true when using the 200 and 120 kHz frequency associated with 333 um mesh LHPR
collected zooplankton samples. As both the EK500 and VM-ADCP acoustic data were
collected contemporaneously with the LHPR haul these results suggest that a commercial
echosounder acoustic backscattering is better suited to ground-truthing than an VM-
ADCP. However it should be noted that it was possible with a VM-ADCP.

The results from this study also provide situations in which inconsistencies
between the observed and model estimated acoustic backscatter indicate potential model,
instrumental and methodological problems.

Model

It is suspected that the model used to describe the acoustic scattering contribution
from the fish group was inadequate. Specifically, data collected using the 38 kHz
frequency suggests that the modelied acoustic backscatter contribution from fish was
underestimated. Since it is known that gas bladders resonate at 38 kHz (Medwin and Clay,
1998) and that the presence of Myctophid fish (that bear gas bladders) at a depth
comparable with SSL.1 in the Mediterranean Sea is documented (Baussant et al., 1993;
Chapter 4). It is expected that results would significantly improve if a model capable of
describing acoustic scattering from a fish containing a gas bladder was used (this is
ongoing research with Ben Reeder of WHOI). Other inaccuracies within the models may
be caused by variations in the variables used to calculate the reflection coefficient (see
Section 5.2.3.2).

Instrumental

As in Section 5.2.3.2, the uncertainty of the reliability of acoustic measurements
made with an VM-ADCP in regions of low or irregularly distributed targets should be
considered. The VM-ADCP acoustic data from the Mediterranean were all > -85 dB, and
as such could be deemed to be taken from a region of many or evenly distributed targets.
On removal of data points assumed to have been modelled incorrectly the relationship
between OAB and TMEAB was not significantly different from the expected of one to one
(t-test, P>0.05). However the results presented in this study do show, through less scatter
in the relationship of OAB with TMEAB in data from the EK500 than data from the VM-
ADCP (1> = 0.65, 0.49, 0.48 compared with 0.1), that a greater correlation between

zooplankton and acoustic backscatter exists with data collected with a biological
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echosounder. As summarised in Section 5.2.3.2, the greater scatter associated with the
VM-ADCP data may be attributed to averaging over four beams instead of using just the
one and, agreeing with Brierley et a/. (1998b) this problem is magnified with depth.
Methodological

The error associated with mismatching between the acoustic frequency used and
the target size of zooplankton caught is demonstrated in the present study. The same
zooplankton samples were used to compare TMEAB with acoustic backscatter data from
frequencies with target sizes of ~0.75mm (200kHz), ~1 cm (120 kHz) and ~4 cm
(38 kHz). Since the LHPR, with a net diameter of 45 c¢m, rarely catches zooplankton and
fish greater than a few cms, it is tenuous to compare the zooplankton caught with acoustic
data from the 38 kHz. Especially when considering that in the calculation of the models
many of the zooplankton caught would fall into the size range corresponding to the
Rayleigh scattering region, where target strength falls rapidly as a function of size
(calculated through extrapolating from the target strength vs length relationships given by
Greene et al. (1991) at different frequencies). Hence, the 38 kHz modelled acoustic
backscatter was underestimated, whereas the better approximations at the 200 and
120 kHz frequencies resulted from having target sizes more comparable with the size of
zooplankton caught (Section 5.3.2.2).

Continuing with the theme of matching sampling instruments, the discrepancy
between the volume of water sampled by the acoustic instrument and the net has been
commented on in Section 5.3.2.2. Acoustic backscatter data collected using an EK500 are
not immune to these inaccuracies. The volume sampled by the EK500 is comparable with
the VM-ADCP (as a result of its larger beam angle, 7° compared with 2.5°), and as such is
approximately four orders of magnitude greater than that sampled by the LHPR. This
problem may have caused the greater scatter observed in these data sets when compared

with previous results. Both Wiebe er al. (1996) and Greene ez al. (1998) present results

from studies with shallow net hauls (0-80 m)

5.4 Conclusions

The results presented in this chapter are part of the on-going quest to define the

relationship between acoustic backscatter and zooplankton. The methods covered include
a direct comparison (following Flagg and Smith, 1989a; Heywood er al., 1991), simple
manipulation of the zoo;ﬂankton data to resemble target strength (following Flagg and
Smith, 1989b), through to the use of modern acoustic scattering models (Stanton et al.,

1998a,b,c).
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Chapter 5: Biological validation of acoustic backscatter

Through comparing zooplankton biovolume and acoustic backscatter directly it is
possible to conclude that they are related, although the relationship is more complex than
simple increases in biovolume resulting in higher acoustic intensities. This has resulted in
the investigation of what many authors have termed “the forward problem” (Holliday and
Pieper, 1995; Griffiths et a/., 2002). The forward problem approach of comparing acoustic
backscatter observed in siru with those predicted from a combination of net-sampled data
and acoustic scattering models has been applied in zooplankton studies only recently and
rarely (Zhou et al., 1994; Wiebe et al., 1996; Greene et al., 1998). This study presents the
first results using VM-ADCP and multifrequency acoustic backscatter with model
estimates using open ocean mixed zooplankton populations. It should be noted that
solving the forward problem does not lead directly to the goal of acoustic determination of
animal populations, rather resolution of it can provide valuable diagnostic information.
These include: 1) determining the consistencies between observed acoustic backscatter
and the net sampled data, assuming that the models are correct and the nets used are
appropriate in terms of zooplankton size sampled; 2) determining the relative
contributions of each “significant” acoustic scattering group to the
potential to detect when the acoustic scattering models are inadequate and 4) permitting
the detection of inadequate acoustic or net sampling.

However, it is necessary to remember that zooplankton are not the only particles
within the open ocean from which we get an acoustic signal, and alternative sources such
as turbulence (Stanton ef al., 1994b), bubbles (Thorpe and Hall, 1987) and non-living
particles (Wiebe ef al., 1997) must be considered.

5.5. Summary

1) VM-ADCP observed acoustic backscatter was found to be related to net caught
zooplankton biovolume, but the correlation was low leaving most of the variability
in the acoustical data unaccounted for.

2) The calculation of model-estimated acoustic backscatter from several zooplankton
groups showed that the contribution to total abundance, biovolume and TMEAB
vary disproportionately.

3) Taxon-specific models can be used to improve the relationship between observed
acoustic backscatter and known zooplankton distributions.

4) Tt is essential to match the acoustic frequency used to the size of zooplankton

caught (and hence the net used).
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Chapter 5: Biological validation of acoustic backscatter
5) More than one set of model parameter values are needed to predict volume
backscattering accurately, and more information about the scattering properties of
the zooplankton particular to the study region are needed to transform acoustic

backscatter into meaningful biological variables.
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Chapter 6: Summary, data limitations and future directions

6.1 Introduction

The data presented in this thesis provide observations on the distribution of
zooplankton from two contrasting regions, the Arabian Sea (North Indian Ocean) and the
Alboran Sea (western Mediterranean Sea). From analysis of acoustic backscatter data and
net samples, coupled with concurrent hydrographic measurements, two major features
were identified as dominant forcing mechanisms on distribution. In the Arabian Sea, the
vertical distribution of zooplankton was predominantly controlled by the oxygen
minimum zone, whilst in the Alboran Sea the frontal structure affected both the
distribution and behaviour of zooplankton. This study demonstrates that acoustic methods
for studying zooplankton, combined with ground-truthing net data and hydrographic data,
provide a powerful tool for observing zooplankton distributions on time and space scales

comparable with physical variability.

6.2 The Arabian Sea
6.2.1 Summary

The vertical structure of the water column at the Arabesque Reference Site in the
Arabian Sea was dominated by a strong oxygen minimum zone that persisted from a depth
of ~50m to ~1100 m depth. This oxygen minimum layer appeared to be the most
important factor influencing the vertical distribution of zooplankton.

A substantial proportion of the zooplankton residing in the upper 250 m of the
water column occurred above the oxycline within the oxygenated, well-lit surface waters.
VM-ADCP acoustic backscatter measurements and net data indicate that some
zooplankton and some micronekton (euphausiids, decapods and fish) were undertaking
diel vertical migration into and out-of the OMZ, between the surface and daytime depths
of 300-400 m. Daytime acoustic backscatter returns from deep daytime layers were strong,
and dawn-downward and dusk-upward movements were obvious. At night the biomass
remaining below the oxycline was so low that no acoustic signal, as a result of insufficient

targets, could be discerned.

Maximum biovolumes and a peak in the acoustic signal were observed at the depth
of the thermocline. A dominant proportion of the zooplankton population, especially in
surface waters were copepods, and their distribution appeared to be limited to depths
above truly suboxic waters (oxygen concentration <0.5 pmol 1™"). Contrary to all other
taxa observed, the distribution of polychaetes appeared to be independent of the oxygen
minimum zone and it is suggested that, like benthic polychaetes, this group are possibly
the best adapted to low oxygen environments.
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6.2.2 Data limitations

The data presented in Chapter 3 show a limited snap-shot of the distribution of
zooplankton in relation to the oxygen minimum during the SW monsoon in 1994. It is not
necessarily representative of the distribution of zooplankton at other periods (i.e. the NE
monsoon or other years), as inter-annual and seasonal variations in the abundance of
zooplankton have been widely documented (e.g. Smith er a/., 1998). It does however
provide evidence of a dominant feature affecting the distribution of zooplankton.

Oxygen concentration is not the only factor influencing the distribution of
zooplankton in the Arabian Sea (see Chapter 3). The Arabian Sea is a site of intense
upwelling and mesoscale activity that together have a large impact on the distribution of
both phytoplankton and zooplankton (Flagg and Kim, 1998; Smith ez al., 1998; Barber et
al., 2001). The dataset presented in this thesis was limited to observations of oxygen
concentration and zooplankton distribution at a single station. Nevertheless sufficient data
were obtained to show the effects of oxygen on the distribution of the zooplankton in the
area. A complete study would require considerably more data. For example, measurements
of physical circulation, phytoplankton species, biomass and productivity and zooplankton
species, biomass, feeding and productivity (e.g. Edwards et al., 1999; Stelfox et al., 1999;
Roman et al., 2000; Barber et al., 2001).

Sampling limitations

The time delay between the two LHPR samples complicated the interpretation of
diurnal variations in the distribution of zooplankton. During the six day period between
the two casts it is highly likely that the zooplankton populations sampled in the first cast
will have advected away from the Arabesque Reference site. Hence, although inferences
of diurnal migrations can be made, a certain degree of caution is required in the
interpretation of these results.

6.2.3 Future directions

There is now a considerable amount of data describing the affects of water column
structure on zooplankton distributions in the Arabian Sea (e.g. Vinogradov and Vorinina,
1961; Herring et al., 1998; Ashjian er al., 2002). What is much less known is the
physiological basis of the ability to remain within the oxygen minimum zone. The Indian
Ocean offers great potential for the study of adaptations to life within low oxygen

environments.

6.3 The Alboran Sea
6.3.1 Summary
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The Almeria-Oran front forms where surface waters of Atlantic and Mediterranean
origin meet at the eastern end of the Alboran Sea. This front affected the distribution of
both phytoplankton and zooplankton.

Mediterranean Surface Waters were observed to be drawn down and along the
Almeria-Oran front. Observations of a layer of fluorescence coincident with the subducted
surface waters indicated that phytoplankton were also drawn down and along isopycnals,
by cross-front ageostrophic motion, to depths of ~200 m. Periodic vertical velocities of
~20m d”', associated with the propagation of wave-like meanders along the front, have a
significant effect on the vertical distribution of zooplankton across the front despite their
ability to migrate at greater speeds. From the study of sound scattering layers (SSL)
identified in acoustic backscatter data and analysis of LHPR net samples, a layer of
zooplankton (composed of increased numbers of chaetognaths and euphausiids) was found
coincident with the drawn-down phytoplankton. This layer persisted during and despite
diel vertical migration. Smaller zooplankton identified in high frequency acoustic data and
from the LHPR net samples, which did not undertake diel vertical migration, remained
concentrated near the surface in the fast-flowing frontal jet (Allen et al., 2001; Fielding et
al., 2001).

6.3.2 Data limitations

The Alboran Sea dataset would have benefited from measurements of primary
productivity and zooplankton growth and grazing rates. The Almeria-Oran front
periodically presents itself as a feature with associated high levels of phytoplankton
biomass (depending on whether you look at surface or integrated chlorophyll
concentration). However as a result of the dynamic nature of the region, without primary
productivity measurements, it is impossible to conclude whether the associated high
phytoplankton biomass has been advected into the region or is localised enhancement as a
result of upwelling of nutrients resulting from the ageostrophic nature of the front.
Without measurements of zooplankton growth this question also applies to the elevated
levels of zooplankton abundance associated with the fast flowing frontal jet, that are
hypothesised to result from localised enhancement of secondary production.

Sampling limitations

The fundamental goal for the LHPR samples was to collect zooplankton samples
for comparison with acoustic backscatter data. For that reason the LHPR was not towed in
the ideal fashion for interpreting zooplankton distributions. The high speed (>4 knots)
nature of the tows, in order to catch significant acoustic scatterers such as euphausiids,

often squashed the zooplankton precluding identification beyond group level. Zooplankton
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counts were often represented by the number of heads (particularly with respect to
euphausiids and chaetognaths which often became entangled on the gauze).

In addition, in order to sample the surface 400 m of the water column, the LHPR
was towed in a v-shaped profile across the front. As a result a large proportion of surface
data across the front was absent. This lack of surface data across the front prevents a
thorough understanding of the affect of the Almeria-Oran front on the distribution of
zooplankton. For a repeat study of this region it is suggested that the LHPR be towed in a
shallower profile across the front as well as the deep profile and to wider extremes within
the Eastern Alboran Gyre and within Mediterranean waters.

6.3.3 Future directions

The observations presented in this investigation represent a quasi-synoptic survey
of the Almeria-Oran front region during November-December 1996. But how
representative is this one-time section of the Almeria-Oran front? Even within this study
the physical and biological environment was observed to change on a time scale of days
and space scales of kilometres. During the project ALMOFRONT 1 the Eastern Alboran
Gyre was not even present, let alone presenting the Almeria-Oran Front at its eastern
margin. The dynamic nature of this region, suggests that as well as ship-borne
investigations it would benefit from long-term mooring systems, with the capacity to

measure biological and physical features of the water column, and satellite remote sensing.

6.4 Biological validation of acoustic backscatter
6.4.1 Summary

A major goal for biological oceanographers is to understand the processes
regulating the distribution and abundance of organisms within the sea. Significant in-roads
to achieving this goal have been achieved with the development of acoustic sensing
techniques (Holliday and Pieper, 1995; Horne, 1998; Foote and Stanton, 2000). Acoustic
techniques require ground-truthing and development of appropriate models that can
transform the acoustic data into biological information.

The study presented here describes an attempt to ground-truth acoustic data with
net-sampled data. Following the method of Flagg and Smith (1989b) the data indicate that,
as with previous studies (Costello et al., 1989; Flagg and Smith, 1989b; Holliday et al.,
1989), acoustic baqkscatter is related to zooplankton abundance and biomass. However,
the relationship is far more complex than that provided by basic manipulation and linear
regression analysis. It is recommended that, without further manipulation and

interpretation using validated acoustic scattering models, the acoustic data are used to
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provide qualitative rather than quantitative comments on the distribution of zooplankton -
as is indeed the case with most acoustic/zooplankton studies (e.g. Roe et al., 1996).

The forward-problem approach used here, of comparing acoustic volume
backscattering observed in situ, with acoustic backscatter estimated from net-sampled data
using acoustic scattering models, has been applied in zooplankton studies only recently
(Wiebe et al., 1996; Greene et al., 1998) and for the first time in the present study with a
VM-ADCP on a multi-specific population. The results from this study provide a
convincing demonstration that the observed in situ acoustic backscatter data collected are
generally consistent with the forward-problem predictions.

6.4.2 Data limitations and future directions
Mismatch between the acoustic and net samples

Spatial and temporal differences in the position of the net relative to the ship (from
which the acoustic data were collected) and the vast discrepancies between the sampling
volumes under scrutiny potentially make fitting of the datasets unreliable. By mounting
the acoustic instrument directly onto the zooplankton-sampling instrument (be it a net or
video plankton recorder) these problems are by-passed. However, by deploying the sonar
system on the zooplankton sampler (e.g. Greene et al., 1998; Jaffe et al., 1998) the key
advantage of acoustic remote sensing — the ability to survey a relatively large area rapidly
— is sacrificed. Therefore it is recommended that this in sitzu method be used to supplement
ground-truthing of the acoustic data, but not as an instrument designed for rapid spatial
coverage critical to acoustic survey work.

An additional concern when comparing acoustic and net data is the necessity to
match the size of animal caught or “seen” with the respective instruments. An example of
a mismatch between the size of zooplankton caught and the size of animal “seen” by the
acoustic signal was given in this study. The LHPR was not an ideal instrument to catch
zooplankton and micronekton of a size comparable with the target size of the EK500
38 kHz frequency, and as a result the relationship between the model estimated and
observed acoustic backscatter was characterised by a large offset.

Orientation of zooplankton

As shown in previous laboratory analyses (Sameoto, 1980; Chu er al., 1993;
McGeehee ef al., 1998) and inferred from this study, the orientation of zooplankton plays
an important part in the intensity of the acoustic return. Little information is available
regarding the in situ orientation of zooplankton and therefore this unknown variable may
cause inaccuracy in the model estimate. As the sophistication of video and still

photography increases it is expected that more information on zooplankton orientation will
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become available. Additionally, a combination of optical and acoustic sampling methods
will provide complimentary information on the abundance and size distribution of
zooplankton that will further attempts to ground-truth acoustic data.

It is also possible that acoustics may provide data on orientation. Repeated acoustic
observations of a monospecific zooplankton population from several angles, combined
with acoustic scattering models could be combined to provide inferences of orientation
(Stanton, pers comm.).

Optimisation of the acoustic scattering models

Variables within the acoustic scattering models, particularly ¢ and % (the density
and speed of sound contrast between the target and the surrounding fluid) may cause error
in calculating the model estimated acoustic backscatter. Both g and /4 have to be measured
empirically and are known to vary not just inter-specifically but intra-specifically with
changes in life stage and according to gender (Chu et a/., 2000). The Indian Ocean
provided an extreme environment where both morphological and physiological changes
have been suggested for the organisms living within the oxygen minimum layer. In the
future it is recommended that the parameters g and 4 are more precisely quantified by
empirical measurements of live specimens of the zooplankton from the survey region.

Further advances in the complexity of the acoustic scattering models are not
discussed here as these are proceeding in concert with improvements in technology such

as the Computed Tomography-Scan and computer processing power.

Whilst the sophistication of the acoustic models is increasing, and multi-frequency
instruments are becoming more standard as survey tools with a greater range in
frequencies (e.g. TUBA, Crisp and Harris, 2000), it is questionable as to whether the
forward (and hence inverse) problem will ever be solved because of the complexity of
multi-specific zooplankton populations and the way they change in time and space.
Current studies (including this one) are still constraining the forward problem, yet the
inverse problem of interpreting acoustic data in terms of taxonomic identification is still a
long way off. A first step towards this was presented by Pieper et a/. (2001) using the
multifrequency instrument TAPS in combination with only one simple spherical acoustic
model to describe the distribution of different-sized zooplankton in the Arabian Sea. They
did not corroborate their findings with supplementary zooplankton data. The future of
acoustic taxonomic identification may lie in analysing the “shape” of the acoustic return
signal, as yet a process only undertaken in laboratory single animal conditions

(Traykovski et al., 1998).
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