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Thesis abstract

Capelin (Mallotus villosus) is one of the most important commercial fish stocks in
Icelandic waters and a major forage species as important prey for predatory fish, sea birds
and marine mammals. Capelin have adapted to the sub-arctic environment by migrating
north (67-72°N) to feed during summer in deep cold waters (>500m; 1-3°C) before
migrating south (63—65°N) in winter to spawn in warmer shallow waters (<100m; 5-7°C)
on the south and west coasts of Iceland. To examine mechanisms regulating location and
timing of the spawning migration, acoustic recordings were analyzed from capelin winter
acoustic assessment surveys from thirteen cohorts spawning in 1992-3, 1995, and 1998 to
2007.

1e southward capelin spawning migration of all studied cohorts (from 63-67°N)
utilized a consistent route within southward flowing cold sub-arctic waters (1-3°C) off
the east coast of Iceland. Migration was not passive but active. The route followed the
outer shelf edge but was beyond it (>200m bottom depth). Further south (<65°N), after
the front with warmer Atlantic waters (>4.5°C) was encountered, the migration route
veered inshore (<200m bottom depth) towards coastal spawning grounds.

The annual spawning migration moved southward across latitude 67°N between
December 23 to January 20 in all years. Both an increased spawning biomass and colder
summer feeding temperatures resulted in earlier migration. The migration was not
continuous but staged, with a staging area located offshore in the transition zone between
the offshore and the inshore phase of the migration (63.8-65.8°N). Capelin amassed in

the staging area until roe content reached 12—14%.
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Several mechanisms are involved in the migration. The movement southward
appears to be innate, but the route tracks an offshore thermal corridor until reaching the
Atlantic Ocean front. Capelin then stage in the warmer waters until gonad maturity
reaches a roe content of 12—-14% before moving inshore towards the spawning grounds.
..1e dependence on temperature suggests that warming temperatures north of Iceland (to
>4.5°C) could result in capelin spawning grounds shifting north as occurred in the
1930’s. The extended migration route over deep waters seaward of the shelf edge and the
act of staging may have evolved to minimize the period of spatial overlap with cod (and

hence predation) that occurs on the shelf.
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1.1 Biology and ecology of capelin (Mallotus villosus)

Capelin (Mallotus villosus) is a coldwater smelt (family Osmeridae) with circumpolar
distribution in the northern oceans (Carscadden and Vilhjalmsson, 2002). This small (<
20 cm), pelagic, plankton-feeding, schooling fish is a keystone species in the boreal food
web (Carscadden et al, 2001; Dolgov, 2002; Vilhjalmsson, 2002). Capelin is an
important prey for various predatory fish (e.g. Dolgov, 2002; Vilhjalmsson, 2002),
marine birds (e.g. Lilliendahl and Solmundsson, 1997; Davoren et al., 2003) and marine
mammals such as whales and seals (e.g. Piatt and Methven, 1992; Stenson et al., 1997). It
is well documented how capelin affects the vital rates and distribution of its many
predators, especially Atlantic cod (Gadus morhua) (Nakken, 1994; Rose and O’Driscoll,
2002; Vilhjalmsson, 2002; Hylen et al. 2008; Palsson and Bjornsson, 2011).

Several stock complexes occupy the Barents Sea (Gjosater, 1998), the shelf of
Newfoundland and Labrador including the Gulf of St. Lawrence (Templeman, 1948),
Greenland waters (Friis-Redel and Kanneworff, 2002), the Gulf of Alaska as well as the
Bering Sea (Brown, 2002), Sea of Okhotsk (Velikanov, 2002) and Icelandic waters
(Vilhja 1sson, 1994). The large stocks occupying the Barents Sea and Icelandic waters
are commercially important with variable catches that in some years reach 3 (ICES,
2010) and 1.6 million metric tonnes (Anon, 2011), respectively.

Capelin is short lived with the majority dying after spawning at two to five years
of age (Vilhjalmsson, 1994). During their short life they migrate between geographically
separated spawning, nursing, over-wintering and feeding grounds (Templeman, 1948;
Vilhjalmsson, 1994; Gjoseter, 1998; Friis-Redel and Kanneworff, 2002). The

distribution and migration ranges vary among the stock complexes. Capelin in Greenland




has as all distribution range as they remain within a single fjord for the entire life cycle
(< 50 km; Friis-Redel and Kanneworff, 2002). In contrast, the Icelandic capelin has a
large distribution range and a complete migration cycle that spans approximately 2000
km (Vilhjalmsson, 1994).

The abundance and distribution of the Icelandic capelin stock have been recorded
annually since the late 1970s using hydro-acoustics (Vilhjalmsson, 1994). Capelin
behaviour limits application of acoustic measurements in spring and summer when
densities are low and fish are located near the surface. In fall and winter, however,
capelin aggregate and move deeper in the water column where the acoustic beam can
record them. In most years acoustic surveys are conducted in fall and in winter
(Vilhjalmsson and Carscadden, 2002). In the fall, both juvenile and maturing capelin are
measured, providing preliminary estimates of expected abundance in the coming year. In
most years, however, the fall survey results do not provide a comprehensive stock
estimate for various reasons, including stormy weather, abnormal or scattered distribution
and ice conditions. In some years, the abundance estimate in the fall is far below
expectations and thus contested by the fishing industry (Vilhjalmsson and Carscadden,
2002). By winter (January), with the spawning migration beginning, the fish become
more densely aggregated and typically confined to a small area on or in the vicinity of the
continental slope thus providing prime conditions for acoustic surveying (Vilhjalmsson,
1994). The winter surveys concentrate on measuring the spawning stock.

Capelin is one of the more valuable commercial species in Iceland with an annual
landed values as high as $§ 143 million CAD (www.hagstofa.is). The fishery is focused on

pre-spawning fish with the majority of the fishing effort occurring during the spawning




migration (Vilhjalmsson, 2002). The management strategy is to have a minimum of

400,000 metric tons of capelin spawning each year with the excess biomass available to
the fishery (Gudmundsdottir and Vilhjdlmsson, 2002). Precise annual abundance
estimates are critical to the success of this strategy as the stock is renewed annually and
recruitment is highly variable (Anon, 2011). Surveying begins in the fall and continues in
winter the biomass cannot be estimated. Research vessel(s) search to the north and east
of Icel 1d until the spawning migration is located and capelin abundance can be
measured. Surveying begins in October and can continue until late March.

Decades of acoustic surveys have revealed the general migration pattern of the
Icelandic capelin stock. The migration begins in the fall in Arctic waters north of Iceland
and ends at the spawning grounds in coastal waters south and west of Iceland in February
to April (Fig. 1.1) (Vilhjalmsson, 1994). Spawning is limited to shallow coastal areas (<
100 m) and occurs mostly between 30 — 50 m. Capelin attach their eggs to the bottom
substrate (Thors 1981; Vilhjalmsson, 1994) with eggs hatching in approximately three to
four wi s (Fridgeirsson, 1976). The newly hatched larvae drift with surface currents
clockwise around the island. By August, the larvae are west, north or east of Iceland,
mostly located within the continental shelf area (Vilhjalmsson, 1994). Typically,
juveniles move further offshore and are generally found on the shelf edge, northwest,
north and northeast of Iceland and in some years on the East Greenland shelf
(Vilhjalmsson, 1994). In the early 2000s, the distribution of juvenile capelin changed
drastically as they appear to have abandoned their traditional distribution area (Anon,

2011). Nevertheless, these co-called “lost” year classes, 2001-2008, utilized the



traditional spawning grounds as they matured a few years later. Their location as

juveniles remains unknown (Anon, 2011).

Every spring capelin that will spawn during the next year migrate north into the
Iceland Sea to feed during the short but highly productive Arctic summer. Capelin weight
increases 2 to 4 fold during the summer feeding period (Vilhjalmsson, 1994). The feeding
migration that follows transfers large quantities of energy from the Arctic to the
ecosystem of the Iceland shelf from the Iceland Sea. The northern range of the feeding
migration varies between years with capelin reaching latitude 72 °N in warm years but
limited to the area south of 68 °N in cold years (Vilhjailmsson, 1994, 2002). Juvenile
capelin do not participate in the feeding migration. In fall, pre-spawning capelin are
located along the shelf edge of the east coast of Greenland and on the continental slope
northwest, north and northeast of Iceland. They are usually located further offshore than
the immature stock (Vilhjalmsson, 1994).

In most years, maturing capelin migrate to their southern spawning grounds along
the east coast of Iceland (Vilhjalmsson, 1994). Migratory capelin follow the continental
slope north and east of Iceland in a clockwise manner until reaching latitudes of 64 — 65
°N off the southeast coast. At these latitudes capelin turn, head west onto the continental
shelf and then enter shallow coastal waters following the coast clockwise around the
island until they are ready to spawn.

Timing of the spawning migration is reported to vary. In early January, the
recorde average location ranges from latitude 64° 20’ to 67° 40’ N, a difference of 400
km (Table 7.1 in Vilhjalmsson, 1994). The leading southern edge of the migration can

reach 1: tude 64 °N anytime from the beginning to the end of January (Appendix I in




Vilhjalmsson, 1994), however, capelin have never been located in warm inshore waters
before February (Vilhjalmsson, 1994). These reports suggest that the spawning migration
of Icelandic capelin is not continuous. A staging area may exist offshore that is occupied
prior to the final migration leg to the spawning grounds in shallow coastal waters.

There is another shorter and less used migration route that takes maturing capelin
counterclockwise along the west coast to the same spawning grounds west and south of
Iceland (Vilhjalmsson, 1994). The bulk of the spawning stock in 2001 used the western
route, j tone of 13 cohorts investigated. Additionally, in some years a small fraction, 1-
28%, of the spawning stock uses the western route. There is no explanation as to why
maturing capelin used the western route in some years.

Temperature affects the distribution of capelin (Rose, 2005). In general, capelin
spawn in warmer waters than they otherwise occupy (Templeman, 1948; Thors, 1981;
Gjesater and Loeng, 1987; Carscadden et al., 1989; Stergiou, 1989; Vilhjalmsson, 1994).
The Icelandic capelin stock spawns in waters having 5 to 7 °C temperatures (Thors, 1981;
Vilhjalmsson, 1994), which is several degrees warmer than their feeding range of -1 to 3
°C (Vilhjalmsson, 1994). The largest known shift in the last decades occurred on the
Newfoundland shelf with capelin shifting their feeding and over-wintering distribution
south to the Scotia shelf and east to the Flemish Cap in the late 1990s in association with
colder than normal conditions (Frank et al., 1996). In Icelandic waters, temperature
changes have influenced both feeding distributions and spawning locations
(Saemundsson, 1934; Vilhjalmsson, 1994, 2002). Changes in summer feeding migrations
are related to the variable location of the southern boundary of the Arctic front, which

ranges from 72 °N in warm years to 68 °N in cold years (Vilhjalmsson, 1994, 2002).



Changes in capelin spawning grounds are more extreme. During a few consecutive years
in the 730s the spawning grounds shifted to the north coast of Iceland from their
traditional location along the south and west coast of Iceland (Saemundsson, 1934).
During this time temperatures on the north coast were 3 to 4 °C warmer than normal
(Saemundsson, 1934). At the same time, temperatures on the traditional spawning
grounds along the south and west coast of Iceland were only approximately 1 °C warmer
than normal (Saemundsson, 1934).

Barents Sea capelin are also known to modify both their northern feeding range
and spawning areas to mirror temperature fluctuations. The summer feeding migration
follows the polar front which is located further north in warmer years (Ozhigin and Luka,
1984). Furthermore, capelin spawning grounds shift east in warmer years (Ozhigin and

Luka, 1984).

1.2 Study region

Iceland is located near the Arctic circle, latitude 63 — 67 °N. The island forms the top of
a volcanic shelf that rises from the Greenland — Iceland — Faroe Ridge which separates
the cold waters (< 0 to 3 °C) of the Nordic Seas from the warm waters (5 — 9 °C) of the
northeast Atlantic (Fig. 1.2) (Blindheim and Osterhus, 2005). Mixing of these water
masses is limited to sills southeast (64 °N) and northwest (66 °N) of Iceland, hence, the
west coast is bathed in warm waters whereas the east coast has much colder conditions
(Blindheim and Osterhus, 2005). The continental shelf covers approximately 212,000
km?® within the 500 m depth contour and extends from 110 to 170 km from the coast to

the west, north and east of Iceland. In the south it is narrower. The continental slope is



steep except at the junction with the Greenland — Iceland — Faroe Ridge with deep ocean
basins both south and north of Iceland.

Several distinctive surface currents are found around Iceland (Fig. 1.2). The cold
currents are the East Greenland Current (polar water of < 0 °C) and the East Iceland
Current (Arctic water of 1 — 3 °C) (Malmberg et al, 1996). Both currents flow
southw ds from the Arctic with the East Greenland Current flowing along the coast of
Greenland and the East Iceland current flowing clockwise along the shelf slope of the
north a . northeast coast of Iceland. The Irminger Current, a back-eddying branch of the
warm North Atlantic Drift, flows westwards along the south coast and northwards along
the west coast, then onto the shelf north of Iceland where it deteriorates as it mixes with
the East Iceland Current. The strength of the Irminger Current is highly variable among
years causing variable hydrographic conditions on the shelf north of Iceland (Malmberg
et al., 1996; Jonsson and Valdimarson, 2005). In addition to these large oceanic currents,
there is a coastal current running clockwise around the island (Stefansson and Olafsson,
1991).

1€ marine ecosystems north and south of Iceland are very different due to
diverse oceanography. The warmer south has higher primary (Gudmundsson, 1998) and
secondary production (Gislason and Astthorsson, 2004) and greater fish biomass (Anon,
2011). Most of the approximately 25 exploited fish species within the Icelandic
Economic Exclusion Zone have their major spawning grounds south of Iceland and
nursing and juvenile grounds to the north (Marteinsdottir et al., 2000; Jonsson and

Palsson, 2006; Armannsson e al., 2007; Brickman ef al., 2007).



The boreal ecosystem of Icelandic waters is species poor with a few dominant

species and strong interactions through predation (Astthorsson et al., 2007). There are
strong seasonal cycles in primary and secondary production (Gudmundsson, 1998;
Astthorsson et al., 2007), especially to the north. During the short but intense Arctic
summer, the Iceland Sea (67 — 72 °N) provides prime feeding conditions for plankton
feeding fish (Astthorsson and Gislason, 1997; Gislason and Astthorsson, 1998;

Gudmundsson, 1998).

1.3 Fish migrations at high latitudes

Migration is an annual cyclic movement of a fish stock between geographically separated
spawning, nursing and adult areas (Harden-Jones, 1968). Migrations play an important
role in the ecology of boreal ecosystems as many species have developed strategies to
maximize growth, survival and reproduction in seasonally changing northermn oceans (e.g.
Ozhigin and Luka, 1984; Rose, 1993; Vilhjadlmsson, 1994, 2002; Dragesund et al., 1997).
At high latitudes, the strong seasonal variation in solar radiation creates seasonal blooms
in epipelagic layer plankton production that drives fish feeding conditions (Sigurdsson
and Astthorsson, 1991; Gjesater, 1998; Dalpadado et al., 2000) and spans a wide range
of temperatures (Jonsson, 2007). Furthermore, habitat preferences of fish change with life
history stages. For example, pelagic feeding habitat of capelin and herring differs
fundamentally from their benthic spawning habitat (Jakobsson, 1969; Gjoseter, 1998;
Jakobsson and Stefansson, 1999; Vilhjalmsson, 2002).

In the northern oceans, many different patterns in migration routes and timing

exist (Harden-Jones, 1968). Migration patterns often differ among species occupying the




same ecosystem (Vilhjalmsson, 2002; Oskarsson ef al, 2009) and between stocks
(reproductively isolated unit in space or time) of the same species occupying different
ecosystems (Tempelman, 1948; Dragesund et al., 1997; Vilhjalmsson, 2002; Oskarsson
et al., 2009). A stock can have one major migration route (Vilhjalmsson, 1994) or many
(Carscadden er al., 1989; Gjosater, 1998). Generally, migration routes remain constant
over periods of years or even decades (Vilhjalmsson, 1994; Dragesund et al., 1997;
Oskarsson et al., 2009), however, abrupt changes in migration patterns can occur
(Saemundsson, 1934; deYoung and Rose, 1993; Frank er al, 1996; Dragesund et al.,
1997; Rose et al., 2011).

Scientists have long been fascinated by the guiding mechanisms of fish
migrations. Despite years of study, the sensory organ(s) and mechanisms used for
navigation remain largely unknown. However, numerous factors have been linked to
location of migration routes. Temperature is one of the best known. Some migration
routes tend to follow a constant temperature range (Rose, 1993; Misund et al., 1996),
others avoid unfavorable temperature (Ozhigin and Luka, 1984; Frank et al, 1996).
Furthermore, ocean currents (Healey, 2000; Agostini et al., 2006) and fronts (Hassel ez
al., 1991; Jakobsson and Ostvedt, 1996; Misund er al., 1996), topography (Makris ef al.,
2006), predation (McQuinn, 2009) and feeding conditions (Kvamme et al., 2003) can
influence migration routes. Also, the migration routes utilized may be stock density
dependent (Dragesund ef al., 1997) or independent (Oskarsson et al., 2009).

Migration cue mechanisms synchronize fish movement with future environmental
conditions hundreds or thousands of kilometers away. Factors both extrinsic and intrinsic

to the fish have been linked to migration timing. Temperature can influence migration
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timing directly (Ozhigin and Luka, 1984; Quinn and Adams, 1996; Carscadden et al.,
1997; Hodgeson and Quinn, 2002) or indirectly, mediated by growth (Shackell et al.,
1994; Carscadden er al., 1997). Intrinsic factors like somatic growth (Shackell er al.,
1994; Carscadden et al., 1997), gonad development (Shackell ef al., 1994) and hormonal
balance (Comeau er al., 2001) also affect migration timing.

Staging areas are locations were migratory animals delay their migration and are
well known in the more visible bird migrations, are not extensively documented in fishes.
Staging has been recorded in a few salmonid species (Oncorhynchus nerka, O.
tshawytscha) that undertake long-distance spawning migrations (Hodgson and Quinn,
2002; Mundy and Evenson, 2011). Davoren et al. (2006) reported that maturing
migratory capelin on the Newfoundland shelf utilized the same staging area for several
consecutive years. The role of staging in fish migrations is poorly understood.

Inherited traits are an important part of the evolution and maintenance of
migration patterns (Hansen and Jonsson, 1991; Quinn et al., 2000). In contrast, sudden
changes in migration timing (Carscadden et al., 1997) or pattern (Frank et al, 1996)
imply environmental effects. Not all environmental changes, however, lead to changes in
migration changes. Environmental effects can be countered by conservatism, in which a
year class follows the same migration pattern for life independent of environmental
variability (Corten, 2002). Fish migrations are a complicated interaction between innate

genetic factors and environmental forcing.
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1.4 Hydro-acoustics

Physical properties of sound waves have been used as “underwater eyes” by scientists for
almost a century (Sund, 1935). In simple terms, a directional beam of acoustic pulses is
transmitted into the water and any changes in density within the acoustic beam, such as
caused by an ensonified target, will reflect energy back to the source where the strength
of the “backscatter” is measured. During the last decades major advances in scientific
equipment, backscattering theory and data analysis have made acoustics a common tool
for fishery research and survey estimates of distribution and abundance of fish
(Simmonds and MacLennan, 2005). In addition to echo strength, a myriad of other
properties may be measured, such as vertical depth and acoustic size of targets and
location and properties of the sea bottom. Various echo energy and echo morphology
variables are also recorded. Today, application of several different frequencies
simultaneously is common in an attempt to collect as much information as possible from
the target. Target strength differs with sound frequency (Foote, 1985) but not universally,
hence frequency responses can be utilized to identify target species. Higher frequencies
have higher resolution but shorter range due to increased absorption of the signal power
(Simmonds and MacLennan, 2005).

Technical advances have facilitated application of hydro-acoustic methods to
several disciplines related to fishery research. To name a few, it is now used to map
distribution of aquatic macrophytes (Maceina and Shireman, 1980; Thomas et al., 1990;
Sabol et al., 2002), chart bottom topography (Wilson et al., 2007), identify bottom

substrates and classify benthic habitats (Kenny ez al., 2003), and measure the abundance
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and distribution of phytoplankton (Kim et al., 2010) and zooplankton (Stanton et al.,
1994).

Despite the major advances in hydro-acoustic methods, identification and
classification of backscatter remains a major challenge (Simmonds and MacLennan,
2005). Independent verification of species and size is typically required, utilizing a
biological sample (McClatchie et al., 2000) or in some cases underwater video (Sawada
et al., 2009). Nevertheless, some acoustic classifications of targets, especially in species
poor ecosystems have proven successful. The first studies attempted to separate fish
targets using single frequency echo energy and morphology data. Identification success
increased with increasing differences in the acoustic properties of the fish targets (Rose
and Leggett, 1988; Scalabrin ef al., 1996). More recently, classification algorithms using
image of shape analysis (Haralabous and Georgakarakos 1996; LeFeuvre et al., 2000),
and using different frequencies simultaneously (Korneliussen et al., 2009) have been
attempted. Fish backscatter has been successfully separated from zooplankton (Madureira
et al., 1993; Kang et al., 2002). Different zooplankton species can be identified (Brierley
et al., 1998) and some advances have been made in identifying acoustically similar fish
species (Korneliussen et al., 2009). Classification success increases if echo morphology
is included (Woodd-Walker et al., 2003).

In practice, assigning backscatter to species is usually done manually, based on a
holistic synthesis of catch data and echo characteristics. It is a labor intensive process
demanding extensive experience where biological sampling along with previous

knowledge of the species-specific depth along with echo amplitude and morphology are
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used (Simmonds and MacLennan, 2005). For now, automated systems remain in the
research domain!

In fish, the source of most of the backscattered energy is the gas filled swim
bladder (Foote, 1980). Species that do not have bladders, or have small or deflated
bladders, have much lower target strengths (backscatter less energy). Integrated
backscatter is converted into fish abundance using a target strength model that relates
backscatter to length (or a derivation in weight). The equation is species specific (Foote,
1980) and sometimes stock specific (for capelin see Table 1.1). Information, in addition
to fish distribution and abundance, can be derived from acoustic recordings. Fish size
can be estimated from target strength data (McClatchie et al., 1996). Fish swim speed and
direction of movement can be calculated (Rose et al.,, 1995). When sequential recordings
are possible, a comprehensive picture of fish aggregation movements on daily or longer
time scales can be derived (Rose, 1993).

Capelin is a prime candidate for hydro-acoustic measurements for several reasons.
They have a relatively large swim bladder and hence present a large acoustic signal
(Jorgensen, 2003). Availability to the acoustic beam and measurement success of capelin
are related to their pelagic life cycle and typically and migrating behavior in large dense

mono-species aggregations (Vilhjadlmsson, 1994).

1.5 Thesis overview

In this thesis, I explore several aspects of the timing and route of the spawning migration
of the Icelandic capelin stock. All available digitized acoustic data from capelin winter

acoustic assessment surveys conducted by the Marine Research Institute (MRI) in
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Reykjavik, Iceland, are used. Migration route and migration timing of 13 capelin cohorts

spawning in 1992 to 1993, 1995, 1998 to 2007 were investigated. The survey design has
a flexible time frame that differs from most scientific surveys as the survey continues
until the pre-spawning migration is located and abundance measured. Annual winter
survey effort has varied from none, as a consequence of a large spawning cohort being
measured during the preliminary research in the fall, to surveys spanning several months
when the spawning migration was late or abundance was unexpectedly low. I participated
in the surveys in 2000 and 2001 as a research technician employed by the MRI and as a
PhD student in 2006 and 2007.

In chapter III, I investigated the geographical location of capelin spawning
migrations in Icelandic waters during winter (January to March). Major and minor
migration routes were documented, with capelin using the major route in twelve of
thirteen years investigated. The major route was located seaward of the continental shelf
off the east coast of Iceland. Capelin actively swam with the currents along the shelf edge
before migrating inshore to the spawning grounds further south. I show how location of
the major spawning migration route was influenced by bathymetry, temperature and
possibly cod predation.

The timing of the capelin migration on the eastern spawning migration route and
the possible existence of a staging area were explored in chapter IV. I found that
spawning stock biomass and temperature on the feeding ground correlated with the start
of the spawning migration. In addition, the existence of a staging area offshore in the
southern part of route was established. Finally, I describe how female gonad maturity

surpassed a specific threshold before capelin migrated inshore towards the spawning

15



grounds. I suggest offshore staging provides a refuge from cod predation as cod
distribution is limited to the shelf area.

As a biologist with limited hands-on experience applying and operating hydro-
acoustic equipment I conducted a small study in Smith Sound, Newfoundland, reported in
Appendix I. 1 tested two methods to differentiate backscatter from kelp (order
Laminariales) and juvenile cod (Gadus spp.). Frequency responses (120 and 200 kHz) in
backscatter did not differ. Predictive discriminant analysis of energetic parameters was

successful in 91 % of cases.
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