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Abstract

DETERMINATION OF LARVAL FISH SURVIVAL FROM FEEDING
AND DISTRIBUTION OBSERVATIONS

David Vernon Pollock Conway

The series of papers round which this thesis is based highlight the inherent problems in
assessing larval fish feeding success from sampling programmes and gut contents analysis,
and show through novel observations, that counting the number of food items in the gut is
not necessarily a good indication of feeding success. Food type, digestibility and size, gut
passage rates and the particular lipid classes the food contains, must all be considered,
illustrating the difficulties in interpreting larval fish energetics from field studies. The
resistance to digestion demonstrated for copeped eggs, means that a potentially rich source
of energy cannot be utilised. This may have severe nutritional consequences for the early
larvae of many important commercial fish species which can feed heavily on these eggs,
possibly influencing ultimate recruitment levels. While much can be learned from coarse
grid, depth integrated plankton sampling, interpretation of relationships between food
availability and larval condition was shown to require precise sampling of the larvae in
their actual feeding environment. Intense integrated and vertically stratified plankton
sampling allowed the most detailed observations on food selection by fish larvae ever
carried out and demonstrated their considerable foraging adaptability, even in a changing
food environment. Food availability is undoubtedly an important factor in larval fish
survival because of its affect on condition and growth rates, but many other factors are now
known to be involved and it is accepted that recruitment in a species may be decided at
almost any stage of early development. The traditional approach to understanding the
environmental impact on larval survival and fish recruitment has been by observational
field ecology and correlation techmques. However, more recently, advances in
mathematical modelling techniques in which we are involved, are allowing the
representation and simulation of both physical and biological oceanographic processes.
Progress in understanding how selective forces generally shape recruitment will depend

increasingly on these exciting new techniques.
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Critical appraisal

DETERMINATION OF LARVAL FISH SURVIVAL FROM FEEDING
AND DISTRIBUTION OBSERVATIONS

Introduction

In the late 1800's it was realised that there was considerable interannual fluctuation in adult
stock numbers of the important commerctal fish species, apparently independent of fishing
effort, while little was known about the biology of these species (Graham 1942).
Understanding recruitment has subsequently become the major component in fisheries
research (Cushing 1972), studies initially centring on single factor hypotheses and on the
possibility that recruitment was determined during the larval stages.

The course of these studies has been punctuated by the theories of three prominent
scientists, who provided a conceptual framework from which the majority of subsequent
studies have developed. Hjort (1914) proposed the ‘critical period hypothesis', whereby
availability of suitable amounts of food during the transition period, between absorption of
the yolk sac and initiation of exogenous feeding, determined larval mortality levels.
Cushing (1975) refined Hjort's theory and proposed the 'match mismatch hypothesis' which
suggested that while the spawning period of fish was relatively constant each year, there
was considerable interannual variation in the timing of the annual plankton production
cycle and thus food availability, which resulted in variable mortality. The 'stable ocean
hypothesis' was proposed by Lasker (1975), who acknowledging that plankton could be
patchily distributed horizontally, suggested that 1o obtain sufficient food, first feeding
larvae rely on concentrations of food, such as can be found at the pycnocline, the region
where the density of the water rapidly increases with depth because of differences in
salinity, temperature or both. If these concentrations were dispersed by mixing, starvation
could potentially result. However, it was found difficult to demonstrate evidence of larval
starvation in the sea and there was a major shift in research effort towards examining the
possibility that predation level was the determinant of recruitment success (Bailey &
Houde 1989).




It 1s now accepted that while highest mortality is in the larval stages, many factors and
combination of factors, apart from food availability, can be involved in determining
recruitment, such as parental condition, egg quality, disease, turbulence, predation,
advection etc. (Reviewed by Anderson 1988), that it may be determined to varying degrees
at all stages of development (Bradford & Cabana 1997) and the stage which is most
vulnerable can change for a species (Bailey 2000). However, some of the latest research
has still concluded that recruitment studies should continue to focus on the planktonic
phase and feeding aspects (Horwood et al. 2000).

Over the past few decades, increasingly sophisticated oceanographic monitoring
technology has been developed and dedicated intensive research programmes studying
larval fish survival initiated. Some of these programmes, such as the study on larval cod on
Georges Bank (Lough et al. 1996), or that on larval walleye pollock off Alaska (Kendall er
al. 1996), have used multidiciplinary approaches, simultaneously examining a broad range
of factors which could potentially affect recruitment. While these and other studies have
been successful in relating certain aspects of recruitment to environmental factors, at the
culmination of over 100 years of research, the results are still without any convincing

predictive capability.

Objectives

This thesis is based round a senies of 6 published papers, the slightly diverse themes of
which reflect, over the years covered, changes in funding opportunities. However, the basic
aim of all these papers is directed towards improving our understanding of the processes
determining larval fish survival, whether it be by better understanding their vertical
distribution pattemn in order to improve sampling design (Paper IV), how their feeding
success changes in relation to environmental factors (Papers III and V), how their condition
changes in response to food availability (Paper VI) or how their feeding success may be
assessed through a better understanding of how they digest particular food organisms
(Papers I and II). The published literature on larval fish survival is considerable, so the
focus of the following discussion is mainly restricted to feeding aspects, including

suggestions where further research might be productive.



Discussion

Sampling fish larvae

To understand and test relationships between fish larvae and environmental conditions in
the field, requires appropriate sampling equipment and strategies. With the exception of
fish species which spawn in intense localised concentrations, such as anchovy (Moser &
Pommeranz 1999), larval fish are generally sampled in low densities in the sea (Paper IV),
requiring filtration of large volumes of water to sample even small numbers. Most surveys
examining larval distribution are carried out using plankton nets, typically depth integrated
oblique sampling over grids of stations (e.g. Papers 1lI, V; Bailey 2000; Sabatés & Saiz
2000}, using equipment such as Bongo nets (McGowan & Brown 1966) or higher speed
samplers similar to the Gulf V design (Nellen & Hempel 1969) and, depending on the grid
resolution, can give acceptable horizontal distributional information. However, to ensure
that the whole larval vertical distribution is sampled, hauls are typically taken deeper than
larvae are expected to be sampled, which results in longer duration hauls than may be
necessary, using expensive ship time. This deep sampling is necessary because little
detailed information is known about the vertical distributions of fish larvae, apart from a
few restricted studies, usually on individual species (e.g. Palomera 1991).

Most studies on vertical distribution of fish larvae have been carried out using multiple
closing nets, with restricted numbers of nets and thus coarse vertical resolution (Gray 1996;
Moser & Pommeranz 1999). An exception is Paper IV, where a Longhurst Hardy Plankton
Recorder (LHPR, Williams et al. 1983) was used. This is a high speed net which has a
minimum sampling depth resolution of around 2 m and can fake up to 100 consecutive
samples, with associated salinity, temperature, fluorescence and depth information.
Distributions were described for a variety of larval fish species in contrasting
environmental condition, particularly in the Irish Sea, information which has proved useful
in subsequent research (Dickey-Collas et al. 1997) in an area where increasing research
effort is currently being concentrated.

Larval fish are generally distributed in the upper 50 metres of the water column (Papers
IV, V), in the euphotic zone, where food particles are present in highest abundance.
However, their distributions may be modified by turbulence, vertical migration and
ontogenetic and behavioural differences in response to environmental factors (Reviewed by

Neilson & Perry 1990). Even using high resolution sampling, it is still difficult to



demonstrate changes in depth and vertical migration of fish larvae in the sea (Paper IV)

unless it is synchronised amongst individuals (Pearre 1979).

Diet and growth of larval fish

The diet of larval fish is well established and is typically the various developmental stages
of copepods, with other organisms usually in much lower numbers (Papers III, V; Last
1980), although interspecific differences in diet can be found at the same position (Conway
1980), which may relate to correspondence in small scale depth distributions of particular
species and their prey. There can also be intra- and interspecific variability in prey size of
even closely related fish species (Sabatés & Saiz 2000), but while the maximum prey size
increases with increase in length, large larvae still take small prey such as copepod nauplii
(Papers III, V, Pepin & Penney 1997). Larger larvae feeding on small items 1s inefficient,
since they will contribute relatively less to the biomass of food ingested than a smaller
number of large particles, but this may be a strategy to optimise the utilisation of trophic
resources. The importance of larger prey in the diet was demonstrated experimentally by
Geffen (1997), the size range of available food determining larval fish cohort stze structure
and growth rate.

Not surprisingly, growth rates can be directly related experimentally to food availability
(Gotceitas et al. 1996). Mortality rates generally decrease with increase in size (Houde
1997; Sogard 1997), so rapid growth rates means that larvae will spend less time during
their most vulnerable period of development. The larger larvae outgrow individual predator

fields (Cowan & Houde 1992) and are more able to detect and avoid predators.

Relating larval fish distributions to that of their food

Fish larvae and their prey can be patchily distributed, both horizontally and vertically
(Paper V) and have different net avoidance potentials because of their different sizes, so the
same sampling equipment may not be ideal for simultaneously catching both (Sameoto et
al. 2000). A coarse mesh net will sample fish larvae but not the microzooplankton prey of
the smaller larvae. A fine mesh net will sample the prey, but because of the poorer filtration
will have to be towed slower, may clog and be avoided by larvae.

Leggett & Deblois (1994) discussed how some studies have related larval distribution and
food availability using a single coarse net. While a coarse net is inadequate for sampling
the prey of larval fish, the samples obtained may still be of use as an indicator of secondary

production. Microzooplankton distribution may not necessarily be related to the
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distribution of the mesozooplankton, but certainly in conditions of high primary
production, if there are high numbers of copepods, they should be producing nauplii, the
main food of larval fish (Paper V). Runge er al. (1999) were able to show a positive
relationship between mesozooplankton abundance and mackerel recruitment.

A Bongo net grid survey using a combination of nets of fine and coarse mesh, to sample
larval sardine and their food, is described in Paper IIl. The depth integrated samples
showed some correspondence between larval and prey abundances and prey abundance and
feeding success, but not consistently, because larvae and prey estimates were obtained over
a large vertical and horizontal as well as temporal scale. Environmental factors such as
light, temperature, salinity and food availability change more rapidly in the vertical than in
the horizontal plane, so a more intimate examination of larval fish and prey vertical
distribution are necessary. This was highlighted when comparisons of laboratory and ir situ
studies suggested that ingestion rates estimated for larvae from the field were often
considerably higher than those observed in the laboratory (MacKenzie et al. 1990). This
may be a result of field conditions being poorly replicated in the laboratory, or field
sampling techniques which inadequately resolve the prey field. As an example of the type
of questionable field sampling methodology which 1s not uncommon, Vifias & Ramirez
(1996) carried out vertically stratified sampling for fish larvae and their microzooplankton
prey using different mesh nets, but not simultaneously.

Depth integrated Bongo sampling, as described in Paper V, is limited in the interpretation
it can give to the correspondence between ichthyoplankton and their immediate physical
and biological environment, but gives rapid horizontal distributional information. This was
carried out in association with detailed vertical sampling using a double net LHPR system
at 2 metre resolution. Fish larvac and microzooplankton food were sampled
simultaneously, giving probably the most accurate representation of prey field and food
selection analysis from a field study ever carried out. However, this still represented
approximately 10m?® of water filtered to collect the larvae and 0.5 m® for the
microzooplankton, which illustrates the sampling difficulties.

Particular food organisms appear to be taken in preference to others which are there in
greater abundance (Paper V). While the type of food selection analysis which was carried
out 1s typical of other studies (e.g. Hillgruber et a/. 1997) , it may not be a valid type of
analysis using the current sampling methods. Additionally, selection analysis still does not
answer why particular organisms are selected. This can only be resolved by experimental

work.
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It is suggested that selection may be related to features such as particular locomotory
movement or visibility of the organisms (Buskey et al. 1993; Hillgruber et al. 1997). Subtle
differences in locomotion between species of copepod nauplii has certainly been observed
(Paffenhéfer et al. 1996). Accurate sampling methods to evaluate prey selectivity by fish
larvae is also critical for studying the effects of predation on the zooplankton community
(Luo et al. 1996; Dagg & Govoni 1996), as concentrations of larvae could potentially

deplete their local food resources to a critical level.

Problems of interpretation of larval fish gut contents analysis

While the composition and number of food organisms in the guts of fish larvae should give
information on dietary range, feeding incidence and intensity, a recognised problem which
must be considered in interpretation of results, is defecation or regurgitation of food,
mainly during the sampling process but perhaps also during preservation (Arthur 1976).
Larvae with straight guts, such as clupeoids, are particularly vulnerable (Paper V; Dekhnik
1974; Arthur 1976), but it has also been observed during experiments with species which
have coiled guts (Canino & Bailey 1995). Some dietary studies make separate notes of
amount of food in different parts of the alimentary canal, but this may not be valid if food
is being displaced during sampling.

Loss of food should not alter observations on the range of species in the diet or any general
diel feeding patterns, but care should be taken in the interpretation of other observations
such as numbers of items in the guts. There may also be differences in susceptibility to loss
of food depending on the age of larvae, related to the stage of gut development (Paper V).
This feature requires further experimental study, as current feeding observations,

particularly on larvae with straight guts, may be misleading,.

Feeding response of larvae to changing environmental conditions

Larval fish typically show a higher feeding incidence and intensity during the day than at
night (Paper V; Last 1980), associated with a reliance on visual feeding (Batty 1987). A
reduction in feeding success with depth in shallow water has also been observed (Paper V),
which may be related to a reduction in light levels due to turbid conditions. Interestingly, at
least some marine and freshwater larval fish species have been shown to feed in complete
darkness (Last 1979; Mookerjii & Rao 1993). Fresh, undigested organisms have also been
found in the guts of sardine larvae at night (Paper II1) suggesting the ability to capture food

using senses other than sight.



Different species and also different stages of individual species, differ in their response to
food deprivation (Theilacker & Porter 1994). The mid-gut epithelial cells of anchovy have
been experimentally shown to deteriorate 1o a point where they can no longer return to a
functioning state, if food is withheld for only 24 hours (IRB McFadzen Pers. comm.).
Research is required to assess how important the role of feeding at night might be to
enhanced survival in some species.

Lasker (1975) proposed that turbulence, caused by wind or tidal and current mixing, could
disperse the food concentrations which are typically found around the chlorophyll
maximum, to a level where there was reduction in larval feeding success, a decrease in
growth rates and an increase in mortality rates. While some of these effects are
acknowledged (Maillet & Checkley 1991) current opinion is that moderate turbulence in
the water column may actually accumulate concentrations of food, increase production and
act to enhance feeding success in larvae, by concentrating larvae and prey and thus
changing encounter rates (Sundby & Fossum 1990). .However, this has to be balanced
against the possibly increased energetic costs associated with feeding in turbulent waters.
Turbulence is difficult to assess in the field and most studies are theoretical modelling
exercises (Sundby 1995).

The effect of turbulent mixing on anchovy larvae, following a storm, was studied in the
northern Adriatic (Paper V). The storm cause a 41% decrease in concentration of the
preferred food items and a change in the food species composition, but larvae were still
able to maintain a similar food intake, demonstrating remarkable adaptability. There was
also no indication of higher mortality rates following the storm (Coombs et al. In press).
While considerable effort is being directed towards understanding the effect of turbulence
on larval feeding, the results suggest that effort should also be concentrated on
understanding the effects of turbulence on plankton reproduction and production.
Harpacticoid copepods were able to maintain their reproductive output during turbulent
conditions (Paper V), while calanoid and cyclopoid nauplii reduced in numbers. The ability
of harpacticoids to successfully feed in turbulent conditions has been demonstrated
experimentally (Suderman & Thistle 1998), which is almost certainly the key to

maintenance of reproductive output.

Assessing condition of fish larvae
It is difficult to sample dead or moribund larvae in the sea, because a weak larvae will be

quickly preyed upon (Bailey & Houde, 1989). To assess the proportion of larvae which are
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in poor condition and are unlikely to survive, larval condition can be estimated by
morphometric, histological and biochemical methods (Reviewed by Ferron & Leggett
1994).

There is good evidence that food availability can directly affect larval condition and
survival (Anderson, 1994; Theilacker et al., 1996), but some methods such as histology and
gut enzyme analysis are susceptible to post-mortem deterioration of the larvae, unless
processing is rapid. Theilacker & Porter (1994) even introduced correction factors in their
histological studies to allow for this deterioration.

The importance of particular lipids in the diet is well recognised ( e.g. Bell & Sargent
1996), but analysis of total lipid as a measure of condition using whole larvae is
confounded by lipid in the gut contents, which can account for as much as 56% of total
lipid (Lochmann et al. 1996).

The use of carbon analysis as a measure of condition has recently seen a revival (Paper VI,
Westernhagen 1998). The practical advantages of this type of elemental analysis is that it is
relatively insensitive to post-mortem deterioration. However, the source of carbon utilised
during starvation varies between species and developmental stage, so carbon content can be
regarded only as a gross index of condition.

Carbon analysis of the total larvae will also include the gut contents, but the bias
introduced during this and other processing which utilise the complete larva, may be less of
a problem with clupeoids such as field-caught sardine larvae, as there are typically few
organisms in their guts because of regurgitation (Paper III). Additionally, a higher
proportion retained food in their guts at night compared to many other fish larvae (Last
1980). The low level of diel feeding variability was reflected in the absence of any clear
day/night change in carbon content.

Changes in carbon content can be a useful indicator of condition in fish larvae
(Westernhagen 1998) and larval sardine were shown to have the lowest carbon content, and
to be significantly undernourished, during periods when food availability was lowest
(Paper VI). However there was no consistent relationship during other periods, probably
because relative fine-scale horizontal and vertical distributions of larvae and prey were not
accounted for in the sampling methods.

Condition analysis using RNA/DNA techniques were carried out on larval sardine
collected during the same cruise as the larvae analysed for carbon in Paper VI (Chicharo et
al. 1998). While the DNA/RNA ratios were significantly correlated with zooplankton

abundance, <1% of larvae were considered to be starving and the period when most were
g p
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starving did not correspond to the same period when carbon values were lowest (Paper VI),
highlighting how different condition assessments may respond to different influences.

During the study on larval anchovy (Paper V), it was noted that larvae with the deepest
distributions had significantly less food in their guts. While this may be related to visual
difficulties capturing food at depth, it has been noted that fish larvae in poorest condition
can be sampled deeper in the water column (Grenkjer et al. 1997; Sclafani et al. 1997).
Rather than collecting larval fish material for condition studies using depth integrated
sampling methods, consideration should be given to using stratified sampling and

comparing condition between depths.

Digestion of natural food by larval fish

Aspects of the digestion process in fish larvae were reviewed by Govoni ef al. (1986), who
recommended further research on the changing digestive and assimilative abilities during
larval development, to provide a better understanding of their enzyme systems. Very little
is known about how efficiently different foods are digested, apart from the unnatural diets
such as brine shrimps and formulated foods used in aquaculture (Spyridakis et al. 1989;
Webster & Lovell 1990). The natural diet of fish larvae includes organisms with great
morphological and structural diversity (Papers III, V) features which must affect
digestibility and nutritional potential. However, how well individual organisms are
digested cannot be assessed from the gut contents, which will have been there for varying
periods of time, but only from faeces.

Govoni et al. (1986) stated that larval fish do not produce discrete faeces, but gave no basis
for this observation. However, while feeding batches of turbot larvae (Scophthalmus
maximus) natural plankton, preparatory to histological studies, it was observed that they
produced faeces enclosed in a membrane. It was realised that by harvesting these faeces,
assessment of how well different food items which had traversed the complete alimentary
canal were digested could be obtained (Paper I). It was found that there was considerable
interspecific difference in the degree to which different organism were digested, as
measured by comparing their dry weight, carbon and nitrogen content with that of fresh
individuals of the same species.

The aquaculture industry is increasingly experimenting using either pumped natural prey
from local waters (Pittman 1996) or cultured natural prey in larval fish culture (Stettrup &
Norsker 1997), because of problems with vitamin and amino acid deficiencies in some of

the feeds which are currently used, deficiencies which can cause developmental
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abnormalities in the larvae (McEvoy ef al. 1998). Further experiments under controlled
conditions using the techniques developed (Paper I), have the potential to provide
information for the aquaculture industry, on how well individual natural food organisms
are digested, the feeding levels necessary for healthy and efficient growth of the fish larvae
and which organisms would be worth culturing as food sources. However, if the organisms
were cultured on monocultures of phytoplankton, dietary deficiency problems could arise
in fish larvae, as their diet would not include the wide range of natural particles which they
would filter out in the sea (Kleppel & Burkart 1995). Thus they may not accumulate certain
vitamins or amino acids essential to the fish larvae. The study in Paper I has already
contributed towards a better understanding of topics as diverse as digestive efficiency
(Johnston & Mathias 1996} and sedimentation of copepod carcasses (Genin et al. 1995)

It was noted in several larval fish dietary studies that copepods eggs often appeared to be
undigested in the guts (e.g. Conway 1980; Nakata 1988). It was subsequently observed
(Paper I) that copepod eggs appeared to pass through larval turbot guts in an apparently
undigested condition. This indigestibility has important nutritional implications, as
copepod eggs can form a substantial proportion of the diet of the early stages of a wide
range of larval fish species.

Digestibility of copepod eggs was investigated in greater detail (Paper II), and it was shown
for the first time that a substantial proportion of the eggs of a range of copepod species,
including species which do not produce resting eggs, were not digested by different ages of
turbot larvae, even following gut passage times of up to 6.3 hours, and that certain species
could also retain their viability. These observation also have implications for copepod
survival, since egg-carrying female copepods are known to be visually selected for by
predators, because of their greater bulk (Bollens & Frost 1991).

The copepod eggs most commonly found in the guts of early stage fish species, including
important commercial species, are the large (180um diameter) free spawned eggs of
Calanus spp. (Papers III, V; Last 1980). Inability of fish larvae to digest these eggs could
potentially contribute to interannual or areal differences in larval fish mortality, perhaps
ultimately modifying recruitment. Experimental work feeding Calanus spp. eggs to larvae
of these commercial fish species is essential.

The knowledge that copepod eggs may not be digested during larval fish gut passage
(Paper 1I) has led to reassessment of feeding success observations in larval fish feeding
studies (e.g. Hillgruber et al. 1997; Fox ef al. 1999) and in the routes by which viable
copepod eggs arrive in the bottom sediments (e.g. Marcus 1995; Lindley er al. 1998), as
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well as stimulating further studies on retention of viability in other inveriebrate eggs when

fed to larval fish (Saint-Jean & Pagano 1995).

The rate of food passage through the gut

In studies of energetics and food requirements of larval fish, the daily ration is based on
calculations of the amount of food in the gut at different times of day, and statistical
derivations of gut passage rate (e.g. Hillgruber et al. 1997), as there is a dearth of
information on how rapidly food passes through the gut and the factors which determines
passage rates. Rates are described for turbot larvae in Paper 1 where mixed natural prey
were used. Gut passage could take between 1.2 and 6.3 hours, depending on the size of the
organisms. Similar experiments were subsequently conducted by Canino & Bailey (1995)
using dyed Artemia, who criticised the results in Paper I on the basis that passage rates
could not be estimated from mixed plankton food, as size might affect rate. They suggested
a single species should be used, ignoring the fact that fish larvae feed on a range of particle
sizes in the wild.

Gut passage rates slow down when feeding stops (Canino & Bailey 1995), so because
larvae generally stop feeding at night, food can be retained in the guts for at least a
substantial part of the mght (Paper III; Last 1980). During this period of relative inactivity,
the larvae can digest and assimilate food very efficiently {(Canino & Bailey 1995). Anchovy
larvae, at least in the Adriatic region, were found to be unusual among fish larvae, in that
their guts were completely emptied within 30 minutes of sunset (Paper V), suggesting a
different energetic strategy from the majority of other fish larval species. This is
particularly surprising in this species, as it has been found to be particularly vulnerable to

food deprivation (IRB McFadzen Pers. comm.).

Future research

The earliest seminal theories on the affect of food availability on larval fish survival (Hjort
1914; Cushing 1975) suggested that adequate food during particular periods of
development was critical and that mortality levels sustained during early development
might determine ultimate recruitment levels. While food availability is undoubtedly an
important factor in larval fish survival because of its affect on condition and growth rates

(Gotceitas er al. 1996; Theilacker et al. 1996), many other factors are now known to be
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involved (Anderson 1985) and it is acceptied that recruitment in a species may be decided at
almost any stage of early development (Sogard 1997).

It would be impossible to encompass all known factors affecting larval fish survival in one
study project, without massive resources. Their interactions are potentially very complex
and recent reviews (e.g. Houde, 1997) have suggested that progress in understanding how
selective forces generally shape recruitment will depend increasingly on modelling.

Recent advances in mathematical modelling techniques (Heath & Gallego 1997) allow the
representation and simulation of both physical and biological oceanographic processes
which offer the possibility of extensive examination of a range of different scenarios.
While in the past, biological processes have been poorly represented in larval fish survival
models, these new models are being coupled with work we are currently involved in,
developing algorithms to convert satellite derived chlorophyll measurements and
Continuous Plankton Recorder (Glover 1967) plankton distributions, to estimates of
regional plankton secondary production. These are exciting developments towards better

understanding and predicting fish recruitment.
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