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ABSTRACT

The physiological cnergetics of the carly life history of Atlantic cod, Gadus morhua
were investigated in laboratory studies for two genetically discrete populations
(Newfoundland and Scotian Shelf), by intcgrating information from the ficlds of ccology.
physiology and functional morphology. Laboratory studics were designed to simulate
temperatures that eggs and larvac of different stocks cxpericnce in the occan. Functional
morphological iandmarks important to feeding and respiration were derived from
spccimens treated by clearing and staining, histology, and scanning clectron microscopy.
These landmarks defined 12 developmental stages at two temperatures, S°C and 10°C,
from hatching to metamorphosis, in larval cod. Results showed that staging is a more
accurate way of determining developmental state than days post-hatch or degree days.
Staging of specific structures such as the jaw and alimentary canal illustrated that
variation in structural complexity may be influenced by intrinsic (genctic) factors and/or
cxtrinsic (cnvironmental) factors. Detailed anatomical and functional analysis revealed
that while thc yolk-sac scrves as a food resource, primary skelctal structures and
mechanisms for fecding arc simple and non-intcgraicd and respiration is cutancous. As
ontogeny progresses, requirements for exogenous food are met by the development of new
skelctal clements, ligaments and muscles. Together these changes allow increascs in jaw
coordination and suction pressurc generation neccssary for prey capture and cventually
for branchial respiration.

Landmarks and developmental stages were also uscd to mark major life history
transitions in cnergy acquisition. At these transitions, changes occur in the allocation of
finitc cnergy resources between growth and activity metabolism. In addition, the cnergy
allocated to growth and activity mctabolism differed between populations. Larvac from
the Newfoundland population were more cost-cffective in conditions that reflected their
native cnvironment; these larvac appcared to be physiologically 'cold-adapted’. In
contrast, larvac from the Scotian Shelf population ap;;carcd to be 'warm-adapted’ but
spent more energy on activity metabolism and less on growth at all temperatures.  This
suggests that the physio ygical encrgetics underlying the dynamics of production and

survivorship arc different between cod populations in Canada.
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GENERAL INTRODUCTION

Studics of the carly lifc history of marinc fish have progresscd over the years from
work done primarily for taxonomic purposcs (Blaxter 1984, Cohcn 1984) to studics which
trcat larval stages as a kecy component of the entire lifc history of the fish. Hence,
cmbryonic and larval stages have becn acknowledged .as being integral in determining
intcrannual variability in marinc fish recruitment and aduit population dynamics.
Advances in our knowledge of embryonic and larval fish biology have resulted from
better fcchniqucs for raising fish larvac and imnrovements in the microtechnology
necessary to record physiological functions. Further advances will depend upon the
intcgration of knowledge from a comprehensive interdisciplinary approach.

A comprehensive interdisciplinary perspective of carly life history dynamics
nccessitates the integration of information from a number of sources: (1) data on the
reproductive history of the spawning populations (i.c. sizc and fecundity of females and
scx ratios of the spawning stock). (2) knowledge of the oceanographic conditions (c.g.
temperature, salinity) that surround the eggs and larvac during development and during
transport away from the spawning arca, (3) dctailed knowledge of the morphology and
function of structurcs that form during development and their relative importance to
survival, and (4) knowledge of carly life encrgetics and how energy demands are met
during growth to favour survival. To date, lack of the above basic knowledge for marine

fish specics has inhibitcd the formulation of comprchensive bioenergetic models which
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may, in tum, aid in rcsolving the key mcchanisms driving marine fish recruitment and

survival.

(A)Reproduction and Early lifc of Atlantic Cod.

Atlantic cod spawn over a wide arca of the contincntal shelf off the northcastcrn
coast of North America. The northemn (Labrador - castern Newfoundland shelf) cod
stocks usually spawn as carly as March (Lcar and Green, 1984). Timc of spawning
becomes progressively later southward, beginning in April and continuing into Junc on
the Grand Bank. On the Scotian Shelf, most spawning occurs between Octeber and April,
with a peak in intensity in December. On the northern Scotian Shelf spawning begins in
the autumn precdominantly around Sable Island and along the Nova Scotian coast
(personal obscrvations). By April, spawning animals has moved south to Emerald,
Western and Browns Bank arcas (O'Boyle ct al., 1984). Cod spawn at depths from less
than 110 m to over 182 m, depending on the water temperature (Scott and Scott 1988).
They arc 'broadcast spawners', a large cod (140 cm) relcasing some 12 million pclagic
cggs (Powles 1958). The eggs are spherical, transparent, buoyant and mecasurc 1.2 ~ 1.6
mm in diameter (Moser ct al. 1984). There is no oil globule, usually present in other
marinc fish cggs (c.g. Thalassoma bifasciatum) to aid in buoyancy. Fertilized cggs float
to the surface and remain there during incubation (Dahl ct al. 1984). Newly hatched

A]arvac arc 3.5 — 5.7 mm long (standard length), and pelagic. Cod larvac remain pelagic
until about 25 - 50 mm in length, or 2 or 3 months from hatching, when they transform

to the pelagic juvenile stage (Fahay 1983, Bolz and Lough 1988). Transition from the
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pelagic to demersal life occurs when the juveniles arc about 4 to 6 cm (Lough ct al. 1989,
Pottcr ct al., 1989).

During thc cgg and pelagic larval stage, individuals may be dispersed far from their
spawning location and arc likely to be subjected to cxtreme variations in environmental
conditions. The cggs and larvac of northemn cod, spawned between March and June,
develop as they drift in the cold Labrador current to shallow nursery grounds 600 — 1000
km to the south (Lear and Green 1984). Indeed, they complete their development in the
warmer water over the Grand Banks up to two months later. Eggs and larvac originating
on the Scotian Shelf, however, scem to be retained over the shelf by gyres and fronts
(Griffin and Lochmann 1993). This may reduce the likelihood of cggs and larvac being
lost td the open occan where food concentrations arc lower and suitable scttlement sites
arc abscnt. Studics on Georges Bank also show that larval transport is limited by gyres
which seem to retain the larvac over the bank, thereby reducing larval dispersal (Frank
1984), but perhaps cnhancing larval survival (Johannes 1978). Although these processcs
reducc dispersal off the Scotian Shelf and Georges Bank, cggs and larvac are also subject
to sudden transient changes in temperature that occur duc to the influence of warm -
core rings from the Gulf-Strcam that come onto the southwestern Scotian shelf (Scott and
Scott 1988). In Norway, arcto-Norwegian cod cggs and larvac must also be ablc to
tolcrate changes in temperature and  salinity when swept from the ocean into the fjords.
Clcarly, carly lifc history stages of cod must be able to withstand a multitude of different
types of changes in environmental parameters, and tolerance to stress may be partly

genctically determined. Recently, Pogson (1993) uscd cDNA genomic clones to establish
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for the first time that contiguous populations of cod along the Northeast coast of
Newfoundland and along the coast of Nova Scotia arc genctically discrete.  Genetic
differences may also partially explain the regional diffcrences observed in the timing and
location of spawning (Fletcher 1993). Together, these findings suggest that inter-
population differences may have arisen by cnvironmental sclection and that genctically

distinct groups of cod arc adapted to their regional conditions.

(B) _Morphology and Functional Morphology: the basis for life history stages,

Fish embryos and larvac arc in a statc of continuous dynamic change undergoing
more rapid growth and development than will ever occur in their juvenile and adult
stages. Even though this change is continuous, the ratc of change is not constant,
allowing stages of development to be defined for descriptive purposes. Commonly used
general stages for the carly life history of fish arc as follows: the cgg stage (spawning to
hatching), the yolk-sac stage (rcliant on endogenous food resources), the larval stage,
obligatc exogenous feeder (subdivided into preflexion, flexion, postflexion) and the
transformation stage (between larva and juvenile; also referred to as metamorphosis)
(Kendall ct al., 1984). Other staging sequences have been suggested c.g. Balon's
cleuthcroembyro and protopterygiolarva (Balon 1981). These latter terms are based on
the belicf that developmental change only occurs at developmental thresholds and not
continuously, i.c. hatching is not considered to be a major event in development as little
morphological change occurs at this time (Balon 1980).' However, these terms have not

been gencrally adopted in general as no consensus has yet been rcached as to their



derivation.

Embryonic and larval stages of Atlantic cod have been described most recently by
Russcll (1976), Hardy (1978), Fridgeirsson (1978), Thompson and Riley (1980), Fahay
(1983), Fossum (1986) and Morrison (1993). In many of these studics, descriptions and
stage dcfinitions were based on different collections of larvac (from wild and raised
spccimens) and from varying cnvironmental conditions, making clcar identification of
stages and any cstimate of variation in morphology per stage impossible. Morcover, in
somc studics where conditions were controlled, larval fish were only described up to the
cnd of the yolk-sac stage (c.g. Fridgeirsson (1978) and Fossum (1986)). Staging of the
cmbryonic stage is morc complete than that for the larval stage as raising cod to
mctamorphosis under controlled conditions to obtain a staging scrics is quite difficult.
To date, studies comparing individuals raised under different conditions (c.g. temperaturc)
have been made by using thermal summation methods (i.c. degree days (D°) =
temperaturc®C x days post-hatch or fertilization; Lein and Homefjord, Harboc ct al 1990,
Budgey 1992, Kamler 1992, Suthers and Sundby 1993) or standard length or dry weight
(Laurence 1978, Almatar 1984, Solberg and Tilscth 1984) to normalize devclopment.
These methods assume that developmental rates of all structures change lincarly with
tempcerature and that stages arc size dependent. Herzig and Winkler (1986) did not
support the zbovc assumptions as thcy found a non-lincar relationship between
dévclopmcnt ratc and temperature in cichlids. Although, a complete descriptive series is
invaluable to fisherics scicntists for rapid identification of various stages in the carly life

of the specics, some quantification of cach stage is necessary to cnable the observer to
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document the relative variation of morphological traits with length and age in the ficld.
Quantification of variation of developmental rates of cssential structurcs may in tum
clucidate developmental cvents that dictate survival.

In addition to qualitative and quantitative morphological stages, carly life history
stages should also be defined with reference to how the developing structures affcct
function and therefore possible mechanisms important to survival i.c. feeding, respiration
and locomotion. Detailed functional morphological studics have been carried out on adult
fishes, notably those by Licm (1970) and Lauder (1980, 1983) who were able to define
the specics—specific feeding niches for cichlids from close cxamination of jaw structure.
Barcl (1983), Gottfricd (1986) and Otten (1983) went further, identifying specific jaw
morphs in cichlids to specific feeding activities eg. 'biters and suckers'. Studics by Licm
(1991) and his collecagues (Dilling, 1989 and Braincrd, 1985) on larval cichlids and
pomacentrids showed that as head proportions change from a cylindrical to a truncated
conc design the larva switches from ram feeding to a predominantly suction feeding
strategy. The larval stages of the spccies studicd bj Lié.r;1 ct al. are quite morphologically
advanced at hatch and arc raiscd at high temperaturcs (27°C), thus accelerating
development to the adult stage. However, little is known about the functional
morphology of feeding in Atlantic cod. This specics hatches at a less morphologically
complex stage (Hunt von Herbing ct al. 1992) and devclops at a slower rate than cichlids
(60-90 days to the juvenile stage vs 14 days) due to the colder temperaturcs (0-7C) it
inhabits. However, cod must still be ablc to feed exogenously S days after hatching cven

though they lack most of the structures that a larval cichlid possesscs when it begins to
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fccd cxogenously. Studics of functional morphology in larval fish, such as in this study,
allow us to investigation of the rclationships between form and function and help us
understand that a structurc or a complex of structures need not be completely developed
to function. For cxample, the development of the lower jaw in cod larvac begins as a
simple cartilaginous structure (Mcckel's cartilage) and is involved in first feeding during
the first weck of larval life. Dentary teeth do not form until five to six weeks later, well
into the obligatc cxogenous feeding stage. This supports the idea that ontogenetic change
in morphology and function is fincly tuned to meet the needs of larval fish throughout

their devclopment.

(C) Mctabolic E Allocation Durine Early Lif

Throughout carly life, finitc cnergy resources arc distributed into mctabolic
compartments driving development and growth. How these resources arc allocated has
important conscquences for the overall physiological fitness of an individual. Optimum
patterns of resource allocation arc those that lcad to greater reproductive output, thereby
transmitting more genes to future generations (Amold 1988). Of all the factors that
influence mctabolism, the cncrgetic cost of growth and activity and the cffects of
temperaturc on the balance between these two variables throughout development are

considered to be the most important.

(i) Devclopment and Growth

To determinc how encrgy from food is allocated to growth (change in size with age)
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as distinct from development (differcntiation of cells, tissucs and organs) changes in total
metabolic rate need to be determined throughout the entire carly life history. This should
be done in conjunction with the developmental stages referred to carlicr (sce Scction B).
Attempts to link oxygen consumption (VO,), cxpressed on an individual basis, to specific
developmental events have proven confusing as a result of the cffect of tissuc mass on
oxygen consumption. Thercfore, oxygen consumption has been expressed on a mass
specific basis. In most tclcosts, including cod (Davenport and Lonning 1980), mctabolic
intensity (VO,/M), increases from fertilization to hatch and continues to increase through
the yolk—-sac stage until midway through the period of cxogenous feeding. Only a few
studics (Holeton 1973, Forstner ct al. 1983) have mecasured changes in metabolic intensity
for fecd larvac. Since it is during cxogenous feecing that major organ systems (c.g.
digestive and respiratory)} complete their development, more work during this period is
nceded. Encrgy allocated to growth can be reported in two ways (1) as mass—specific
oxygen consumption (also defincd as metabolic intensity VO/M and (2) by using the
allometric power function VO,=aM® where a and b arc constants. Expressing the cost
of growth as mectabolic intensity docs not obscurc important fluctuations in VO, by the
overall trend as would occur by using the allometric relationship. However the allometric
rclationship is widely uscd, particularly for larvac (Rombough 1988a), and can be uscd
in conjunction with other allometric rclationships to study and compare the physiological
ccology and encrgy budgets betwecen life history stages. The most commonly observed
value for the metabolic exponent (b) is 0.8 (Winberg 1956) which is the relationship

between the metabolic rates of animals at rest or during routine activity with their body
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weight (Schmidt-Niclson 1984). However, the value of 0.8 was for studics involving
juvenile and adult fish and is not necessarily the same value onc might expect for earlier
lifc stages. In gencral, metabolic cxponent values arc high during the larval stage and
decrease with development and growth (Kamler, 1976). However values scems to be
highly variablc and dependent on specics (¢.g. b = 0.65 for plaice, b = 0.82 for herring
(DeSilva and Tytler, 1973) and development stage (i.c. prefeeding or fecding larvac)
(Rombough 1988b). For larval cod mass cxponcnts ha.vc been recorded to range from,
b = 0.69 to b = 0.78 (Laurcnce 1978). However, as Rombough (1988) points out those
valucs were based on data from all larval stages combined and may increase using data
from a specific stage or size class within the larval stage. In addition, mass cxponcnts
closc to unity have also been reported (Kamler 1972, Cetta and Capuzzo 1982, Quantz
and Tandler 1984, Gigucre ct al. 1988). Giguere ct al. (1988) advocate, bascd on their
studics of larval mackerel and re-calculations of other studies' results, that metabolic rates
scale lincarly with body weight in all larval fish. Rcsolution of this issue will require
carcful investigation of the changes in stage specific mass exponents during the larval life.

Two major rcasons have been proposed for the higher metabolic exponents found in
fish larvac than in juvenile and adult fish (1) oxygen availability to metabolizing tissucs
is limitcd becausc the gas exchange surface i.c. cutancous surface arca or developing gill
surface arca cxpands at a slower rate than body mass and (2) a dccrease in the amount
of red muscle and associated oxidative cnzymes with the onsct of metamorphosis at which
time there is an increase in white muscle and glycolysis (Forstner ct al. 1983). However,

Oikawa and Itazawa (1985) found no dircct relationship between respiratory surface arca
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and resting metabolism and Hinterleitner ct al. (1987). pointed out that glycolytic and
oxidative cnzymes develop differently in diffcrent specics and thercfore cannot be dircctly
compared. Overall, these studics have shown that the mass cxponcents do shift from onc
life history stage to the next, decreasing as body size increases. This indicates that growth
carrics a high cost in carly stages. However, genctically predisposced faster—growing
larvac may pass rapidly from an cncrgetically more cxpensive stage to onc less
cnergetically costly, thereby increasing their probability for survival. However, metabolic
rates are greatly influcnced by stage of development, temperature and activity. Thercfore,
in addition to the mcthodological differences, past studics did not control for all these
factors and interspecific comparisons could only be made between specics with the same
mctabolic exponent (Konstantinov 1980). Conscquently, before gencral conclusions can
be made about the changing cost of growth in larval fish, further, morc rigorous studics,
arc necessary which normalize metabolic rates during ontogeny to developmental stage,

temperaturc and activity.

(i1) Activity

Activity is thought to be the single most important factor affccting the metabolic cost
of growth and devclopment at cvery lifc history stage of fish, because activity VO, can
be the major component of overall VO, at any stage. The rclationship between activity
and oxygen consumption has been investigated for juvcﬁilcs and adults (Fry 1971, Brett
and Groves 1979). However, only recently have the cffects of activity been considered

important to carly stages undergoing rapid growth and development. The hydrodynamic
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cnvironment of a fish larva is very different to that of juvenile and adult fish (Webb and
Weihs 1986). Larval fish undergo a shift in swimming behaviour which is related to the
changes in their hydrodynamic environment. As a consequence of their small size fish
larvac hatch into a viscous cnvironment (Reynolds number (Re) < 20) and tend to be
stationary between occasional periods of continuous swimming. As they grow they move
into an intermediatc hydrodynamic cnvironments (20 < Re < 200) where inertial forces
replace viscous forcec and swimming is characterized by 'beat-and coast' patterns.
However, at any stage during the larval life, fish larvac arc capable of burst swimming
into higher Re cnvironments where incrtial forces dominate (Webb and Weihs, 1986).
These high bursts of spced occur during activitics cssential for survival, c.g. during
predator avoidance (Webb 1981, Webb and Corolla 1981) and during prey capture
(Hunter 1972, 1981, Roscnthal and Hempel 1977). In addition to changes in patterns of
locomotion, development of muscle types (i.c. changes in the proportion and location of
red and white muscle) and biochemical pathways (i.c. changes in the utilization of acrobic
vs. anacrobic (glycolytic) pathways) also occur in-step with the changing nceds of
locomotion (Wiescr ct al. 1985, Hinterleitner ct al. 1987). Thercfore, swimming pattcrns
along with morphological and physiological changes work in concert throughout larval
life to reduce the net cost of transport and encrgy demand for locomotion (Weihs 1980,
Kaufmann 1990).

Quantification of the cnergetic demand of locomotion throughout ontogeny is made
by mcasuring metabolic rates at controlled activity levels for specific body weights or

developmental stages; i.c. standard (sVO,), routinc (rVOQ,) and active (aVO,) metabolic
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rates. Standard (or basal) mctabolism (i.c. mctabolism during minimal ncuromuscular
activity), has been cstimated from anacsthetized animals (De Silva & Tytler, 1973; De
Silva ct al. 1986) or immediatcly before hatching (c.g. Gruber & Wicser, 1983). Most
investigators attempt to measure routinc metabolism, which can be defined as the average
ratc of acrobic metabolism under normal resting conditions. However, as Wicscr (1985)
pointed out, routinc mctabolism can vary as much as two—fold in responsc to intrinsic and
extrinsic factors, making interspecific and  intraspecific comparisons based on VO,
difficult. Active mctabolism (aVO,) in older fish is bascd on sustained activity — such
activity is difficult if not impossiblc for most larval fish. Therefore most estimates of
aVQ; in fish larvac arc based on spontancous activity or burst swimming in responsc to
clectric shocks (Wicser 1985, Wicscr ct al. 1985).

The dcefinitions of metabolic rates as outlined above were originally derived for
respirometric mecasurcs of adult fish swimming against a current in a swim tunncl (Fry
1971, Brett 1964). Early - stage larval fish tcnd not to swim against currents and
therefore it is difficult to obtain values for standard, routine and active metabolic rates
and compare the resulting valucs against those of adults. However, Kaufman (1990) was
ablc to derive relationships between swimming specd and VO, (equations which he
termed 'power — performance’ relationships) for a large ;'angc of sizes of cyprinid larvae,
which arc large at hatch (1 mg compared to < 60 ug for cod larvac), and able to swim
against proportionately higher current speeds, unlike cod larvac (Hunt von Herbing, 1993).

He determined, from these relationships, that the cost of transport decreased allometrically

with body weight in cyprinids, optimizing encrgy utilization with changing hydrodynamic
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rcgimes. Thercfore, the ability to derive larval sVO,, VO, and aVO, valucs which can
be compared to thosc of adults may depend on species—specific characteristics and
capabilitics at the larval stage. Conscquently, the problem of isolating the energy demand
of locomotion in specics which have small larvae, such as cod, still remains. Morcover,
difficulty of deriving rclationships between swimming speed and metabolism for larval
fish may mcan that published indices such as 'absolute acrobic scope’ (aV0O,-sVO,) and
'absolute factorial scope’ (aVO,/sVO,) may be inaccurate. These indices represent the
amount of cnergy available for activities such as foraging and predator avoidance and arc
subject to changing abiotic factors such as temperature. However, temperature cffects on
acrobic scopc arc not clear and scem to vary between specics. Wicser (1985) and Wieser
ct al. (1985) found that for young rainbow trout, between 4 — 12°C, active metabolism
incrcascd faster than routine metabolism thereby incrcasir;g acrobic scopc. At temperatures
greater than 12°C, the rate of active mctabolism decreased compared to routine
metabolism decreasing acrobic scope. In contrast, in cyprinids, rclative factorial scope
(aVO/rVO,) scems to be independent of temperature (Wicser and Forstner, 1986).
Accurate derivation of the above activity indices for many species of fish is important as
thcy may represent fitness indices - differences which may occur in stocks subject to
changing cnvironmental pressurcs. Morcover, differences in indices of activity may also
influence the cnergy available to other mechanisms such as growth and development in

larval fish and hence affect the probability of survival.
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(1ii) Temperature

Of all the abiotic factors, temperature is thought to have the greatest influcnee on the
ratcs of differentiation, growth, metabolism and activity (Rombough 19884, Blaxter 1992).
In general, mctabolic rate increases with temperature, but temperature changes have a
more profound cffcct during carly life than in juveniles or adults. Values of Qy, (the
factor by which metabolic rates change over a 10 degree temperature change) arc around
2 for standard and activc metabolism in juvenile and adult fish (Fry 1971). In contrast,
values of Q,q in salmonid cmbryos and alevins range from 3.0 (Rombough 1988b) to 5.0
(Gruber and Wicser, 1983), respectively. Higher values in carly lifc may indicate that
embryos and larvae may be more sensitive to temperature fluctuations and potentially
more stenothermal than juveniles and adults (Gruber and Wicser 1983, Rombough 1988a).
However Wicser and Gruber (1983) also point out that Q,, values for larval fish arc
calculated largely from routine metabolic rates as standard and active metabolic rates arc
difficult to derive in larval fish (sce section ii). Since, increases in temperature lcad to
higher activity and mctabolic rates in fish (Fry 1971, Blaxter and Batty 1992),
comparisons of Q,y's between larvae, juveniles and adults must also consider the cffects
of temperature on resting and active metabolism at all lifc history stages.

Thermal tolerance and thermal growth optima may vary throughout ontogeny as well
as between major life history stages. Adult fish show differential tolcrance of thermal
stress in the short term (acute) versus the long term (c};ronic) (Kelsch and Neill, 1990).
Fish can compensate physiologically for extreme temperature changes in the short term

c.g. by producing enzymcs which arc more cfficient at the new temperature (Hochachka
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1967) or by acclimating (adapting physiologically to function morc cfficicntly at the new
temperaturc) to the temperature change in the long term (Kelsch and Neill, 1990). The
ability of an individual to cxpand its thcrmal tolerance through acclimation may be
indcpendent of its ability to withstand acute temperature change, and may also partly
depend on its thermal history (Blaxter 1992). Results from the few studics conducted on
larval fish indicate that thcy may not be capable of thermal acclimation (Clements and
Ross 1977, Hinterleitner ct al, 1987, Rombough 1988b). However, it is often difficult to
isolate the cffcets of temperature on metabolic rate, duc to changes in activity associated
with temperature change (Batty and Blaxter 1992, Hunter 1981, Fukahara 1990). In most
studics of mectabolic response in larval fish to temperature, activity levels were not
measured. Hettler (1976) did measure activity of larval menhaden and found that activity
incrcased with temperature, but this was not reflected by a large increase in VO, (Q, =
2.1). Metabolic adaptability of larval fish to thermal stress is also evident from changing
upper and lower lethal temperature limits when examined through ontogeny and between
latitudes. Brett (1970) showed that temperate species were that much more curythermal
than subtropical and tropical specics, and embryonic (pre-hatching) stages had narrower
temperature tolcrances that post-embryonic stages. Lethal temperature limits and the
extent of thermal tolerance arc of particular importance to tempcerate species such as
Atlantic cod which spawn over a wide range of temperatures. Differences in temperature
during development may greatly influence the way in which energy from food is
distributcd to growth and mctabolism. Temperature differences may also result in

different adaptive stratcgics of cnergy allocation for thermal tolerance between genetically



16

different stocks (c.g. Newfoundland vs. Nova Scotian cod stocks) in responsc to different
local thermal regimes.

In larval fish, growth rates (alrcady high at this lifc stage) increase with increasing
temperature (as docs metabolic ratc), unlike stage duration which decreases (Houde 1989).
Stage duration is not a major factor in adults or juveniles, but it can have a critical cffcct
on the probability for survival in carly lifc history stages. For example, at lower
tcmperatures where stage duration is longer, large eggs yielding larger larvae (Shirota
1970} generally survive better than small cggs yiclding smaller larvac (Hunter 1981).
However, duration of cgg incubation and yolk-sac stage also increase with increases in
cgg diamcter (Ware 1975). Thercfore, although larger larvae are considered to be more
successful at feeding and evading predators as a result of their higher swimming specds
(Hunter 1981), it is at the cost of decreasing fecundity of the parent stock and increasing
the duration of stages most vulnerable to predation. Smaller eggs and larva  hatch out
with smaller endogenous reserves but higher growih rates move them through the more
vulnerable stages, without any cost to fecundity. However, at higher temperatures
metabolic rates increase and ingestion rates must also increase to provide the needed
resources for growth. As a result, at high temperatures, such as those of low latitudes,
high growth rates lcad to higher mortality rates because oligotrophic occans may not
provide sufficient food resources. This has resulted in the evolution of continuous
spawning fish which produce many large batches of eggs throughout the year insuring that
some larval cohorts will survive during favourable windows of opportunity (Houde 1989,

Salc 1980). At cooler temperatures (higher latitudes) spawning is temporally or spatially
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constrained, and cven though growth, mortality and ingestion ratcs arc low, any slight
changes in these factors can have major cffects on recruitment (Houde 1989). Therefore,
fine adjustments in these strategics may affcct the way in which cnergy is allocated to
development, growth and activity between cohorts and across latitudes to meet regional
and scasonal differences in environment. Changes in cgg sizes occur among scasonal
cohorts of many temperate snccics of fish, e.g. herring (Blaxter and Hempel, 1963) and
cod (Dahl ct al,, 1984), with the largest cggs produced in the spring at the coolest
temperaturcs and egg size declining as the scason progresses (Bagenal 1971, Ware 1975).
It scems therefore, that sclection has acted through many routces; variability in cgg size,
spawning frequency, growth rates, metabolism and mortality, to optimize the way in
which encrgy is allocated in different thermal regimes for highest probability of survival
of the carly life history stages of marinc fish. |

Summary. To accuratcly assess the allocation of cnergy to development, growth and
activity during the carly lifc history stage of marinc iarval fish, morc basic research into
specics specific biology, physiology and ccology is required. Specifically needed are
mcasurcments of the cffects of temperature on larval fish development, growth and
activity. Intcraction of these variables will provide a foundation on which to build species
- specific bioenergetic models of marine larvac. Development of biocnergetic models for
cod carly lifc history may aid in understanding how cod larvac balance their encrgy
budgcts as a function of environmental conditions. In tumn, this may lead to identification
of somc of the factors that result in diffcrential fitness. and eventual recruitment to the

adult stock.
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The purposc of this thesis is to investigate the physiological encrgetics of two discrcte
populations of Atlantic cod, Gadus morhua, by intcgrating information from the ficlds of
ccology, physiology and functional morphology. Specifically five objectives will be met.
First, to describe and quantify, throughout development, those structures specific to vital
functions such as feeding and respiration. and to determine the influence of temperature,
size and age on the variation in developmental rates of t.hc described structures. Sccond,
to show that ontogenctic changes in feeding and respiratory systems are finely tuned to
mect the needs of larval fish throughout development. Third, to determine how encrgy
obtained through feeding and respiration is differentially allocated between activity,
growth and metabolism within populations and between populatiors (ic. Newfoundland
vs. Nova Scotia) throughout ontogeny. Fourth, to determine if cnergy allocation differs
within or between populations under different thermal stresses.  Finally, to usc the
morphological and physiological functions derived to construct encrgy budgets for the
carly life history of Atlantic cod from two discrete populations (Newfoundland and Novi

Scotia).



Chapter 1
EFFECTS OF TEMPERATURE ON MORPHOLOGICAL LANDMARKS

CRITICAL TO GROWTH AND SURVIVAL IN DEVELOPING LARVAL COD.

INTRODUCTION

Intcrannual fluctuations in mortality rates of carly lifc history stages of cod arc
thought to greatly influence year class strength and adult population abundance. Although
numerous workers have studicd cod larval morphology (Ncilson ct al. 1986, Yin and
Blaxter 1986, Kjorsvik ct al. 1991, Van der Meeren 1991, Pedersen and Falk-Petersen,
1992), physiology (Laurcnce 1978, Davenport and Lonning 1980, Ellertsen ct al. 1980,
Solberg and Tilscth 1984, Scrigstad 1988), and ecology (Frank 1984, O'Boyle ct al. 1984,
Bolz and Lough 1988, Lough ct al. 1989, Lough and Pottcr 1993, Suthcrs and Sundby
1993), key mechanisms that dictate larval survival are little understood. My approach has
been to consider simultancously the developing structure and function of developing tissue
and organ systems associated with respiration, feeding, growth, and activity metabolism.
Such information should greatly enhance our ability to cstimate survival from planktonic
stages through to recruitment.

Morphological descriptions of cmbryonic and larval stages of Atlantic cod have been
documented most recently by Russell (1976), Hardy (1978), Fridgeirsson (1978),
Thompson and Rilcy (1981), Fahay (1983), Fossum (1986) and Morrison (1993). In

many of these studics, definitions of discrete developmenval 'stages' have been made on
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collections of cggs and larvac complicd from both wild ;111d laboratory -raised specimens
originating from quitc different and variable cnvironmental conditions. Morcover, in
those studics where cnvironmental conditions and source were controlled, fish larvae were
described up to the cnd of the yolk-sac stage, but not beyond (c.g. Fridgeirsson 1978,
Fossum 1986).

Studics comparing individuals raised under controllcd conditions of temperaturc have
used cither the thermal summation method (i.c. degree days (D°) = temperaturc °C x days
post—hatch or fertilization; Lein and Holmefjord 1990, Harboe ct al. 1990, Budgey 1992,
Kamler 1992, Suthers and Sundby 1993) or standard length or dry weight (Laurcnce 1978,
Almatar 1984, Solberg and Tilscth 1984) to normalizg development.  These methods
assume, howcver, that developmental rates of all structures change lincarly with
temperature, and that all structural changes arc size/weight dependent. Such an approach
may aid in the collection and compilation of a complete descriptive serics of lurval stages,
but without concern for thermal history or interindividual variation.

In order to document the relative variation of morphological traits with length, age,
and prevailing environmental conditions, staging of essential structures or 'landmarks' may
be nccessary. The term ‘landmark' refers to specific structures or morphological
characters which 1 consider crucial to the basic physiological processes necessary for
survival, i.c. feeding, respiration and locomotion. For cxample, a larval fish must have
a jaw which functions sufficiently well to capture prey, fins for propulsion, stability, prey
capture and predator avoidance, and an alimentary tract to process food for growth. The

morphological landmarks I describe should be viewed as dynamic, not static, that is, they
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reflect the plastic nature of changes in morphology, physiology, and ccology, which occur
during the larval period.

During the transformation to a pelagic juv-nile, larval characteristics arc gradually lost
and juvenile body shapc and features arc attained. In'Atlantic cod, there is no abrupt
dynamic transition, morphological alteration, or 'metamorphosis' to the juvenile stage.
Rather, it is during the larval period that the greatest morphological change takes place,
and that quantification of structures is particularly important. For cxample, extensive
quantification of gross morphology (O'Conncll 1981, Sicg 1992 ab), biochcmistry
(Buckley and Lough 1987) and ultrastructure (Theilacker 1978, O'Conncll 1981) of the
alimentary tract have been uscd to identify starvation as an index of larval ‘condition' (i.c.
likelihood of survival (Theilacker 1980, 1986)). Quantification of variation in
developmental rates of cssential structurcs may in turn clucidate developmental events that
dictatc survival.

The purpose of this study is to: 1) describe and quantify the morphological 'landmarks'
crucial to feeding, respiration and locomotion in cod larvace, 2) utilize changes in selected
landmarks to definc descriptive stages of larval Atlantic cod raised under controlled
conditions, and 3) dctermine the influcnce of tcmpcraturc;-sizc and age on the variation
in developmental rates of described structures in larval Atlantic cod. My objective is to
rclate the morphology of various developing structures to their physiological competence

throughout carly lifc history of cod.
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TERMINOLOGY
The following commonly uscd general stages will be referred to in this paper : the cgg
stage (spawning to hatching), thc yolk-sac stage (rcliant on endogenous food resources),
the mixed feeding stage (some exogenous fecding supplements that of endogenous food
supplics) the larval stage (obligate cxogenous feeder) and the transformation stage (from
larva to pelagic juvenile). Terms such as clcuthcrocmbryo and protopterygiolarva (Balon
1975) were not considercd appropriate for the present study, since this classification docs

not consider hatching to be a major event. Hatching is considered to be a major cvent

in this study.

METHODS AND MATERIALS
Fertilized Atlantic cod cggs were obtained from two populations shown to be
genctically distinct (Pogson ct al. 1993): Newfoundland central (NF) and the Scotian shelf
(NS). These were raiscd scparately throughout the whole study.
Eggs and larvac were raised under two controlled temperaturcs, 5°C = (1.5 and 10°C

= 0.5, in 80l closcd-system glass aquaria. Eggs from both populations were acclimatized

to the above temperatures at approximately the same stage in development (i.c 24 - 48
hrs post-fertilization). High concentrations of green aléac, Isochrysis sp., were added to
cach aquarium and 'green' cultures were maintained throughout the cxperimental period.
Rotifers and wild-caught zooplankton, sicved to appropriate sizes, were fed to the larvace
throughout the cxperimental period. Prey density (as determined from counts of 10 x 1ml

aliquots) was kept high (>20 prey/ml) to cnsure good feeding conditions for all larvac.
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From 5 to 8 animals were taken from cach population c;'cry day for the first 10 days and
then on cvery sccond or third day as the numbers of larvace declined. Most individuals
at transformation stagc were obtained from mesocosm studics run in parallel (Hunt von
Herbing, unpublished data). These animals were used only for descriptions of
developmental stage 12, as raising larval cod to pelagic juvenile stage was difficult in
closcd-system aquaria. Mcsocosm studics were conducted in the Dalhousic Tower tank
with a thermocline (gradient 3-5°C) sct at the 5m depth. Late stage larvac and
transformation stage individuals were observed at the thermocline feeding on zooplankton
which aggrcgated there.

Animals were fixed in modified Kamnovsky's fixative (Sire 1987) for light and
scanning clectron microscopy (SEM). Subsamples from cach population were also taken
for growth ratc analysis. The latter were dricd, without fixing, at 80°C for 24-48hrs,
until no further weight loss was recorded. They were then weighed on a Cahn Gram
clectrobalance to the nearest 0.001mg.

General morphological landmarks were dctg:rmincd from obscrvations made on a total
of 280 individuals from both populations. Representative stages are illustrated primarily
from cod larvac raised at 5°C, by using a camecra-lucida cquipped Wild dissccting
microscopc. Landmarks important to fceding and respiration were staged for both
populations and tempcraturcs, as follows (also described in detail in Table 1.2):

(i) Feeding

(a) yolk—sac — percent of yolk-sac utilized was cstimated through observation of all

fixed specimens.
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(b) alimentary tract - the cntire intestine was removed and a numerical valuc assigned
to different intestinal stages, identificd by significant changes in structure.
Stage 1 is characterized by a simple straight tube, stage S is characterized by
a highly coilcd gut. In somc cases, the alimentary tract changed only in
diamcter or length generally duc to the differences cither in the fullness of
the gut or in the extent of peristaltic contraction. These changes were
not designated as scparatc stages.
(ii) Respiration: wholc animals fixed in modificd Karnovsky's fixative were prepared
for thc SEM by dchydrating in a graded alcohol serics and preparcd with
Peldri II (Peldri Inc.), as a sublimation dchydrant in place of critical
point drying. Dcvclopmental stages of the gills, sccondary lamcllac and
the development of the operculum were quantificd by examining the
samples under an SEM and assigning a numerical scrics to different
stages (c.g. for gills: from 1 (barc gill arches) to 5 (double row of gill
filaments with sccondary lamellac); anq for opercular development: from

1 (gill cavity) to 7 (full opcrculum with branchiostegal rays).

All numeric data were subjected to normal probability plots and Bartlett's Test for
homogencity of variance (SYSTAT, Wilkinson 1990) and were found to mect the
assumptions of normality and homoscedasticity. ANOVA was uscd to determine
differences in age-dependent and length~dependent variation between stages, populations

and temperatures. Spearman Rank Correlations were used to determine the relationships
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between intestinal stages, length (mm) and age (days post-hatch). Lincar rcgressions
were used to determine growth rates (ug dry weight day™) for cach population at 5° and
10°C. Significant diffcrences (P<0.05) in growth ratc among populations and among

tcmperaturcs were determined by t-tests between lincar regression slopes (Zar 1984).

RESULTS
QUALITATIVE MORPHOLOGICAL LANDMARKS

Ninc cxtcrnal diagnostic landmarks were sclected, based on obscrvation of 280
specimens (Table 1.1). These landmarks were casy to identify cither with light or
scanning clectron microscopy. Critcria for their sclcctio.n were that they should represent
stages associated with the functional needs of feeding, respiration or locomotion. A major
critcrion was that the landmarks should not differ significantly in appearance between
populations. Representative larval fish stages (primarily from larvac raised at 5°C) are
shown in Figurc 1.1 and arc described in Table 1.2 with respect to cach stage and
landmark.

EFFECTS OF TEMPERATURE ON THE GROWTH AND DEVELOPMENT OF
LARVAL STAGES.

Figure 1.2 illustrates the progression of developmental stages of larval cod over time,
at 5°C and 10°C. Developmental rate of cod larvace is -not lincar over the whole larval
period and is greater at 10°C than at 5°C for all stages. A high rate of structural change
occurs during the carly to mid yolk-sac stage (stage 1 to 5) at both temperatures (Figure

1.2). Larvac past stage S, exhibited reduced rates of structural development at both 5°C



Table 1.1. Morphological landmarks and their functional relationships in developing
Atlantic cod larvac from yolk-sac to transformation stage.

FUNCTIONAL MORPHOILOGICAIL LANDMARKS

(1) Head

(2) Yolk-sac

(3) Alimentary Tract

(4) Gills

(5) Gill Cover

(6) Swimbladder

(7) Dorsal Finfold

(8) Paired Fins

(9) Pigmentation

EUNCTIONAL RELATIONSHIP

- feeding- cfficicncy in prey capturc rclics
upon hecad & mouth structure and position

- feeding - cndogenous food resource,
facilitatcs transition to cxogenous prey capture,
provides buoyancy prior to swimbladder inflation

- feeding - increascs in sizc and
complexity enhance food digestion and assimilation

- respiration -growth of filamcnts and lamellac facilitate the
transition from cutancous to branchial respiration

- feeding and respiration - growth may increasc
suction pressure for prey capture and enhance unidirectional
currcnts over the gills

- locomotion - controls buoyancy and
may aid in swimming activity & prcy capturc
cfficiency

- locomotion - provides stability in the water and cnhances
forward thrust duc to its large surface arca

~locomotion ~ pectoral fins provide direction and stability
during swimming, other fins form late in larval period and
enhance swimming performance

- general, taxonomic - body and cyc pigmentation (note that
pigmentation is environment dependent
and thercfore cannot be used solely as a reliable landmark)



Figurc 1.1. Rcpresentative drawings of gencral developmental stages for larval Atlantic
cod Gadus morhua, based on nine functional morphological landmarks.

ys = yolk-sac, at = alimentary tract, df = dorsal finfold, sb = swimbladder.
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Figurc 1.2. Progression of devclopmental stages of cod larvac from hatching to
transformation stage at 5° and 10°C. Symbols represent modal stage at a

given age (days post-hatch).
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and 10°C, but latc in development, the rate of development accelerated in the 5°C

animals, whilc it was maintained or reduced in the 10°C animals.

Effects of temperature on growth

Growth, mcasured as an increase in dry weight over time, correlated significantly with
days post-hatch; for 10°C (* = 0.85, p < 0.001 and * = 0.44, p < 0.001; for NF and NS
respectively): and for 5°C (r = 0.72, p < 0.0001 and r* = 0.50, p < 0.0001; for NF and
NS respectively). Growth rates were significantly higher in the Newfoundland population
than in the Scotian Shelf population at 5°C (t-test; t = 3.99, P < 0.05) and at 10°C (t-

test; t = 5.14, p < 0.05) (Figurc 1.3 a,b).

Effects of temperature on structures associated with' feeding.
(a) Alimentary Tract Development

Stages in the development of the alimentary tract (gencral landmark #3, see Table 1.1)
arc shown in Table 1.3. Five distinct intestinal (alimentary tract) stages were identificd
by clear diffcrences in structurc. Stage 2 intestine cxhibited changes in degree of
cxpansion and size, cither duc to fullness of the gut or degree of peristaltic contraction.
Numcrous variations in shapc of stage 2 intestines arc illustrated in Table 1.3, i’n> order
to display the corresponding changes in yolk-sac utilization over time.

In the NF population all five intestinal stages were present at both temperatures
(Figurc 1.4a-b) and intcstinal stage increascd with larval age at both temperatures

(Spcarman Rank Corrclation, r, = 0.887 and 0.846, p < 0.0001; for 5°C and 10°C
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Figure 1.3. Growth rates (ug dry wt/day) of larval cod in two populations, Newfoundland

(NF) and Scotian Shelf (NS) at two temperatures, 5°C and 10°C.
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Table 1.3. Description and staging of feeding landmarks.
&l yolk-sac, M liver, [J intestine, [l swimbladder.

General Larval Intcstinal

Stage

1

(]

10

Stage

1

t3

to

2

Description of intestinal structurc
and % yolk-sac utilized.

simple straight gut, no differentiation,
no anus; < 5% yolk utilized.

intestine cxpandced, rectal valve formed,
anus formed; 25% yolk utilized

thrce part gut present; ocsophagus, mid-gut
and hind-gut; 50% yolk utilized

forcgut (ocsophagus) and mid-gut
cxpanded, intestine convoluted;
65-75% yolk utilized

mid-gut cnlarged, large peristaltic waves,
intestinc convoluted; 85% yolk utilized

intestine becoming increasingly
convoluted; >90% yolk utilized,
only very small remnants left.

large ocsophagus, highly convoluted
intcstine; no yolk left in sac.

intestine contains onc small lateral loop,
posterior to mid-gut; no yolk, only sac
remnants.

40

Appearance

mid-gut (stomach) large, intestine m

has two coils; no sac remnants.

large ocsophagus, stomach, highly

coiled intestine; no sac remnants. ‘K, )
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Figurc 1.4. Intestinal stages of cod larvac vs days post-hatch in two populations,
Newfoundland (NF) and Scotian Shelf (NS) at two temperatures, 5°C and

10°C. Symbols represent individual larvac.
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respectively) (Figure 1.4a). A simple straight-through intestine (stage 1, Table 1.3) was

present from hatch to 5 days at 5°C and from hatch to 3 days post-hatch (dph) at 10°C.
The tripartite gut (Stage 2, Table 1.3), appeared at first feeding for both temperatures (at
6 dph and 2-3 dph; at 5°C and 10°C respectively). At the time of complete yolk-sac
absorption (10 dph for 10°C and 16-18 dph for 5°C) larvac had cither a tripartite gut or
simple looped guts (stage 2 & stage 3, Table 1.3). At older ages (17-26 dph at 10°C &
28-39 dph at 5°C), the alimentary tract of larvac at both temperatures ranged in
development from a simple looped gut to highly coiled intestines (stage 4 & 5, Table 1.3).
Higher rates of intestinal development occurred at 10°C, because the mean larval age at
which a particular stage appearcd (with the exception of stages 1 and 5) was significantly
lower than at 5°C (ANCVA, F = 50.2, p < 0.0001). However, the large range in larval
age over which stages 2 and 3 persist at both temperatures indicated that these two stages
often occur together in the population.

Intestinal stage also increased with larval length at both temperatures (Spearman Rank
r, =0.71 and 0.70, p < 0.0001; for 5°C and 10°C respectively, Figure 1.5a-b). The mean
Iength at all stages (with the exception of the stage 5) did not differ between temperatures
(ANOVA, F = 1.07, p > 0.05). At both tempcratures; the smallest larvae (4.0-4.5 mm)
had only stage 1 intestines, larvac that ranged in standard length from 5-7 mm ranged
in intestinal stage from 2 to 4. The most complex stage 5 intestines were always found
in larvac > 7.0 mm (Figurc 1.5a-b).

The NS population, in contrast to the NF population, displaycd only the 3 carliest

intestinal stages at both temperatures (Figure 1.4c-d). However, intestinal stage in the



EE

Figurc 1.5. Intestinal stages of cod larvac vs standard length in two populations,
Newfoundland (NF) (a & ¢) and Scotian Shelf (NS) (b & d) at two

temperatures, 5° (a & b) and 10°C {c & d). Symbols represents individual

larvac.
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NS population increase with age at cither temperature (Spearman Rank Correlation, r,
=0.70 and 0.75, p < 0.05; for 5°C and 10°C respectively). Stage 2 was the dominant
stage at both temperatures, but mean age at stage 2 was significantly lower for 5°C than
for 10°C (t-test, t = 7.76, p < 0.01). Intestinal stage also increased with increasing length
at both tempceratures (Spcarman Rank, r, = 0.4 and 0.7, p < 0.05; for 5°C and 10°C
respectively; Figure 1.5 (c-d) and mcan length of larvac with intestinal stage 2 was not
significantly less at 5°C than at 10°C (t-test, t = 0.18, p > 0.05).

Between—population comparisons of intestinal stage development showed that with the
exception of stage 2 (t-test, t = 13.56, p < 0.005) there were no significant differences
in mean ages at 5°C (ANOVA, F = 0.38, p > 0.05) or at 10°C (ANOVA, F =0.27, p >
0.05). Intestinal stage 2 formed before first feceding in both populations and at both
temperatures (Figure 1.4a~d). However, in the NS population, intestinal stage 2 also
occurred in the oldest and largest larvac at both temperatures (Figures 1.d4c—d & 1.5¢-d),
while a higher proportion of older/larger larvac of the NF population possessed more
developed intestines (i.c. > stage 2) (Figures 1.4a-b & 1.5a-b). In addition; the NF
population at 10°C exhibited intestinal stages 1-3 by first feeding (2-3 days post-hatch)
(Figures 1.4 a-b), whilc only stages 1-2 were present in the NS population (Figures 1.4c-~
d). Relative frequency of larval intestinal stages in both populations is shown in Figures
1.6a-b). In the NS population, stage 2 was the dominant stage for both 5°C and 10°C
(the NS population), while in the NF population the rclative frequencies were cvenly
distributed between all stages for both 5°C and 10°C (Figure 1.6a & b). This suggests

that larvac in the NF population progressed from a less to a more complex intestinal
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Figure 1.6. Relative frequency (%) vs intestinal stages of cod larvae for two populations
Newfoundland (NF) and Scotian Shelf (NS) at 5°C (Figure 6a) and at 10°C

(Figurc 6b).
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stage, while most individuals in the NS population did not progress past the relatively

primitive intestinal stage 2.

b) Yolk-Sac Utilization

The rate of yolk-sac utilization was quantificd by cstimating thc percentage utilized
over time (Table 1.3). Yolk-sac utilization rates were high for the first few days after
hatching at both tcmperatures and in both populations (Figures 1.7a-b). For the NF
population, 50% of the yolk-sac was utilized by 6 dph at 5°C and by 3 dph at 10°C
(Figure 1.7a). For both temperaturcs this coincided with first feeding and the appearance
of intestinal stage 2 (scc Figurc 1.4a). Greater than 75% of the yolk-sac was utilized by
13 dph at 5°C and by 5 dph at 10°C, coinciding with the appearance of intestinal stage
3 at both temperatures (Figure 1.4a~b). At 5°C, complete utilization of the yolk—-sac was
first obscrved at 9 days, but generally occurred between 14-18 dph. At 10°C, complete
absorption generally occurred between 10 and 17 dph. Any remains of the yolk-sac
disappcarcd between 24-43 days at 5°C and between 10 and 57 days at 10°C.

In the NF population, yolk-sac utilization increased with age at both temperatures (r°
= 0.766 and 0.702, p < 0.05; for 5°C and 10°C respectively, Figure 1.7a). Utilization
rates were significantiy higher at 10°C than at 5°C (t-test, t = 3.6, p < 0.001). Yolk-sac
utilization incrcased with length at 5°C  (f = 0.40, p<0.001), but was independent of
length at 10°C (F* = 0.056, p = 0.156; Figurc 1.7b). In the NS population, yolk-sac
utilization increased with age at both temperatures (r* = 0.652 and 0.858, p < 0.0001; for

5°C and 10°C respectively, Figure 1.7¢) and rates were significantly higher at 10°C than



Figurc 1.7. Percent yolk-sac utilization in cod larvac vs days post hatch (a=b) and
standard lecngth (mm) (c-d) for two populations, Newfoundland (NF) and

Scotian Shelf (NS) at 5° and 10°C. Symbols represent individual larvae.
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at 5°C (t-test, t = 4.08, p < 0.001). Yolk-sac utilization was poorly corrclated with size
at 5°C (r, = 0.070, p < 0.05) and 10°C (©* = 0.44, p < 0.01). Between ~ population
comparisons showed no significant differences in yolk-sac utilization rates at 5°C or 10°C

(NS vs NF; t-test; t = 1.92, and t = 0.31, p > 0.05 for 5°C and 10°C rcspectively.).

EFFECTS OF TEMPERATURE ON LANDMARKS ASSOCIATED WITH
RESPIRATION.

Morphological changes in structures associated with respiration were staged and are
shown in Table 1.4. Duc to the difficult naturc of SEM preparation and obscrvation, the
sample size for cach respiratory landmark was small (n = 3), as was the number for

estimates of variation with age and size.

a) Gills and Gill Cover Development

The timing of initial appcarance of respiratory structures did not vary between the two
populations (NS and NF), and therefore the two populations will be treated together.

All four gill arches were present at hatch and remained devoid of gill filaments for the
first two wecks of larval life at 5°C (Stage 1, Figure 1.8) and for the first week of larval
life at 10°C. Gill filaments first appeared (usually on the 2nd or 3rd arch) at 12-14 dph
at 5°C and 6 - 8 dph at 10°C. Gill filaments grew longer and became more numerous
in the third week (22 - 23 dph) at 5°C and in the seccond week (10 - 11 dph) for 10°C.
Sccondary lamellae first appeared 35 ~ 37 dph at 5°C and 20 - 25 dph at 10°C becoming

numerous by 50 dph at 5°C and by 27 dph at 10°C. Total length of the larvac at cach
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Table 1.4. Description and staging of respiratory landmarks.

General
Larval  Gill Gill Cover  Description of gill

Stage Stagc  Stage and gill cover development

four gill arches, no filaments;

1&2 1 1
rounded vent or gill cavity
(arrowhcad)

3 1 2 vent has grown ventrally

forming a gill slit (arrowhead)
which separates the head from
the trunk region.

1 3 thin gill cover growing
posterior-laterally
from the hyoid (arrowhead)

4&5

gill filaments (arrowhcad)
appear on the 2nd and 3rd
gill arches; gill cover

cxtends over 50 % of gill

cavity

t9
S

6




>4

Table 1.4. cont.

7&8 3 5 filamcnts arc more numcrous;
gill cover (arrowhcad)
extends over 75% of gill
cavity.

9 4 6 some sccondary lamcllac
(arrowhead) have formed on
gill filaments; gill cover
cxtends over cntire gill
cavity and is forming the
operculum

10 5 7 two rows of gill filaments with
sccondary lamellac; gill
membrane contains opercular
bones and branchiostegal rays
(arrowhcad)




Figure 1.8. Development of respiratory landmarks in cod larvac from hatch to
transformation. O gill 5°C, @gill 10°C, Ogill cover 5°C, M gill cover

10°C. Symbols represent modal stage at a given days post—hatch.
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of the respiratory stages could only be approximated, duc to the large amount of
shrinkage which occurs during preparation for SEM cxamination. Estimatcd mean sizes
arc as follows for NS and NF population respectively: first gill filaments at 5°C, 6.3 =
0.3 mm and 6.4 = (0.8; at 10°C, 6.3 = 0.6 mm and 6.2 = 0.4 mm ; and first sccondary
lamellac at 5°C, 6.72 = 0.3 mm and 7.42 = 0.3 mm; at 10°C, 7.00 = 0.4 mm and 7.68 =
1.4 mm.

Formation and growth of the gill cover, including growth of the branchiostcgal rays
(scc Ch. 2), is closcly associated with development of the gills (Figure 1.8). Timing of
gill cover stages did not differ between populations (NS & NF), thus both populations
will be trcated together. The gill 'pit’ (stage 1) was present at hatch in animals raised at
both 5°C and 10°C. This cavity grew ventrally to form a gill slit (stage 2) at 3 — 4 dph
at 5°Cand at 1 dph at 10°C. This slit scparated the head from the membrane surrounding
the yolk-sac (sec gencral stage 2, Tabic 1.2). Growth of the gill cover began at 6 — 7
dph at 5°C and 4-5 dph at 10°C (stagec 3). With growth, thc gill cover extended
posterio—dorsally and covered 50% of the gill cavity by 12 - 13 dph at 5°C and 7 - 8
dph at 10°C (stage 4), coincident with first gill filament formation. As gill filaments
prolifcrated, growth of the gill cover continued posteriorly, covering about 75% of the
gill cavity by 21 dph at 5°C and 11 dph at 10°C (stage 5). The gill cavity is almost
cntircly covered by the gill cover by 35 dph at 5°C, and by 20 dph at 10°C (stage 6). At
this time, sccondary lamcllac begin to form on the primary gill filaments. By 50 dph at
5°C (30 dph at 10°C), opercular bony complex and branchiostcgal rays had begun to form

within the gill cover connective tissuc (scc Ch. 2). At this time, double rows of gill
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filaments and sccondary lamellac appearcd on the gill arches (Figure 1.8). Overall, the
greatest developmental changes in the gills and gill cover occurred during the yolk — sac

stage, after which growth in number and size of the new structures continued.

DISCUSSION
Development of functional morphological structures may be crucial to survival during
specific ontogenctic periods such as hatching, the yolk—sac period, and the obligate
cxogenous fecding period (Moser 1981). The efficiency with which changes in form and
function meet the demands of growth and development may in part regulate survival to
the juvenile stage. Variation in the timing of devclopment of these structures and
functions will be determined by the interaction of intrinsic (genetic) factors and extrinsic

(cnvironmental) factors (scc Via and Lande, 1985).

CRITICAL PERIODS DURING LARVAL DEVELOPMENT

Hatching

Hatching from cgg to frec~swimming larva is the first cvent in larval life marking a
significant change in function and behaviour. Structures such as the gill 'pit' and hatching
gland, perform specific functions that arc designed to féncilitatc transition of the embryo
into the oceanic environment (Yamagami 1988). The gill 'pit' develops in the embryo
before hatching (Miyake ct al. 1992a). At hatching, the gill 'pit’ acts as a conduit into the
pharyngeal cavity, absorbing water to prevent dehydration as the larva moves rapidly from

a hyposmotic environment in the cgg into one of full strength sca—-water (Major-Jensen
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1987). Within this period, larvac must absorb watcr and climinate accumulated salts to
prevent dehydration (Major-Jensen 1987).  The epithelium of cod larvae is relatively
impermeable to water (Tytler and Bell 1989), and the mouth is scaled with the
oropharyngeal membranc (Table 1.1). Therefore, the gill 'pit' appears to be the only
possible conduit for water uptake. Morcover, the ‘gill pit' opens into a pharynx which is
lined by chioride cells which may represent a site for ionoregulation (Holliday 1963). A
gill cavity or 'pit' is also present in killifish (Guggino 1980), anchovy (O'Connell 1981},
and halibut (Kjorsvik and Reicrsen 1992), in which similar functions of water intake have
been suggested.  Water could also be derived from the yolk but this is almost certainly
a slower process (Ronnestad et al. 1993). At later stages, larvac have been obscrved to
actively drink water to maintain osmolarity (Tytler and Blaxter 1988).

Balon (1981, 1984) has suggested that hatching should not be considered a major
morphological cvent, as little structural change occurs at this time. His 'cleuthcroembryo
stage' refers to the discrete stage which extends from within the cgg and ends with
yolk-sac utilization. Although littlc morphological change occurs at hatching for cod and
other specics (c.g. killifish (Guggino 1980), haddock (Fridgcirsson 1978), halibut
(Kjorsvik and Reiersen 1992)), large changes in function do occur. For cxamplc, the very
high mortality that occurs at hatching (Hewitt ct al. 1985) may rcpresent developmental
mismatch between functional cvents, such as cxpression of hatching gland enzymes
targeted at the chorion (DiMichele and Taylor 1980, Pittman ct al. 1990) and the timely
emergence of the larva,  If changes in structures crucial to function (i.c. specifically

feding , repiration and locomotion) and not developmental/morphological changes alone
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arc used as the basis for major developmental stages, (Balon 1981, 1984), then the

processes on which survival depends may become more clear.

Yolk-sac period

Dependence on the yolk-sac for cnergy during the first few days of life allows
structurcs such as the jaws, cycs and alimentary tract to develop and differentiate so as
to become functional in time to mect the necds of exogenous feeding (Blaxter 1988,
Kjorsvik 1991, Hunt von Herbing et al., 1992). Pigmented cycs and a degree of mobility
provided by the dorsal finfold and pectoral fins should allow larval cod to orient and
focus on food particles a few days before they begin feceding exogenously.

Early development of these morphological features cnable cod larvae to ‘filter—feed'
on phytoplankton during the first days of lifc, using the four rudimentary gill arches as
a sicve (Van der Mceran 1991).  Fish larvac ingest algac at the very carly stages of
cxogenous feeding and to cope with variations in feeding conditions (Van der Mceran and
Nacss 1993). However, in addition to being a supplemental food source, algac are
thought to trigger devclopment of the intestine of halibut larvae (Kjorvsik and Reicrson
1992), priming the alimentary canal for the digestion of copepod nauplii and other
zooplankton during first feeding. Therefore, it may not be coincidence that larvac are
found with 'green guts' only prior to first feeding (algac can be ingested through the
perforated oropharyngeal membranc, sce Ch. 2), or that algac arc rarcly found in the gut
after the jaws have become functional (Ellertsen ct al. 1981).

The developmental changes of the jaws and alimentary tract at first—feeding and after
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arc functionally geared for prey capturc and nutrient assimilation for growth. First -
fceding in cod is initiated when the yolk-sac is approximately 50% utilized (Figure 1.7)
marking the transition between endogenous and exogenous fecding. The transition period
in cod larvac is accompanicd by the following developmental changes; formation of a true
gill slit, a functional lower jaw, and differentiation of the alimentary tract by the
formation of the rectal valve (Table 1.2). Initiation of cxogenous feeding with some
yolk-sac still present presumably enables fish larvac to develop effectiveness as predators
while still carrying a food reserve.  After yolk—sac extinction cod larvac move beyond
the landmarks scen at first feeding, or show signs of starvation, c.g. gut shrinkage

(Theilacker 1978, 1. Hunt von Herbing, personal obscrvations).

Exogenous Feeding Period

During this period, changes in the structure and function of the fecding, respiratory
and locomotory apparatus may scrve to coordinate foraging and prey capture cfficiency,
and the cfficiency of digestion. The cxogenous feeding stage extends throughout larval
life and involves the growth in size of pre—cxisting structures. This is in contrast to the
differentiation of new structures that occurred at carlier endogenous feeding stages.
Cartilaginous clecments in thc head become larger and more robust (sec Ch. 2), the
intestine convolutes and coils, providing more surface arca for digestion (Table 1.3), and
gastric enzymes are sccreted by the stomach and intestinal wall improving nutrient
assimilation for growth (Govini ct al. 1986). In addition, thc swimbladder inflates (Table

1.2), counteracting the tendency for larvae to sink as they become larger and heavier (1.
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Hunt von Herbing, personal obscrvations). Partial inflation may occur during the
endogcenous feeding stage but the swim bladder is not fully functional until the end of the
transition to cxogenous fceding (sec Ch. 4). Many studics have reported that lack of
swimbladdcr inflation after yolk—sac absorption can lcad to high mortalitics (Dannevig,
and Danncvig 1950, Riley 1966 and Thompson aad Rilcy 1981). Onc possible
cxplanation for such mortalitics may be reduced prey capture cfficiency (cventually
lcading to starvation), rcsulting from incfficient buoyancy rcgulation and incffective

foraging.

FACTORS AFFECTING THE DEVELOPMENT OF FEEDING AND RESPIRATORY
STRUCTURES.
Intestinal development

(i) Agc—dcpendent factors

For both Scotian Shelf and Newfoundland populations, age at a given intestinal stage
was highly variable (Figurc 1.4). However, the faster growing Newfoundland larvac
displaycd a higher degree of intestinal complexity at a given age than did Scotian Shelf
larvac. Note that growth ratc and intestinal complexity covary; incrcasing intestinal
complexity presumably enhances growth rate through ecnhanced nutrient assimilation (Sce
previous scction). Since Scotian Shelf cod were spawned and raiscd in late winter and
carly spring, while those from Newfoundland were spawned and raised in summer,
differences in the composition of wild zooplankton fed to the larvac could possibly

contributc to the between-population differences in growth rate and intestinal complexity.
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Thus, co-occurrence of larval fish with high concentrations of suitable prey types
(‘'match-mismatch' hypothesis, Cushing 1975) might affcct the degrec of intestinal
development and somatic growth ratcs.

Temperature is another extrinsic factor which affects age—dependent variation in the
ratc of intestinal development. To date, investigation of the cffects of temperature has
been confounded by the use of thermal summation or 'degrec days'. Thermal summation
assumcs that all morphological change is age-depcndent, with little age-dependent
variation in stage. This concept has gencrally been used when comparing larvac raised
at different temperatures (Thompson and Riley 1981, Pitman ct al. 1989). The present
study shows that the ratc of devclopment is accclerated in the 5°C animals late in
development (Figure 1.2).  Utilization of 'degree days' for between-tcmperature
comparisons would contributc to the crroncous pereeption ihat development rate varics
lincarly with temperature.

The concept of 'dezrec days' does not satisfactorily address the large observed
variation in age at cach intestinal stage. Mcan age increascd with intestinal stage for both
populations (Figure 1.4), but a given intestinal stage at 10°C is morc variable than at 5°C
(Figurc 1.4). Morcovecr, using degree days would ignore the variation in stage at a given
larval age, c.g. 50 degree days at 5°C (10 days post-hatch) implics that stage two is the
dominant stagc. However, as shown in this study, at 50 degrec days at 10°C (5 days
post—hatch) thrce types of alimentary tract arc present (Figure 1.4). This suggests that
the degree and rate of intestinal development is age—-dependent (i.c only determined by

intrinsic (prcs'lmably genctic) components), but may also depend on both feeding success
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and cnvironmental perturbations (c.g. temperaturc). Intestinal devclopment thus may
dcpend on a combination of extrinsic and intrinsic co£nponcms. Figurc 1.9 shows an
interpretive, conceptual flowchart depicting the changes in structures associated with
feeding and respiration from hatching to juvcnile stage in Atlantic cod. At the onsct of
first feeding, variation in intestine stagec may be influcnced by a combination of intrinsic
(genctic) and cxtrinsic (cnvironmental) factors. Following the yolk-sac stage, onc might

cxpect variation in intestinal stage to be dominated by cxtrinsic factors.

(ii) Size—dependent factors

Marinc fish larvac arc known to cxhibit variation in devclopmental state at a given
sizc (Sicg 1992b). In thc present study, larval size was a poor predictor of intestinal
development (Figure 1.5). Intestinal and yolk-sac stages varied widely at a given size
throughout thc larval period, with the greatest v riation occurring at the higher
temperature (10°C). Intestinal development did not progress past stage 2 in the Scotian
Shelf population (Figurr 1.6a), while many Newfoundland larvac developed more
complex alimentary tracts (Figure 1.6 a,b) which are presumably more cfficient at
converting food into cnergy for growth (Govoni et al. 1986). If the faster intestinal
development and higher growth rates of Newfoundland larvac result from more cfficicnt
cxogenous feeding, onc might cxpect their yolk-sac utilization ratc to dccrease. A
dccrease in yolk-sac utilization rate may be expected as exogenous food may provide the
nutricnts the larva utilize in zrowth and mctabolism as an alternative to catabolism of the

yolk-sac. However, yolk-sac utilization ratc depends on cgg diameter (i.c. i genctically
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Figurc 1.9. Flowchart for Atlantic cod from the cgg to the juvenile stage showing the
interaction of intrinsic factors and extrinsic factors on morphological structurcs

of feeding and respiration.
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determined, Shirota 1970), and can be altcred by changes in temperature, whercas
intestinal development may be much more plastic (this study) and subject to variations
in extrinsic factors such as

prey density and temperature.

Development of Respiratory Structures

Respiratory gas cxchange is almost ccrtainly cutancous until later larval stages
(Rombough 1988a). However, the branchial respiratory system must be fully in placc by
the time cod larvac reach a critical size (scc Figure 1.9). The critical size is dictated by
the cutancous surtace arca to volume ratio, which dccreascs with growth (Blaxter 1988).
Timely development of a functional branchial system is required to cnsurc that gas
cxchange can match thc metabolic nceds of the growing larvac (Blaxter 1988).
Development of gill respiratory machinery is a slow process (Figurc 1.8) beginning carly
in devclopment and predetermined to sor ¢ extent by the necessity for complction by a
certain size but not necessarily a certain age (i.c. size at age varies). Thus, brauchial gill
development must be closcly related to growth and ultimately size. However, once the
branchial apparatus is functional, cxtrinsic factors beccome much more important in
determining the morphological development. For example, the number of filaments and
sccondary lamellac, and degree of vascularization, arc known to vary with oxygen partial

pressures after the gills have become functional (McDonald and McMahon 1977).



SUMMARY.

During the endogenous feeding period, the dc\'clopn;c::t of structurcs associated with
feeding and respiration is dictated largely by the genetic component.  For example, jaw
and gill cover development, which arc important both for feeding and respiration, appear
to be influenced much less by extrinsic factors such as temperature or prey density than
arc other systems such as gut development.

As cxogenous feeding predominates, cxtrinsic factors play an increasing role in
affecting larval devclopment. This is exemplificd in the present study by the size— and
age~dcpendent variation in intestinal development of larval Atlantic cod raised at differ-nt
temperaturcs. Environmental influences on phenotypes can potentially enhance variability
which could, in itself, be adaptive for thc population.(Waddington 1957, Hall 1992).
Therefore, it is presumably during the obligate cxogenous feeding period, the longest
period of larval life, that the cffects of extrinsic factors should be most strongly felt, and

the highest phenotypic variability produced.



Chapter 2
THE ONTOGENY OF FEEDING AND RESPIRATION

IN LARVAL ATLANTIC COD: () MORPHOLOGY.

INTRODUCTION

The adult tclcost skull is a complex, highly integrated, kinctic structurc which is well
adapted to feeding and respiration in the » -uatic cnvironment. Kinesis occurs when
intcrconnected cavitics cxpand and contract through muscles ncting upon a complex
nctwork of skelctal clements (Liem 1985). Extensive work has rcvealed numerous
structurcs in the adult telcost skull and their adaptive importance (c.g. Acrts ct al. 1987,
Lauder 1980, 1983, Licm 1978, 1980, Wainwright 1991). However, only a few studics
havc investigated cranial structural development of carly lifc history stages (Otten 1982,
1983, Langillc and Hall 1987, Dilling 1989, Licm 1991).

Changes in skull organization occur throughout larval life, not only as a result of
differences in size-related requircments, but also as flow velocity incrcases during
growth. As larval fish size increascs so does the Reynolds number, a dimensionless
number that characterizes the ratio of viscous to incrtial forces in fluid flow. Reynolds
numbers arc much lower in the larval fish cnvironment than in the adult (Wcebb and
Weihs 1986). Thercfore, critical processes such as feeding and respiration may rely upon
skull development keeping pace with fish larval requirements in a changing cnvironment.

In addition, structural organization in larval fish skulls must allow key processes, such as

69
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feeding and respiration, to operate cooperatively in cnvironmental conditions very
different from those cncountered by adult fish.

To date, only a few studics have attempted to relate cranial development to feeding
and respiration in carly lifc history stages (Tanaka 1973, Otten 1982 1983, Dilling 1989,
Kjorvsik 1991, Licm 1991). Comparisons among thesc studics show that whilc the extent
of development at hatching varics between specics, key structures develop in an orderly
pattern to facilitate feeding and respiration.  Branchial arches without gill filaments are
generally present at hatch, while gill filaments develop after first-feeding. The carly
presence of branchial arches may be primarily to fulfill the requirements of exogenous
feeding (Van der Meeran 1992, Kjorvsik et al. 1991) while respiratory needs are probably
met exclusively by cutancous gas exchange (Rombough 1988a, Osse 1990). McDonald
and McMahon (1977) noted, however, that buccal and opercular movements of newly
hatched Arctic char were weak and poorly coordinated in normoxic water, but became
stronger and fully coordinated in hypoxic water. Thus, they concluded that whilst the
larvac possessed the necessary ncural and musculoskelctal mechanisms to irrigate their
gills, they did not do so unless oxygen was limiting,

In the marinc cnvironment, where less than 1% of pelagic larvac survive to
recruitment (Hewitt ct al. 1985), the importance of structural design to feeding znd
respiration has rcceived little attention.  Atlantic cod l.urvac (4.0-5.0 mm) hatch from
small transparcnt pelagic cggs (1.1-1.9 mm in diamecter; Colton and Marak 1969) and
spend approximately 60-90 days in the planktonic environment, when they must progress

from endogenous to exogenous feeding and from cutancous to branchial respiration.
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Thereafter, larvac transform to pelagic juveniles, (characterized by a gradual
transformation to juvenile body form, squamation and juvenilc pigmentation) and 1-2
months later, scttlc on the substrate as demersal juveniles (Lough ct al. 1989).

Numcrous general descriptions of larval Atlantic cod arz available (Hardy 1978,
Fridgeirsson 1978, Thompson and Rilcy 1981, Fahay 1983, Fossum 1986 and Ch. 1;
Tablc 2.1), but nonc of these studics describe specific changes in internal and extemal
cranial morphology important to feedirg and respiration. To date, only two studies have
cxamincd changes in viscerocranial morphology of larval cod: Kjvorsik ct al. (1991} anc
Morrison (1993). The former described changes only to first feeding (5 days at 5°C) and V
the latter did not address links between form and function and their importance to larval
fish survival. Neither addressed whether the rate of development in viscerocranial
structurcs varics throughout the larval life, or whether developrental rate varics with
changing survival nceds of fish larvac.

The objcctnfvcs of this paper are: (1) to describe the changes in viscerocranial structure
associated with feeding and respiration in larval Atlantic cod and (2) to determine if the
ratc of structural change varics throughout the larval life and whether such change could

be related to larval fish survival.

METHODS AND MATERIALS
Animals
Cod cggs and sperm were obtained by stripping adults from captive populations at St.

Andrews Biological Station and from wild Sable Bank populations. Eggs were fertilized
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in petri dishes, transferred into 80 1 closed-system glass aquaria and incubated at 5-7°C.
Fertilized cod cggs arc transparent and float on the surface. Gentle of acration kept the
cggs suspended in the water column; and reduced the build up of fungi. Low
concentrations (0.02 g/l) of antibiotics (Penicillin-G and Streptomycin sulphate, SIGMA)
were also added to the water in the aquaria to inhibit bacteria. In addition, high
concentrations of the green alga, Isochrysis sp, were added to the aquaria and 'green’
cultures were maintained throughout the experimental period.

Upon hatching, larval cod floatcd upsidc—~down with their yolk-sac touching the
surface of the water. At this timc, acration was reduced as larvae cannot cffectively swim
against any currents. At about 1 day post-hatch, ncwly hatched larvae righted themselves
and began to swim morc actively. At this time acration was again increascd. Rotifers
were added when the larvac began to oricnt toward particles in the water column, but
before they actually started to feced (about 2 days post-hatch at 5-7°C). At 50% yolk—
sac utilization (approximatcly 10 days post-hatch), wild zooplankton, sicved to the
appropriate sizes, were introduced to the aquaria in addition to the rotifers. Prey
concentrations were kept high (>20 prey/ml) to ensurc good feeding conditions for all
larvac.

Larvac were sampled cvery day for the first 10 days after hatching and then less
frequently as the numbers declined. Some individuals at transformation stage (i.c. larvac~
juvenile transition} were obtained from mesocosm studies run in parallel (Hunt von
Herbing, unpublished data). Thesc animals were uscd only for descriptions of the oldest

developmental stages, as raising larval cod to pelagic juvenile stage was difficult in



73

closed-system aquaria. Larvac were staged according to the gencral criteria outlined in
Chapter 1. Some stages were combined on the basis of growth or development of various

skclctal clements in the head.

Skeletal preparation, histology and scanning electron microscopy.

Larvac from hatch to 70 days old were fixed in modificd Karnovsky's fixitive (Sire
1987). Animals processed for wholc skcletal staining were first washed in water for 2
days before being stained with Alcian blue and Alizarin red S to visualize cartilage and
bone. Specimens for light microscopy were processed for embedding in paraffin. Scrial
scctions (Spm thick) of the head were cut to the level of the first or second vertebrae,
placcd on slides and stained using cither Hall and Brux;t's quadruple stain (HBQ) (Hall
1986), Mallory’s stain, or Masson's Trichrome stain (Pantin 1960). For scanning clectron
microscopy, fixed samples were dehydrated in a graded alcohol series and preparcd with
Peldri II (Peldri Inc.), a sublimation dchydrant (in place of critical point drying). After
coating with silver, samples were viewed by a Nanolab 2000 scanning eclectron

microscope (SEM) (Bausch and Lomb).

Skeletal Analysis

Cartilage and bone werc first identificd in histological sections. Cartilage was stained
dark bluc in HBQ or light bluc in Mallory's stain. Bony clements, including membranc
and perichondral bones were found to be acellular throughout the visceral skeleton and

were stained red in HBQ or bright bluc in Mallory's stain. Results from histological
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scctions werc compared with Alcian bluc and Alizarin red stained clements in cleared
larvac. Some membranc bones ¢.2. the premaxillary and the maxilla, did not losc their
alcian blue staining during destaining and clearing and thus appcared cartilaginous. A
possible rcason for this may be the high content of muccopolysaccharides in bony
clements (B.K. Hall, pers. comm.). In addition, some 'bony clements c.g. perichondral
bones around cartilages such as the hyomandibular and membranous opercular bones,
were not staincd with alizarin red and remained opaque.  Such a rcaction is typical of
unmineralized bony (or ostcoid) structurcs.  These obscrvations on Alcian bluc and
Alizarin Red stained specimens thus illustrate the importance of using histological
sections to confirm the identity of skeletal elements (sec Hall 1987, Hanken and Hall
1988).

The nomenclature of bony and cartilaginous clements was bascd on general teleost
skeletal terminologics of Harder (1975), those of adult Atlantic cod (Mujib 1967, Howes
1988, 1989) and those of fish larvac and embryos (Bertman 1959, Otten 1982, de Beer
1985, Langille and Hall 1987, Dilling 1989, Licm 1991). Telcost muscle terminologics
were take from Winterbottom (1974) and Miyake et al. (1992). Skeletal clements were
grouped by regions according to Mujib (1967) and Langille and Hall (1987) (Table 2.1).
In addition clements were grouped into mechanical units (after Lauder 1985) (Table 2.1).
The musculoskeletal couplings between mechanical units define the structures proposed

to be necessary for respiration and feeding.
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Table 2.1. Skeletal clements of the viscerocranium of Gadus morhua, grouped by

rcgion and mechanical unit (after Lauder 1985).

Rcegion

Mechanical Unit

Elements

Maxilla

Mandibular Arch

Hyoid Arch

Branchial

Opercular

Upper Jaw

Lower Jaw Apparatus

Hyoid Apparatus

Suspensory Apparatus

Branchial Apparatus

Opcrcular Apparatus

Premaxilla

Maxilla

Mcckel's cartilage
Dentary
Quadrate

Basihyal
Hypohyal
Cecratohyal
Epihyal
Interhyal
Hyomandibular
Symplectic
Basibranchial
Hypobranchial
Ceratobrachial
Pharcngezl jaws
Opcrcular
Prcopcrcular
Interopercular
Subopercular

Branchiostegal
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RESULTS

The following descriptions of morphology provide a foundation for subscquent
functional analysis (scc Ch. 3). Developmental descriptions will only be given for thosc
skclctal structures and muscles thought to be of major kinematic importance to feeding,
and respiration. The morphological groupings of stages given below reflect changes in
ratc of devclopment of skeletal structures. The stages listed beside cach major grouping,
arc the general stages described in Ch. 1 and arc added for clarification; there are other

staging scqucnces available for cod larvac (c.g. Fossum 1986).

(a) 1st Period of development: (stages 1-4)

At hatch larval cod arc about 4.0 to 5.0 mm lm.)g and entircly reliant on their
yolk-sac. Thc mouth is closed and swimming movements appear random and not well
coordinated. Skelctal changes occur rapidly during the first 5 to 6 days after hatching,
the first jaw movements occur and a transition from obligate cndogenous feeding (from
the yolk-sac) to facultative cxogenous feeding begins. During this period, the mouth is

sub-ventral (Figures 2.1a-c).

Hatched Cod larvae (0 - 3 days old): (stages 1-2; 4.2-5.5 mm)

In newly hatched yolk-sac larvae (stage 1), the mouth is closed and covered by the
oropharyngeal mu.nbranc. The cyes arc large and unpigmented. In the buccal region, the
lower jaw is composed of Meckel's cartilage but no associated dentary bone. No maxillary

or premaxillary bones are present in the upper jaw (Figure 2.1a). However, the structure
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Figurc 2.1. Camecra lucida drawings of Alcian Bluc and Alizarin Red-staincd Atlantic cod
larvac, in lateral view, illustrating cranial skelctal clements throughout
ontogeny. (a-c¢) yolk-sac stagc (0-4 days post-—hatch), (d-f) mixcd fcl:ding
stage (6-17 days post-hatch), (g-i) exogenous feeding stage (23-50 days

post-hatch).

Abbreviations: basihyal or tonguc (bh), hyoid (hy), (hyomandibulo-
symplectic(hs), interhyal (ih), maxilla (m), Mcckel's cartilage(mc), otic capsulc
(oc), premaxilla (pm), quadrate (qu), trabcculum cranii (t). Arrow shows the
anterior inscrtion point of thc adductor mandibulac muscle (i.c Mcckel's
cartilage process). Stippled clements represent canilag;: whilc solid clements

represent bone.
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of the upper arch or lip is cvident, being mostly composcd of connective tissuc with
associated mcscnchymal cells. In_:;pc pharyngeal region, (hyomandibular, symplccticum
and quadratc) clements of the suspensory apparatus arc present.  However, the
symplecticum is not distinct from thc hyomandibular (hyomandibulo—symp.ivbctic cartilage
(hs) (Figure 2.1a). The hyoid arch is composcd of the ccratohyal cartilage, and the
basihyal. Four distinct ventral arches (ceratobranchia) display carly matrix formation
(Figure 2.2a). The intcmnal branchial cavity has not yct cxpanded, but an cxtcm:;'lj cavity
or pit can be seen in the region of the future gill slit (sce Miyake et al. 1992) (Figurce
2.2b). No opercular structurcs or gill cover (operculum) are associatcd with the ‘pit'.
Hence all cranial cavitics present at this stage are open to the cnvironment via the
external gill cavity or pit. ‘

Within the first 24 hrs after hatching:;o articulation cxists between the mandibular
arch ari'd-l’;. quadrate or the hyomandibulo-symplectic cartilage and cranial skelcton.

H
However,' the large muscles primarily responsible for carly jaw movement and mouth

!
\

opening, ¢.g. epaxial, geniohyoideus, sternohyoideus and hypaxial muscles, are alrcady
formed and arc composed of large muscle fibres. The membranous cleithrum in the
pectoral girdle is also well formed and acts as an anchor for the inscrtion of both the
hypaxial and sternohyoideuimuscles. Caudal to the large cycs, the carlicst formation of
both the levator arcus palatini and the dilatator operculi was observed (Figure 2.2a).
However, at this carly :\;tagc it was difficult to discriminatec between these muscles,
especially at their dorsal end.

Two to three days after hatching (stage 2), the oropharyngeal membrane is disrupted
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Figurc 2.2 (a)Frontal scction of a hatched cod larva, illustrating four ventral arches (v)
and diffcrentiating levator arcus palatini or dilitator operculi muscles (sce
text). Mag.: 420x (b) Scanning clectron micrograph of just hatched cod
larva, showing cxtcr;ial gill pit (arrowhead). (c) Frontal scction of 2-3 day

old cod larva, showing four scparated ventral gill arches (v). Mag = 420x.
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:;nd thc mouth opens. Tiny unmincralized (mcmbranous) premaxillac and maxillac,
appear in the u'ppcr jaw. In the lower jaw, Mcckel's cartilage and the quadratc arc in
closc‘ proximity (Figurc 2.1b). In thc suspensory apparatus, the posterior end of the
hyomandibulo--symplectic cartilage is in close proximity to the posterio-lateral rcgior; of
the otié;capsulc (Figurc 2.1b). However, no distinct articulations occur and no jaw
movements werc observed. The branchial cavity has expanded relative to that in the first
day after hatching and the gill arches arc distinct and scparatc the branchial from the
buccal cavity (Figurc 2.2¢). Each gill arch has devcloped a vascular system, but the
artcrics lack pigmented blood cclls (Figure 2.2c). In addition, muscles have developed,
such as the adductor mandibular complex, important in closing thc mouth, and the
tranversi ventralis (muscles running latcrally between t};c gill arches), in preparation for

futurc jaw movements associated with exogenous feeding.

Yolk-sac Larvac (4 ~ 6 days old): (stages 3-4; 5.6-6.3 mm)

All of the cranial structures that were present during the first few days after hatch have
increased in length and diameter. As a result of this growth, two major articulations have
formed: (1) between Meckel's cartilage and the quadrate and, (2) between the
hyomandibulo-symplectic and the cranium (otic capsule) (Figure 2.1¢). The interhyal
cartilage, which first developed at 4 dhys post-hatch, has enlarged and is distinct by 6
days post-hatch (Figure 2.1d). It is the pivotal point between two skeletal mechanical
units, the suspensory and the hyoid apparatus. In addition to skeletal growth, cranial

muscles, such as the levator arcus palatini, have also increased in size (Figure 2.3a). Both
#
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Figure 2.3. (a) Frontal scction of a 6 day old cod larva, showing a large, distinct levator
arcus palatini (lap), the sitc of thc futurc pscudobranch (p) and pigmented
blood cells (bc) in the gill arch arterics and in the sinus venosa. Mag =
670x. (b) Scanning clcctron micrograph of a six day old larva, showing the

gill slit (arrowhcad). ‘

J
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thc devclopment of the articulation points and the culargcmcni of the levator arcus
palatini muscle facilitate jaw movrcmcnt, which is infrequent and uncoordinated at this
stage.

Externally, the gill pit or cavity, present at hatch, has extended ventrally and formed
an cxternal gill slit (Figure 2.3b). Internally, a small protuberance in the dorsal wall of
the pharynx antero-lateral to the gill arches is the future site of a pscudobranch (Figurc
2.3a). Neither gill filaments nor gill rakers arc present on the gill arches at this time.
Pigmented blood cells first appear at 3-4 days post-hatch and can be readily cbscrved
in the artcrics of the gill arches at 6 days post-hatch (Figurc 2.3a) as well as in the carly
pscudobranch. Large numbers of pigmented blood cells arc also present in the sinus
venosus (Figure 2.3a). However, tiic density of blood cells is not sufficiently high for
blood pigmentation to be visible in live specimens. At the cnd of this first period of
development : three mechanical units of the viscerocranium arc linked together: the lower

jaw, the hyoid and the suspensory apparati.

(b) Second Period of Development: (stages 5-6)

After the initial rapid structural and functional developments during the first week after
hatching, clements in the head slow in their developmental rate. However, pre-cxisting
internal skeletal structures (muscles and ligaments) thicken and strengthen.  During this

period the mouth moves from a sub-ventral position to a sub-tcrminal/terminal position

(Figures 2.1d-f).



86
Yolk-sac Larva (1-2 wecks post-hatch): (stages 5-6; 6.5-6.8 mm)

At about tcn days post-hatch (stage 5), the yolk—sac is still present but much reduced,
and the intestine has cxpanded (sce Ch. 1) for detailed description of intestinal
devclopment). At this stage, prey capturc was obsc;'vcd'vto occur and food is scen in the
intcst;r;lc from this stage onward. Larvac locatc the pr;:y and advance toward it. The
larva stops andx curls its tail into a C-shape (C-start), opens its mouth and drives the tail
posteriorly, lunging at the prey.

In the buccal cavity, Mcckel's cartilage in the lower jaw has thickened and a
mandibular process (first obscrved as a small process on Meckel's cartilage at 4-6 days
post-hatch) has grown in size (Figurc 2.1c). This process forms an insertion point for
the adductor mandibulac muscle. The basihyal has enlarged anteriorly and will continue
to cnlarge in older larval stages, cventually forming the ‘tonguc' (Figure 2.1c).

Two wecks after hatching (stage 6), only a small rcl:mnantof the yolk-sac remains.
Rapid growth has incrcascd the size and thickness of all cartilages (Figurc 2.1f) and
muscles (Figure 2.4a). Only a few ncew skeletal structures have developed. In the upper
jaw, the premaxilla and maxilla have continucd to enlarge. A flap of tissuc cxtends down
from the upper jaw to cither side of the lower jaw. In the hyoid and branchial arches, all
cartilaginous clements have grown, and in most specimens, the first gill filaments have
begun to appear on the sccond/third ventral arches (Figurc 2.4b). In addition, in some
spccimens, onc small pharyngeal tooth has appcared on the fifth gill arch and a thin
cpithelial border (or opercular epithelium) has also begun to grow dossally from arounci

the ccratohyal cartilage. The cpithelial border will eventually cover the gill cavity, and
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Figure 2.4. (a) Frontal scction of a 12 day old cod larva, showing a distinct Icvator arcus
palatini (lap) and dilator opcrculi (do) and a devcloping opercular
cpithelium (oc). Mag = 420x . (b) Scanning clectron micrograph of a 13

day old cod larva showing initial gill filaments forming on the gill arches.
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together with the opercular apparatus will form the gill cover (Figure 2.4a).

Larval Stage (3-4 wecks) - (stages 7-8; 6.6-7.3 mm)

At this time, the larval cod must fcéd cxogenously since any nutritional benefits from
the now internalized yolk-sac (Morrison 1993), arc not sufficient for growth and survival.
At about 3 wecks post-hatch (stage 7), the cartilaginous structures in the head arc thicker
and thc articulation points larger, c.g. between the dorsal edge of the
hyomandibulo-symplectic cartilage and the cnlarged otic capsule (Figure 2.1g).

By 4 weeks post-hatch {stage 8), the tip of the trabeculum cranii has thickened and
broadened, forming the cthmoid cartilage, which defines and supports the upper jaws and
ncurocranium. In all specimens growth of the gill filaments has continued on the second,
third and fourth gill arches, but no sccondary lamellac have formed. Secveral large
pharyngeal tecth are present on the fifth gill arch. Despite the overall growth of the head
the opercular apparatus is still composed mostly of connective tissuc. However, the
operculum bone has begun to develop and it can be scen as ostcoid in histological
sections. Externally, the opercular cpithelium almost encloses the gill cavity.

At the end of the sccond period of development the same viscerocranial structural
linkages cxist as in the first period of development (between the lower jaw apparatus, the
hyoid apparatus and the suspensory apparatus), however, the skeletal clements composing

these mechanical units have all grown in size.
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(c) Third period of development : (Stages 9-12)

After a period of growth in cranial structures and development of major organ systems,
further developmental changes occur in the viscerocranium. The mouth remains sub-

tcrminal/terminal (Figures 1h-1i).

Larval Stage - (5-6 wccks post-hatch): (stage 9; 8.0-9.0 mm)

At 5 weeks post-hatch (stage 9) (Figure 2.1h), increases in the complexity of cranial
clements occur simultancously with thosc of the intcstir.xc, which is now coiled (see Ch.
1, for intcstinal staging). In the upper jaw, the premaxilla and maxilla are large and well
developed and the upper jaw has become protrusible.  The bones do not stain red in
cleared and staincd specimens but their structure can be clearly identified as osteoid in
histological scctions. In the lower jaw, the dentary encloscs Meckel's Cartilage. Meckel's
cartilage process has enlarged (Figure 2.1h) and provides a large surface arca for inscrtion
of the adductor mandibulac muscle. Together the dentary, mandibular process and the
ventrally extended premaxilla and maxilla define the edges of the mouth. On the
dorsal wall of the pharynx, threc or four pairs of pscudobranchs extend into the dorsal
pharyngcal cavity (Figurc 2.5a). Each pscudobranch contains a central cartilaginous rod,
and is composcd of numerous frec lamellac which contain high densities of blood cells.
These blood cclls move in sinuscs between a thin pharyngeal membrane and the central
cartilaginous rod. In addition, large numbers of gill filaments arc present on all arches
and bear the first of the sccondary lamellac (Figure 2.5b).

Within the opercular cpithelium, a second bone, probably the suboperculum, has
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Figure 2.5. (a) Frontal scction of a 35 day old cod larva, showing cnlarged pscudobranchs
(p), and the opercular cpithelium, which cncloscs the gills (oc) Mag =
670x. Notc shrinkage of opercular cpithclium occurred duc to histological
preparation, thus the opercular cpithelium docs not appear to completely
enclosc gills. (b) Scanning clectron micrograph (ventral view) of a

sccondary lamecllac (arrow) forming on the gill filaments.

A
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formed, in addition to thc onc (probably the operculum) present at stage 8. The opercular
cpithclium has developed into a gill cover, enclosing the gills and gill cavity (Figure
2.5a). The posterior edge of the gill cover has thickened to form a valve, which can scal

the opcrcular cavity when adducted.

Larval Stage — (7-8 wecks post—hatch): (stage 10; 9.5 mm)

At this latc larval stage (stage 10), changes in both body and cranial morphology
occur. Flexion of the notochord occurs and the complcxity of cranial structurcs increascs.
In the lower jaw, the dentary bone has cnlarged and become broader, completely
cnclosing Mcckel's cartilage (Figure 2.1i). The ascending process of the maxilla has
developed and articulates with the dentary.  Both the lower and upper jaws bear teeth.
At the extreme caudal end of Meckel's cartilage, the retroarticular bone has begun to
form.

On the gill arches, two rows of filaments have formed (two hemibranchs) and most
bear secondary lamellac (Figure 2.6a). Large pharyngeal tecth arc present on the ﬁﬂii :
branchial arch and 7 branchiostegal rays have developed from the ceratohyal and within
the gill cover (Figure 2.6b). In addition, gill rakers have formed on all four gill arches.
The gill arches arc differentiated into the three clements, ceratobranchial, cpibranchial
and hypobranchial, which charactcrise the gill arches in the adult cod. The pscudobranchs
have reached their maximum size and the lamellac are beginning to fuse (Figure 2.6c).

All four opercular bones (operculum, suboperculum, preoperculum and intcroperculumy)

arc present. They arc scen as thin bluc strips in cleared and stained specimens, and as
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Figurc 2.6. (a) Frontal scction of a 50 day old cod larva showing onc of numecrous
sccondary lamellac forming on the gill filaments (arrow). Mag = 670x. (b)
Scanning clectron micrograph of a 50 day old cod larva showing 7
branchiostcgal rays within thc opercular membranc. (c) Frontal section of
a 50 day old cod larva showing very large pscudobranchs with fused
lamellac (p). Mag = 420x. (d) Frontal scction of a S0 day old cod larva
showing the presence of onc of the opercular bones within the operculum

(arrow). Mag = 670x.
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ostcoid in histological scctions (Figurc 2.6d). The hyomandibular cartilage has developed
a large condylc which articulates with the operculum. At this latc larval stage, cven
though the cartilaginous structurcs have become more robust, only the cleithrum is
complctely mincralized.

At the cnd of this period, cranial structurcs conncct four major mechanical units
together the lower jaw, hyoid, suspensory and opercular apparati. Coupling between the
mechanical units of the lower jaw apparatus and the upper jaw apparatus, forms an

additional mcchanical unit.

Transformation stage and pelagic juvenile (9-10 weeks): (stage 11-12; 11.0 - 30.0 mm)

At this stage, the larval cod begins to resemble a young juvenile cod in general body
shape. Most cranial structurcs present in juveniles have formed and are mincralizing
(Figurc 2.7). After the cleithrum, the next clements to mineralize are the dermal bones,
premaxilla and maxilla of thc upper jaw apparatus. The dorsal region of the
hyomandibular cartilage and the fifth branchial arch also show a progressive formation
of p;:richondral bonc: The bones in the opercular apparatus are among the last in the

visccrocranium to mincralize.

DISCUSSION
In cod larvae, feeding and respiratory nceds are met by changes in the development,
growth and intcgfation of visccrocranial skeletal clements. The force exerted by these

clements during fecding and respiration will depend upon skeletal size, composition and
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Figurc 2.7. Alcian bluc and alizarin red stained 80 day old cod larva, showing
mincralization around the jaws (dark stain) and hyomandibular. Total length

= 28mm
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the associated muscles. However, the rates of development in structurc and composition
vary throughout the larval life. Therefore, it is important to discuss the changes in
structurc and composition during cach period of development of cod larvae, and to relate

these to changing modcs of feeding and respiration.

Structures for Feeding

In newly hatched cod (yggk—-sac) larvae, structures in the viscerocranium are siﬁiplc
and non-integrated (Figurc 2.1a) and the yolk-sac scrves as an endogenous food source
(see Ch. 1). When the mouth opens at 2 days post=hatch, gill arches trap phytoplankton
(Van der Mceren 1991) and possibly small protozoans which pass through the open mouth
(during movement). Thus, prey sclection depends upon the distance between adjacent gill
arches. Since gill arches arc present at hatch in all fish larvac studicd (Balon 1985, Otten
1982, Dilling 1989, Licm 1991), food trapped by filter-feeding may be important to larval
fish survival. Morcover, filter—fceding may be particulary important to yolk-sac cod
larvae, since onsct of jaw function is delayed until 4-5 days post-hatch. In addition, cod
(yolk-sac) larvac inhabit a viscous environment (Re < 20 ; Webb and Weihs 1986), in
which active feeding (i.c. suction feeding) is incfficient (Drost 1987, Drost ct al. 1988a
1988b, Ossc 1990). Thercfore, an endogenous food supply and development of structures
that provide alternative feeding methods may be critical for survival.

In 4-5 day old cod larvac, articulation of cartilaginous clements and the formation of
the interhyal result in the first jaw movements. The interhyal acts as a fulcrum between
two mechanical units, the suspensory apparatus and the hyoid apparatus, forming the first

i
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structural linkage (scc Ch.3, for functional diagrams). In addition, ventral movement of
the hyoid apparatus laterally cxpands the suspensory apparatus and the buccal cavity via
the quadratc. This serics of cvents produces infrequent and uncoordinated 'gulping'
movements (Hunt von Herbing ct al. 1992), which probably generate very little suction
pressure for feeding. Therefore, initial jaw movements in yolk—sac larvac may serve two
functions: (1) to provide larval fish with a 'lcarning period’, during which they can
incrcasc the coordination of visccrocranial structurcs with cBangcs in locom_ption and
growth, while avoiding starvation. Such 'pre-feeding' ;;criods have increasc Qowth rate
and survivorship in altricial specics (Pedersen ct al. 1987, Appelbaum 1989) such as cod,
but may not be bencficial for precocial specics such as salmonids (Rombough 1988a). (2)
Initial jaw movements may facilitate the cxpansion and growth of the buccal and
pharyngeal cavitics, which will allow for the ingestion of larger volumes of water during
exogenous feeding. Tﬁus, fish larvac have somc musculoskeletal control over jaw
movement, which facilitates obligate exogenous feeding while relying on endogenous food
ICSCIVCES.

Development of functional systems for cxogenous feeding continues in the second
period of development, as the key cartilaginous structurcs (developed in the first period)
clongate and thicken. In concert with skelctal growth, intcgration of structural networks
improves. For example: (1) the arcas of articulation é::n;largc between the quadrate and

g |
Meckel's cartilage, and between the hyomandibulo-symplecticum and otic capsule; (2)

cxpansion of the floor of the buccal cavity during hyal protraction increascs in two ways:

ventrally, duc to the growth of the basihyal cartilage or ‘tongue' and laterally due to the
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longer interhyal and growth of the levator arcus palatini muscle, the muscle which
laterally expands the suspensory apparatus, and (3) thc.arca for the anterior insertion of
the adductor mandibulac muscle incrcascs duc to the growth of Meckel's cartilage process;
the adductor mandibulac is important in closing thc mouth. Increases in skeletal size and
width may facilitate an increasc of suction pressurc gencrated in the buccal cavity and
may thercby increase prey capture success. As the opercular apparatus has not formed
by this stage, the buccopharyngeal cavitics may be partially scaled by adduction of the
gill arches (Lauder 1983), allowing somc pressure to be generated in the buccal cavity.
However, feeding at this stage is likely to be a combination of suction—feeding and ram-
feeding (Ellertsen ct. al. 1980). Thercfore, as a result of skeletal growth and improved
coordination of jaw movements and swimming activity, larvac can feed efficiently by 17
days post-hatch, when the yolk-sac is completely utilized and fceding is cntircly
CXOgCnous.

Once through the transition period from cndogenous to exogenous feeding, the larval
fish arc totally dependent on cxternal sources of cnergy. Therefore, rates of prey capture
must increase to meet the demands of growth. Larval fish can increase prey capture rates
_.in three ways: (1) increasc swimming speed of foraging and prey pursuit, (2) improve ..
aiming accuracy and (3) develop structures that improve prey capturc and manipulation.
Cod larvac swim faster with increasing size (sce Ch. 4), and flexion of the notochord has
been suggested to increase swimming thrust (Blaxter 1988). This may result in greater -
foraging speed and body stability in the water. With ‘the rcﬁuction in high a;nplitudc

swimming patterns (i.c. anguilliform swimming (Hunter 1981)), head yaw is reduced and
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aiming accuracy increases (Drost 1987). In addition, aiming accuracy is likely to increase
as thc mouth moves from a sub-ventral to a terminal position (a terminal mouth position
is better suited to fecding in mid-water; Osse 1990). In concert with these changes,
intcgration of thc upper jaw with the lower jaw results in a protrusible upper jaw.
Protrusion of the jaws facilitate prey capture in several ways. First, it brings the predator
within striking distance with less chance of detection. Second, rotation of the maxilla
closcs off the anglces of the mouth, so the intake of water lateral to the predator's head and
not containing the prey, is prevented (Osse 1985). These actions reduce the amount of

water ingested with the prey (Osse 1990) and also decrease the "bow wave” cffect (Muller

I —
!

and van(ﬂccuwcn 1985) and hence increascs feeding efficiency. Protrusion may be less
important to prey capturc in adult cod (Muller and Ossc 1984), but its carly appcarance
in other specics such as Haplochromis and Cyprinus sp, indicate that it may bc important
to fecding at the larval stage. However, it is my opinion that while protrusion is
important to prey capture, it may not develop until swimming speeds and larval size have
incrcased and hydrodynamic conditions arc favourable.” This occurs at about 9.0 mm in
both cod (this study) and cyprinid larvac (Osse 1990).

By 10 mm (50 days post-hatch), swimming includes an inertial component (Webb
and Wecihs, 1986) and foraging and prey capture cfficiency increases (Hunter 1981,
Gamblc and Houdc 1984). Thercfore, further development of viscerocranial structures
is important for: (1) exploitation of a greater diversity of prey types and sizes, and (2)
rcduction of food loss through the gill openings and (3) increase suction pressurcs

necessary for suction feeding. Formation of the dentary and pharyngeal tecth facilitates
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the capture of ncw types and sizes of prey. Teeth arc situated on the upper and lower
jaws and arc designed to grasp and hold prcy. Gcncrz'llly, cod larvac ingest their prey
wholc from the water column (Ellcrtsen ct al. 1980), but they also use tecth to pick prey
off the sides of vertical surfaces and from the bottom of thc aquarium (personal
obscrvations). After capture, prey move from the buccal cavity into the pharyngeal
cavity, where they are further processed by the pharyngeal teeth. The pharyngeal tecth
crush food and direct it to the gut, thus presumably increasing the rate of food processing
and assimilation of nutricnts for growth.

Food loss through the gill slits in a 10 mm fish larva is prevented by the formation
of the gill rakers, branchiostcgal rays and opercular apparatus (operculum, suboperculum,
intcroperculum and preoperculum). Gill rakers restrict the loss of food particles through
the gill openings by creating a barricr between gill arches during gill arch adduction
(Lauder 1983). In addition, branchiostcgal rays control the extent and rate of flow of
water through the opercular valves and therefore aid in controlling food loss and more
importantly aid in generating suction pressures during suction feeding. Morcover, during
mouth opcning, the adduction of the opercular apparatus by the dilatator operculi, as well
as adduction of the branchiostcgal rays and gill rakers, scal the buccopharyngeal cavitics
preventing water from entering the posterior opening of the buccal cavity. Adduction of
the opercular apparatus also scals the bucco—pharyngeal cavities. Together the formation
of these structures probably results in higher buccal pressures, stronger uni—dircctional
flows and more cffective suction—feeding than were possible without a completely

functional opecrcular apparatus.
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Structures for Respiration

In the first few weeks of larval life, respiration is unaffected by buccal movements,
as there arc no gill filaments on the gill arches and respiration is cutancous. Cutancous
respiration is common in carly-stage fish larvac (Rombough 1988a), as the large surface-
arca-to-volume ratios (Ossc 1990) and thin dermis (DcSilva and Tytler 1973) favour
transcutancous oxygen diffusion. In cod larvac, .cutancous respiration may be
supplemented by hacmoglobin (which forms carly). However, the importance of
hacmoglobin to total oxygen uptake is unclcar ';,Salmonid larvac, in which hacmoglobin
was deactivated, survived for several weeks dcécndcnt only on cutancous rcspiration for
gas cxchange and transport (Rombough 1988Ia, Wells 1993).  Conscquently, the
contribution of hacmoglobin to oxygcr;i‘f:uptaﬁé and transport cannot bc assesscd until
accuratc mcasurcments of intravascular oxygen conccnti"ations arc possible for smali,
pelagic fish larvac such as cod.

The structures csscntial for gill ventilation form at a late stage of development in cod
larvac. Musculo-skeletal networks that conncct the opercular apparatus with the
ncurocranium, hyomandibular, hyoid and lower jaw apparatus facilitate the coordinated
functioning of the buccal and opercular pumps nceessary for branchial respiration (Licm
1985). In cod larvac, the opcr‘cular bones (operculum, sub-operculum, pre-operculum
and inter-operculum) of the opercular apparatus begin to form at 40-50 days post-hatch.
This is much later than in salmonid or cichlid larvac which hatch with partially developed
opercular clements (Verracs 1977, Ottcn 1982). 'Fha:gpcrcular apéé‘ratus is cssential to

\

scal the buccopharyngeal cavitics, so that generation of high negative pressures and uni-
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dircctionz;i water flow can occur during branchial respiration.  Although the adduction of
the gills and gill rakers may also provide a barricr to postcrior—antcrior water flow
through the gills (Lauder 1983), it is probably insufficicnt for gencration of large negative
pressurcs presumably neceded for ventilation.

In fish larvae, high frequency and strong ventilatory movements arc necessary, as
viscous cffccts will rapidly reduce the flow velocities in the buccopharyngeal cavity. Onc
would expect that strong ventilatory movements could occur when size of the clements
that constitutc the muscloskeletal networks incrcases with fish growth. As fish size
increascs, surfacc arca to volume ratios decrease reducing the relative arca available to
cutancous respiration (Blaxter 1988). This presumably nccessitates transition to branchial
respiration (secc Ch. 1; Figurc 1.9). Thus, growth of thc opercular apparatus and
associated muscles and the intcgration of structures facilitate the transition from cutancous
to branchial rcspiration, presumably in order to meet larval metabolic requircments.

Structures other than the gills, such as the pscudobranch, may also aid in cxtracting
oxygen from watcer for respiration. The pscudobranch's large volume of blood cells and
thin cpithelial lining are characteristic of a gas cxchange organ. Pscudobranchs begin to
develop carly in cod larvac and grow to form very large structures (Hunt von Herbing ct
al. 1992). Their position in the head exposes them to largc volumes of oxygenated water
cach time the mouth opens. In addition, blood sinuscs of the pscudobranch arc intimately
conﬁcctcd to the coronoid gland of the eye (Lagler et al. 1977). The cyc is probably onc

of the most metabolically active organs in fish larvac and is critical for fceding, as larval

fish arc primarily visual predators (Blaxter 1988). Thercfore, onc of the functions of the
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pscudobranch may be to service the metabolic needs of the cye. In older larvac and in
transformation-stage individuals, thc lamcllac fusc and the pscudobranch becomes
surrounded by the membranc of the dorsal pharyngeal cavity (f. Hunt von Herbing, pers.
obs.). Its function during juvcnile and adult life is unknown, although some studics have
suggested that it may be involved in endocrine function (Holliday 1960) or

osmorcgulation (Mattcy ct al. 1978).

Skeletal Composition

Mincralization of perichondral and membrane bonces in the head occurs late in cod
larval development during transformation to the pelagic juvenile stage. This is much later
tkan in many other species studied. In specics such as salmonids, cichlids and
cyprinidonts many of the structurcs that arc present in the adult have alrcady formed and
begun mincralization by the onsct of cxogenous feeding (Verracs 1977, Langille and Hall
1987, Otten 1992, Dilling 1989). Huntingford (1993) suggt;sts that initial movement of
jaws may stimulate ossification of the cartilage ncar ligament attachment points (c.g. on
the lower jaw). However, the major viscerocranial structures in cod are still cartilaginous
at 50 days post-hatch (Figurc 6, this study). Some variation in rates of mincralization
do cxist. Morrison (1993) found that mineralization was dclayed in laboratory raised cod
as compared to ficld-sampled larvac. Nevertheless, it is clcar that thoughout most of the
larval life of cod, mcchanisms of feeding and respiration are serviced largely by
cartilaginous skcletal clements.

Dilling (1989) rcported that first fecding in two specics of pomacentrids was also
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serviced by cranial structurcs which were still cartilaginous. Cartilage is not as strong as
bone, but one study reports that functional usc or loading may incrcasc cartilage thickness
(Holmdahl and Ingclmark 1948, also scc Herring 1993) (c.g. during active prey capturc).
In contrast, Lanyon and Rubin (1985) suggest that the primary influcnces on longitudinal
growth are genctic and hormonal. Therefore, functional loading may affcct cell division,
cell nutrition or the physical propertics of cartilage itsclf, rather than being an adaptive
modification in responsc to functional usc (Myers and Mow 1983, Currcy 1984, Lanyon
and Rubin 1985, Bicwener and Bertram 1993). Conscqucntly, larvac may be predisposed
to faster growth rates through the added advantage of having longer, thicker cranial
structurcs. This would result in carlicr articulation and larger gencration of suction
pressures, which would lcad to increased prey capture cfficiency, higher growth rates and
an carlier transition from endogenous to cxogenous fecding (and from larva to juvenile).
Bonc requires cncrgctféally cxpensive mechanisms to function, c.g. a vascular system,
and a complicated mincral metabolism and nutrient exchange system (Lanyon and Rubin
1985, Herring 1993). Therefore the rate of ossification may depend on the type and
amount of nutricnts that larval fishes arc ablc to obtain. The reason for diffcrences in the
rate of differentiation and extent of ossification of skeletal clements in the larval fish
viscerocranium arc not entircly clear, but may be related to (1) historical (genctic)
differences, (2) the naturc of larval fish habitat (c.g. temperature in tropical fish can
accelerate growth and metabolism, which could be related to the rate of ossification), or
(3) inter- or intra - specific differences in the level of feeding and respiration required

for survival.
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In cod larvac, the opereular apparatus is onc of the last scries of skeletal structures to
completcly mincralize. Formation of the opercular apparatus significantly alters the
number a2nd types of structural organization involved in feeding and respiration.
Therefore, it appears that for cod and perhaps most fish larvae, initial viscerocranial
structures arc specialized for feeding. Once fish larvac have survived the critical
transition from cndogenous to cxogenous feeding, the subsequent formation of the

opcrcular apparatus £icilitates the transition from cutancous to branchial respiration.
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Chapter 3
THE ONTOGENY OF FEEDING AND RESPIRATION IN ATLANTIC COD

LARVAE: (II) FUNCTION.
INTRODUCTION

To date, all investigations of the functional morphology of larvae have been conducted
on four fish grouéé: salmonids, cichlids, pomacentrids, and cmbiotocids (Verracs 1977,
Ottecn 1982, Dilling 1989, Licm 1991, rcspectively). In contrast, the functional
morphology of feeding and respiration in marine specics, such as Atlantic cod Gadus
morhua, is unstudicd. Gadids such as Atlantic cod are structurally 'simple' at hatch; i.c.
only a few skeletal clements are present (Ch. 2) compared to cichlids and pomacentrids
(Otten 1982, Dilling 1989). Cod develop from a yolk-sac larva to the pelagic juvenile
stage over 60-90 days at 5 — 9°C (Lough ct al. 1989, Lough and Potter 1993), whercas
cichlids and pomacentrids devclop into adults within 2 wecks at higher temperatures (c.g.
27°C). Skeletal structures that develop at the cgg stage of cichlids and pomacentrids do
not develop until the carly larval stage in cod. However, cod larvac are still able to feed
cxogenously soon after hatch, despite their less integrated viscerocranial structures (Ch.
2). Larvac of this type arc even more remarkable since most of their skeletal structurcs
remain cartilaginous and incompletcly formed throughout their long cxogenous feeding
period.

Mecchanisms of fceding and branchial ventilation in juvenile and adult stages of scveral
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specics of telcost fish have been thoroughly described (Alexander 1967, Ossc 1969,

Ballintijn 1972, Licm 1978, Van Lecwen and Muller 1984, Lauder 1985, Sibbing 1986).
In thesc oldcr stages, the structures arc large, and feeding and respiratory kinctics can be
determined through invasive techniques such as electromyography and pressures-sensitive
rccordings in buccal and opercular cavities. Although fish larvac arc much too small for
such invasive procedures, high speed video recordings and reconstructive morphology
have been used to determinc the ontogenctic changes in feeding and respiratory
mechanisms (Verracs 1977, Licm 1980, Otten 1982 1983, Dilling 1989).

The relative rates of growth and devclopment of skeletal clements in the skull (Ch. 2).
affect the functional design of the telcost skull for feceding and respiration throughout
ontogeny. Otten (1983) constructed a mathematical model to describe the functional
morphology of biting and s;ction of cichlids. He dctermined the importance of
anatomical points "hot spots" the position of which is critical in determining the biting
force (Otten 1983). Application of this model showed that the telcost skull undergoes
major t;ansformation in form and function during the carly life history (Otten 1983).
Morcover, in pomacentrid larvac, growth-dependent changes in the proportions of the
head transform the buccal cavity from a cylindrical cavity to a truncated conical cavity
(Dilling 1989), affccting the ratio of hecad depth to hcad length. As a result, a
simultancous shift in fecding strategy occurs, from ram-fceding to suction fecding, as fish
grow from the larval to the juvenile stage (Brainerd 19;35).

In addition to structural changes, changes in feeding and respiratory mechanisms

occur through growth (Otten 1982, Liem 1991). For example, Otten (1982) demonstrated _

\
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that a critical ontogenctic stage occurs in cichlid larvac during which there is a rapid
change m mouth-opcning mechanisms. At this-thrcshold stage, the geniohyoideus
muscle transforms from a depressor to an adductor of the mandible, and the levator
operculi coupling becomes operational to depress the mandible and open the mouth (Otten
1982). If the initiation of this coupling is dclayed, asphyxiation and subscquent death of
the larva occurs (Liem 1991). This coupling results from growth and intcgration of
structurcs in the head which trigger changes in feeding mechanisms. Thus, previous
studics have shown that growth and intcgration of structurcs and subscquent shifts in
functional mechanisms may be critical to survival.

The objectives of this study arc: (1) To determinc thc mechanisms of feeding and
respiration in larval cod throughout ontogeny, and (2) to comparc thc functional
morphology of fceding and respiration in cod larvac to other species, and detcrminc if any __

common patterns emerge that may influecnce larval survival.
T

METHODS AND MATERIALS
Animals
Fertilized Atlantic cod cggs were obtained from four sources: captive populations at
St. Andrews Biological Station (St. Andrews, New Brunswick), Dalhousic University
(Halifax, Nova Scotia), Memorial University (St. John's, Newfoundland) and wild Sable
c
Bank populations. Eggs and larvac were raised at 5-7°C in 80 | glass aquaria, High

concentrations of the green alga Isochrysis sp. were added to cach aquaria and 'green’

culturcs were maintaincd throughout the study period. Rotifers and wild caught

Q
.
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zooplankton, sicved to appropriate sizes, were always maintained at densitics of >20
prey/m! to cnsure good feeding conditions for all larvae (sce Ch. 2 for details of culture
procedurcs). Larvac were sampled cvery day for the first 10 days after hatching and then
less frequently as numbers declined. Samples of transformation (i.c. metamorphosed)
stage individuals were supplemented from mesocosm studics (Hunt von Herbing

un;ublishcd data).

Skeletal preparation, histology and scanning electron microscopy.

Samples for whole mount skeletal staining, scanning clectron microscopy and histology
were fixed in modified Karnovsky's fixative (after Sirc 1987). For whole mount skeletal
staining specimens were treated with Alcian Blue and Alizarin red S for cirtilagc and
bone. Cartilage stains blue, bone red and ligaments pick up a blue stain. Identity of all
clements were confirmed using histology (sce Ch. 2 for details of cartilage and bone
identification). Representative stages of skeletal morphology were drawn using a camera
lucida — equipped Wild dissceting microscope. Specimens for light microscopy were
proccsscd for embedding by standard techniques. For scanning electron microscopy, fixed
samples were dehydrated in a graded alcohol series and prepared with Peldri II (Peldri
Inc.) as a sublimation dchydrant (in place of critical point drying). After coating with
silver, samples were viewed by a Nanolab 2000 Scanning Electron Microscope (SEM)

(Bausch and Lomb).
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Kinematic analysis

Jaw movements of 1 week, 2 week and 7 week old larvac, were recorded using two
mcthods: (1) a Sony video camcra \\;th a macrolens and (2) a Sony video camcra
mounted on a Zeiss Tessovar macromicroscope. In the first method, 4 or 5 larvac of the
same stage, were placed in a perspex container (10 ecm x 10 cm x 5 cm) and filmed
continuously for 3 hours to rccord a scrics of ventilatory secquences. Water temperature
within the containcr was regulated by performing the entire cxperiment in a 5°C cold
room. In the sccond method, larvac were placed individually in a Petri dish which was
then placed on ice to maintain recorded temperatures of -ASEE-G°C. Approximatcly 3(i larvac
were usecd to obtain a scrics of jaw movements. Drawings of onc cycle of jaw movement

(onc cycle = from a closed mouth position to peak gape to closcd mouth) for cach stage

were madce from projccted video recordings.
)
\,

Skeletal measurements

Mcasurcments of cranial skelctal structures were made from whole mounts staincd as
described above. Specimens were filmed with a monochrome video camera mounted on
a dissccting microscope. Images werce captured using Image software (developed by Dr.
W."Rasband at the National Institutcs of Health, U.S.A.) in Pixcltools (Perceptions Corp.,
Knoxville, Tennessee). Five skcletal measurcments were made: head length was
measured from the front of the cye to the first vertebra of the vertebral column; head
depth was measured as the total dorso — ventral difference of the head at the midpoint of

~ the eye (Figure 3.1). Variat.iyons in the ratio of head depth:head length, were used to
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Figure 3.1. Schematic drawing showing location of skelctal measurements. a = head

depth, ¢ = jaw length, d = head length, q = quadratal angle, ve = vertebral

column.
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cstimate changes in the shape of the head. A large ratio indicates a decp head, suitable
to gencrating suction pressure, while a relatively smaller ratio represents a narrower head,
suitablc to ram fecding (after Brainerd 1985). The quadratal angle was mcasured as the
angle between the line conncecting the cyc-lens with the jaw joint, and the line connecting
the center of cye-lens with the rostral tip of the notocord in lateral projection (Figurc
3.1). Small changes in the quadratal anglc rcpresent changes in head proportions duc to
growth, whilc large shifts in the angle indicate shifts in kincmatic mechanisms for mouth
opcning (aftcr Otten 1982).

Changgs in both the head depth:head length ratio and the quadratal angle with standard
length or age, may also result from growth of other clements in the head. Therefore, jaw
length (from the cxtreme caudal end to the tip of the Meckel's cartilage) and eyc length

(cyc diameter), were also measurcd.

RESULTS

Viscerocranial structures in cod larvac throughout development have been described
in detail in Ch. 2. The stages referred to within cach kincmatic period arc the gencral
stages Ch. 2 (c.g. the yolk-sac, larval and transformation stage). The structural and
functional intcrconnection between two or more mechanical units (e.g. suspensory and
branchial apparati, scc Ch. 2) is referred to as a ‘coupling' and performs a specific
function (after Licm 1980). The following descriptions of morphology, including
lignmentous conncctions and musculoskelctal coup!ings, arc specific to kinecmatic

mcchanisms and musculoskeletal couplings in cod larvac.
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Morphology and Kinematics

(a) The Hyoid Period

This period cxtends from the time of initial jaw movement (5 to 6 days post—hatch;
general larval stages 3-4; sce Ch. 1) to 33 days post-hatch (larval stage 10; scc Ch. 1).
The cartilaginous clements of the hyoid period arc shown in Figure 3.2a-c. The hyoid
period is characterised by jaw movements which result from hyoid coupling (i.c. the
musculoskeletal coupling between the hypaxial muscles, sternohyoideus, hyoid apparatus
and mandiblc). This coupling governs mandibular depression via the mandibulohyoid
ligament. The mandibulohyoid ligament connccts two cartilaginous clements: the
ceratohyal and Meckel's cartilage. It cxtends from the lateral side of the caudal portion
of the ccratohyal cartilage to the caudal end of Meckel's cartilage (Figure 3.2a). Although
not illustrated in the figure, well defined geniohyoideus muscles attach from the
ccratohyal to the anterior cnd of Meckel's cartilage. The geniohyoideus originates
laterally on the ceratohyal above the junction between the hypohyal and ceratohyal. In
addition, a well developed sternohyoideus muscle originates on the cleithrum and inserts
on the 3rd hyobranchial. No opercular bones or opercular membranc are present at this
stage.

The first jaw movements occur between S to 6 days‘posl-hatch. Onc jaw movement
cycle (one cycle = closed mouth to peak gape to closed mouth) of a 5 day old cod larva
is shown in Figure 3.3 (a-d). Contraction of the sternohyoideus muscle causcs a posterior
retraction of the hyoid apparatus. This movement produces depression of the lower jaw

via the mandibulohyoid ligament (Figure 3.3 2-b). As the sternohyoideus relaxes and the
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Figurc 3.2. Dcvelopment of cartilaginous clements in cod larva head during the hyoid
period which extends from 6 days post- hatch (a) to 33 days post-hatch (c).
hy = hyoid, hs = hyomandibulo-symplecticum, m = Meckel's cartilage,. The

position of the mandibulohyoid ligament is indicated by the arrow.
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Figurc 3.3. A scrics of vidco images and illustrations of a 5-6 day old cod larva showing
thc movement of the jaw during onc mouth opening cycle. hy = hyoid,

hs = hyomandibulo-symplecticum, m = Mcckel's cartilage, q = quadrate.
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geniohyoideus contracts, the hyoid is protracted back into the mouth cavity and the jaw
and mouth close (Figure 3.3 c-d). Figurc (3.4a) shows that the movement of ’thc lower
jaw and hyoid arc synchronous ; the beginning of dcpression of the lower jaw is
immediately accompanicd by depression of the hyoid. Although the adductor mandibulac
muscle is small at this carly stage, it may also assist in closing the mouth. In addition,
a sccond coupling occurs between the hyoid and suspensory apparatus via the interhyal.
As a result, during the posterio-ventral movement of the hyoid apparatus, a small degree
of lateral cxpansion occurs. At this stage, the levator arcus palatini muscle is small (Ch.
2, Figurc 3.2a) and is unlikely to supplement the lateral abduction of the suspensory
apparatus. In general, jaw movements arc infrequent and uncoordinated and movement
is largely dorsal-ventral.

In the sccond week after hatching (stage 6; sce Ch. 1), skeletal structures and muscles
have incrcased in size and arc intcgratcd (Figure 3.2b). As in 6 day old larvac, jaw
movement and mouth opening are controlled by the transmission of force, exerted by the
stcrnohyoideus muscle on the hyoid arch, to thc mandible via the mandibulohyoid
ligament. Figure 3.5 (c—-h) shows onc full cycle of jaw movement for a 10 day old cod
larva. As the sternohyoidcus contracts it retracts the hyoid posterio-ventrally and the
mouth begins to open. At pcak gape, the mandibt;loh)'oid ligament is maximally
cxtended between the hyoid and the mandible (Figure 3.5¢). In addition, the relaxed
geniohyoideus is obscrved between the Meckel's cartilage and the hyoid (Figure 3.5¢).
Upon closing, the hyoid retracts into the buccal cavity at the same time as the mouth

closes (Figure 3.5f~h). Thercfore, movement of the hyoid and jaw arc synchronous in
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Figure 3.4. The distance (mm) moved by the lower jaw and the hyoid during onc cycle
of jaw movement in stage 3 (5-6 day old larvac), stage 6 (10 day larvac), and
stage 10 (50 day old larvac). Note that the in stages 3 and 6 the jaw and
hyoid move synchronously while in stage 10 they move asynchronously.

= distance moved by the lower jaw, = distance moved by the hyoid.
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Figurc 3.5. A scrics of vidco imagcs of a 10 day cod larva showing onc full cycle of jaw
movement. md = mandible, hy = hyoid, rclaxed geniohyoideus = g. The fully

cxtended mandibulohyoid ligament is indicated by the arrowhead.
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the first two wecks after hatching (Figure 3.4 ab). This synchrony is maintained
throughout the hyoid period. Latcral expansion through the abduction of the suspensoria
is still limitcd at this stage. Howecver, as the cartilaginous clements and muscles (c.g. the
levator arcus palatini) grow in size, thc amount of latcral cxpansion during jaw dcpression
and mouth opcning increascs.

By 33 days post-hatch (Figurc 3.2c), small cpercular bones arc present in the growing
opcrcular cpithelium (scc Ch. 2). However, the 1'ﬁcchanism for jaw movement and mouth
opening remains . unchanged. The major ligament to open the mouth is still the
mandibulohyoid ligament, as no ligament coupling the opercular serics to the mandible
has formed.

Notc that in all stages of the hyoid period the hyoid apparatus remains dorsal to the
jaw joint when the mouth is closed. As a result contraction of thcv' gé‘ﬁ‘iollyoidcus musclc

cannot depress the mandible.

(b) The Opercular Period

The jaw movements characterising this period occur during late larval stages and the
transformation stage. Thc major mouth opcning mcchanism shifts from the hyoid
coupling to the levator operculi coupling (i.c. a musculoskeletal coupling between the
levator operculi muscle, operculi scrics and mandible). This coupling mediates
mandibular dcpression via the opercular apparatus and the interoperculomandibular
ligament. Major morphological changes important to jaw movement and mouth opcning

arc: the formation of the four opercular bones (operculum, sub-operculum, pre—-operculum
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and intcroperculum), and the hyomandibular condyle that articulates with the operculum
and the opercular scrics (Figure 3.6b). In the lower jaw’, the dentary bone has enveloped
Mcckel's cartilage and small retroarticular bones have formed postcripr to the Mcckel's
cartilage.

At 50 days post-hatch, the opercular bones are small and lic in the opercular
cpithclium latcral to the suspensory arch (Figurc 3.6a). The opercular cpithclium has
grown (its distal cdge has thickened and formed the opercular valve) to completely cover
the gills. In concert with the branchiostegal rays, the operculum can scal the buccal and
opcrcular (éharyngcal) cavitics and prevent posterior to antcrior water flow. The
mandibulohyoid ligament is still present, but the anterior portion of the interoperculum
has become closely associated with it (Figurc 3.6a).

At 62 days post—-hatch, all opercular bones have further increased in size (Figure 3.6b).
The intcroperculum has grown rostrally, reducing the distance between it and the
mandibular arch. As a result, the intcroperculum is closely associated with the
mandibulohyoid ligament and the rostral tip of the intcroperculum 'inserts' into the
ligament (Figure 3.6b). The rostral portion of the mandibulohyoid ligament thickens and
forms the intcroperculomandibular ligament (or retroarticular ligament) (Figure 3.6b).

During the opercular period in cod larvae, the mouth is opened and the mandible
depressed by two musculoskeletal linkage systems: (1) levator-operculi coupling and (2)
thc mandibulohyoid coupling. In the first coupling, the levator operculi muscle, which
attaches from the ncurocranium to the operculum, contracts and rotates the left operculum

\

counter~clockwisc. The operculum, pivoted by its articulation with the hyomandibular
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Figurc 3.6. Dcvclopment of cartilaginous (solid) and boncy (stippled) clements in a cod
larval hcad during the opercular period. In the 50 day cod larva, the
intcroperculum is in closc association with the mandibulohyoid ligament
(indicated by the arrow). In the 62 day old cod larva, the interoperculum
inscrts into the mandibulohyoid ligament, the rostral end of which has become
the retroarticular ligament (indicated by the arrow). D = dentary, HS =
hyomandibulo-symplecticum, HY = hyoid, 1 = interoperculum,

O = operculum, S =subopcrculum, P = prc.opcrculum.

Arrowhcad indicates position of hyomandibular condyle.
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condyle, rotatcs the subopcrculum caudally. Through a system of ligaments, which
conncct the opercular scrics, force is transmitted from the intcroperculum via the
interoperculomandibular ligament, to the mandible which is depressed. In the sccond
coupling, mouth gape and depression of the hyoid is incrcascd by the hyoid coupling, the
clements of which are still present and functional.

A full cycle of jaw movement for a 50 day ~ old cod larva is shown in Figurc 3.7
(a-f). In the first frame, the mouth is closed and the hyoid fully retracted. As the hyoid
begins to descend, the mouth begins to open.  As the hyoid begins to move dorsally, the
mouth continucs to open, reaching maximal gape when the hyoid is retracted into the
buccal cavity. The asynchronous movement of the mouth opening and hyoid movement
(i.c. the phasc in which the lower jaw s still depressing while the hyoid is clevating), is
indicative of a sccond mouth-opening mechanism (i.c: the levator-operculi coupling).
This asynchronéus movement differentiates the levator-opereuli coupling from the hyoid
coupling, in which the hyoid and mandible depress and clevate synchronously (Figure
3.4c vs Figurcs 3.4 a,b).

In addition to the extensive dorsal-ventral expansion, lateral expansion of the buccal
cavity also occurs. This results from the lateral movement of suspensory arch, which is
mediated by the large levator arcus palatini muscle and ventral movement of the hyoid

apparatus.

Skeletal measurements in cod larvae

Skeletal measurements were transformed into ratios of head depthithead length, jaw
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Figure 3.7. A scrics of vidco images and illustrations of a 50 day old cod larva showing
the movement of the mouth and L:ccal cavity during onc ventilatory
movement. crb = ceraiobranchial, hs = hyomandibulo-symplccticum, hy =

hyoid, Mc = Mcckel's cartilage, qu = quadratc.
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length : head length, eye diameter:head length. To determine how skeletal growth varies
over the course of development, these ratios were plotted against standard length and days
post-hatch.

A sccond order regression provided the best fit for the growth data, measured as an
increase in standard length over days post-hatch (* = 0.98, p < 0.05; Figurc 3.8). The
shapc of the curve indicates two long developmental time periods scparated by a shorter
transition intcrval. The first period extends from hatching to approximately 30 days post—
hatch or from 4 to 8 mm standard length. The second period extends from 35 days to 90
days post—hatch or from 10 mm to 30 mm standard length. The interval between periods
on the growth curve (i.c. the transition intcrval) occurs at 30-35 days post-hatch or 9-10
mm standard length. Note that the first period inclu(ics only larval fish, whereas the
sccond period is composcd of larvac and pelagic juveniles (>80 days old and 29 mm
standard lcngth).

Figurcs 3.9 (a,b) show the changes in the ratios of head depth:head length vs standard
length and days post-hatch. In the first period of growth, the ratio of head depth:head
length was high and variable ranging from 0.95 to 1.4. In the scc9nd period of growth,
i.c. after 35-40 days post-hatch, the ratio of head depth:head length decreased rapidly to
0.59 by 90 days post-hatch or 30 mm standard length. In contrast, the qua(iratal angle
increased rapidly from hatching to 35 days or from 4 to 10 mm standard length (Figures
3.8 c,d). At this time the jaw joint rcached its most rostal position relative to the eye.
Thereafter, the quadratal angle remains high until the end of the larval period (about 60

days post-hatch), at which time it begins to decrease. Note that the largest and oldest
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Figure 3.8. The rclationship between growth vs. standard length (mm) in cod larvac and

pclagic juvcniles. H = hyoid period, O = opercular period.
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Figurc 3.9. The rclationship between the ratio of head depth:head length vs standard
length and days post-hatch (a-b), and between the quadratal angle vs
standard length and days post-hatch (c-d), in cod larvac and pclagic

juveniles. Symbols represent one individual.
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individuals were pelagic juveniles (>80 days post-hatch and 29 mm). These individuals
were characterized by small quadratal angles and low head depth:head Iength ratios. The
ratios of jaw length:head length and eye diameter:head length showed no size dependent
or age dependent relationships, but remained relatively constant through both the larval

and pelagic juvenile periods (Figures 3.10 a,b).

DISCUSSION

Feeding and buccal respiration arc intimately linked in the carly life history stage of
Atlantic cod. Mouth opening mechanisms change throughout ontogeny in concert with
the development of new cranial structurcs and musculoskeletal linkages. In cod larvae,
the hyoid coupling serves as the major musculoskelctal linkage for opening the mouth
during most of the larval life. With growth and differentiation of new structures, a
sccond musculoskeletal linkage, the levator~operculi .coupling, supplements the first
linkage. This sccond linkage becomes the major mechanism responsible for opening the
mouth in late stage larvae, juveniles and adults.

This study is onc of only a few which investigates the functional morphology of
feeding and respiration in fish larvac. To determine whether the general patterns of jaw
movements in cod are similar to jaw movements of larval stages in other species, it is
nccessary to compare mechanisms of mouth opening across specics. Onc might cxpect
that because of the relatively homogenous environment of the water column, interspecific
differences in fish larval mechanisms for fecding and respiration may not occur.

However, interspecific differences may result from historical (heritable) factors that arc
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Figure 3.10. Ratio jaw length:hcad length vs days post-hatch (a) and eyc diameter:head
length vs days post-hatch (b), in cod larvac and pelagic juveniles. Symbols

represent onc individual.
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specics~dependent.

Mouth opening mt:chanisms of early larval life.

The 'hyord period' describes the primary mechanism that is responsible for mouth
opcning in the carly part of larval lifc of four species of fish : a gadid (Gadus morhua),
salmonid (Qnchorthynchus mykiss), cichlid (Haplochromis clegans) and an ecmbiotocid
(Micrometrus minimus) (Figure 1, Verracs 1977, Otten 1982, and Liem 1991
respectively). In addition, opereular structurces are cither small or nonexistent as in cod
and arc non-intcgrated in the hyoid stage of all of the specics above. Although retraction
of the hyoid apparatus causcs cxpansion of the buccal cavity, the specific musculoskelctal
linkages, that arc responsible for mouth opening differ among specics.

In cod (Figurcs 3.4) and rainbow trout larvac (Verracs 1977), the hyoid is retracted
and the mouth is opened by the contraction of the sternohyoideus and ths depression of
the mandible through thc mandibulohyoid ligament. This results in the synchronous
movement of the jaw and hyoid (Figure 3.4 a & b). In cichlid and embiotocid specics,
the mandibulohyoid ligament is abscnt from all stages of the life history (Otten 1982,
Licm 1991). Thus, larvac begin life with the jaw joint positioned such that the working
'Iinc (i.c. the linc over whi(‘.h the force is transmitted) of the genichyoideus is ventral to
the jaw joint (sce Figure 7, Ottcn 1982). Through contraction of the sternohyoideus and
the geniochyoideus, the hyoid is retracted synchronous‘ly with the lower jaw. Such a

mouth-opening mechanism is not possible in cod, as the working linc of the

geniohyoideus lies dorsal to the jaw joint in all stages of the larval life, and the mandiblc
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cannot initially be depressed by contraction of the geniohyoidcus. Thus, similar
synchronous movements of the hyoid and lower jaw occur in all specics studicd, but the

mechanisms that produce the movements differ among specics.

Mouth opening mechanisms of the late larval and juvenile life history stage.

As ontogeny progresses, new structures develop and become integrated or ‘coupled’
by differentiation of muscles and ligaments. In older larvac and in juveniles, the
musculoskeletal couéling responsible for mouth opening is the levator—operculi coupling,
Howecver, in contrast to the ‘hyoid period', the coupling that produces jaw movement
during later stages of larval life is similar in all species studied to datc. The key
differences among species occur in the timing of the formation of the necessary skeletal
clements, muscles and ligaments that constitute the coupling,.

The opercular apparatus and the interoperculomandibulo ligament form late in both the
larval life of cod (45-50 days post-hatch; stage 10, Ch. 1) and rainbow trout (juvenile
stage; stage 97, Verracs i977). However, contractions of the levator-operculi muscle
may be transmitted to the lower jaw through connective tissuc of the opercular epithelium,
which is well formed by the middle of the larval period in both cod (see Ch. 2) and trout
(Verracs 1977). Verracs (1977) has suggested that it is these carly contractions that
facilitate the formation of the opercular scrics in the same order in all fish larvac studied,
the first bone (the opercuium) being nearest the muscle.

In cichlids and cmbiotocids the operculi coupling develops much carlier than in cod

and salmonids. The hyoid period constitutes only 6% of the larval period in cichlids and
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only onc day clapscs between the hyoid and opercular periods (Otten 1982). Due to
skelctal growth, changes in the proportions of the head drive the transition from the hyoid
to opercular coupling as the opercular apparatus is completc soon after hatching. Rapid
skclctal growth causcs the jaw joint to be displaced rostrally, shifting the working linc of
thc geniohyoideus dorsal to the jaw joint. Conscquently, the function of the
geniohyoideus is switched from mandibular depression to mandibular adduction (Otten
1982). At thc same time, growth is coordinated with the development of the levator
operculi coupling which substitutes for the geniohyoidcus to open the mouth. Thus, in
alt specics studied the levator—-operculi mechanism is conscrved and the asynchronous
movement patterns of the jaw and hyoid observed in both cichlids and cod larvae arc
produccd by the same musculoskelctal linkage.

The transition between musculoskeletal couplings in all larval species studied,
coincides with sharp changes in growth-dependent components such as head preportion
and the :quadratal angle. The shift from hyoid to opercular coupling occurs
simultancously with a change in head proportions (c.g. head depth:head length or
quadratal anglc). In cod this transition occurs just after the head depth begins to decrease,
and after the quadratal angle rcaches a peak (Figures 3.8 a-d). These changes also
coincide with an increasc in growth ratc which occurs at 9-10 mm, or 35-40 days post-
hatch (Figure 3.7). In rainbow trout, the transition to the opercular period also occurs
after similar, though smaller increases in quadratal angle (Otten 1982).

In cichlids, embiotocids and pomacentrids, the transition between ;hyoid stage and

opercular stage also follows sharp changes in the head proportions and quadratal angle
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(Otten 1982, Liem 1991). In all cascs, head proportions (head depth:head length) increase
with growth. In addition, an increasc in head depth is accompanicd by a change of
buccopharyngeal cavity shape, which shifts from a cylindrical to a truncated cone design
(Dilling 1989, Liem 1991). A cylindrical buccopharyngeal =avity with a shallow
suspensory apparatus and wide gapce is conducive to ram feeding, whercas a truncated
cone — shaped cavity with a deeper suspensory apparatus and small gape is conducive to
suction feeding (Brainerd 1985). Thercfore, shifts in mouth opening mechanisms, head
propertions and quadratal angles co-occur and facilitate shifts in fceding stratcgy.
Corresponding shifts in feeding strategics may also occur in cod. However, because of
the decreasing head depth with growth, feeding strategics would be expected to move in
the opposite dircction, i.c. from suction feeding to ram feeding, Juvenile and adult cod
display a combincd ram/suction feeding behaviour (Mu‘llcr and Ossc 1984). Thercfore,
changes in growth rate, head proportions, and quadratal angles occur in concert, albeit in
different dircctions, with changes in feeding stratcgy in all larval fish studicd. Such
preprogrammed and coordinated functional shifts in larval ontogeny may be essential to

meet changes in larval fish survival nceds.

Why did the second musculoskeletal linkage develop?

Emerging structures often appcar in specific scquences thereby cstablishing the
functions critical to fish larval survival. For cxample in cichlids, the shift of the quadratal
angle through growth renders the geniohyoideus incffective as a mandibular depressor.

Without the development of the sccond musculoskeletal linkage, larvac would be unable
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| to feed or respire (opercular movements alsoi’providc for gill irrigation) and would cither
starve or asphyxiate (Licm 1991). In contrast, the hyoid coupling scrves feeding nceds
for over 70% of the larval lifc in cod and 100% of the larval life in trout (Verracs 1977).
Respiratory nceds for most of the larval life arc largely met by cutancous respiration (sec
Ch. 2, Rombough 1988 and Ossc 1991). In addition, when opcreular coupling develops,
the hyoid coupling continucs to function, providing most of the buccal cavity cxpansion.
Therefore, in coc and rainbow trout, the opercular mechanism may develop becausc : (1)
high iz?:locily unidircctional flow gencrated by buccal/opercular pumps is necded to
facilitate the transition from cutancous to branchial respiration, (2) incrcasces in larval size
may make hydrodynamic conditions more favourable for opercular coupling; a shift of
mcchanisms occurs at 9-10 mm, when larger size and swimming spced lead to higher
Reynolds numbers (Webb and Weihs 1986) and (3) development of the opercular
apparatus provides an cfficicnt scal so that large ncgative pressurcs can be potentially
generated in the buccal cavity. Such increascs in suction pressure Icad to an increase in
fecding cfficiency, as well as facilitating buccal — opercular ventilation. Therefore,
allhqugh the onsct of the seccond musculoskcletal linkage is delayed in cod and rainbow
trout compared to’ cichlids and pomacentrids, its appearance is fincly tuned to the

rcquircments for survival and may constitutc a critical stage fer all fish larvac.

Phylogeny and the development of function
Diffcrences exist in mouth - opcning mechanisms between specics that cannot be

explained as an adaptational responsc to- the cnvironment, but perhaps can only be
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cxplained in the context of different phylogenetic origins. Cichlids, pomacentrids and
cmbiotocids arc phylogenetically closcly related (Liem 1991). Their larval stages undergo
similar changes in mouth opcning mechanisms and feeding strategics that arc important
for survival through ontogeny. Altcrnative to the primary mouth opening mechanism (i.c.
the contraction of the geniohyoideus), dcvclgpmcnt of a mandibulohyoid ligament in cod
and salmonid larvae, docs not occur in the cichlid, pomacentrid and cmbiotocid specics
discussed here (Otten 1982).  Though a conncctive tissuc which resembles the
mandibulohyoid ligament, was obscrved between the rostral part of the dentary and the
hyoid in the cichlid Astatotilapia clcgans (Acrts et al. 1987), no mention of its function
as part of an alternative mouth opcning mechanism for cichlids has been suggested for
adults or larvac. Therefore, despite the structural and functional similaritics of larval
mouth opening mechanisms, specics specific differences cxist in key structural points or
'hot spots' (scc Otten 1983). Thcscﬁ reflcct adult differences in feeding modes which arc
alrcady cxpressed at the larval stage.

Otten's (1983) 'hot spots' model has not been utiiized in my comparison of functional
design between cod and salmonid larvac, since most of the structurcs important to the
model arc not present until late in the larval life in cod. While co;l and salmonids arc
phylogenetically not closcly related (Lauder and Liem 1983), both dcvéiop a
mandibulohyoid ligament by virtuc of a longer lower jaw which reduces the distance
between the hyoid and mandible (Verracs 1977). Both specics show progression from the
simple hyoid coupling to thc¢ morc complex opercular coupling as structural and

1functional complexity in the head incrcases with the functional demands of growth,
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whercas cichlids, pomacentrids and cmbiotocids have taken an cntirely different pathway
to rcalize the same opercular coupling.

Summary. Similaritics in mouth opening mechanisms cxist among diversc telcost
spccics in the larval period. These mechanisms pr(;ducc the same preprogrammed
changes nccessary to survive in similar cnvironments. However, variation in larval
stratcgics to cnvironmental challenges a-ppcar to reflect the phylogenetic differcnces
characteristic of adults. Such differences may provide sufficient interspecific variation
between larval fishes, to create species-specific feeding niches within an environment
p&rccivcd to bc homogencous. Such variation could then be acted upon by sclection
pressurcs, thought to be intensce in the larval stage (Balon 1985), and in tumn influcnce

adult functional design.



Chapter 4
ACTIVITY METABOLISM IN LARYAL ATLANTIC COD:

AN INTER - POPULATION COMPARISON.
INTRODUCTION

Activity is thought to bc onc of the most important fl.lC(OI'S affecting encrgy turnover
in fishes, as activity metabolism can become the major component of total metabolism
at any stage of thc life history. Thc rclationship between activity and oxygen
consumption has been extensively studied in adults and juveniles (c.g. Fry 1947, Saunders
1963, Brett 1964 1970, Becamish 1978, Fry 1971, Brett and Groves 1979). Only recently
have studics considered the importance of metabolic costs of aclivity in carly stages
undergoing rapid growth and development (Hunter 1972, Hunter and Kimbrell 1980),
Wicser ct al. 1985, Wicser and Forstner 1986, Dabrowski 1986, Kauffman 1990).
However, dcetailed study of the cnergetics of swimming in fish larvac has been plagued
with methodological problems related to the small size of the animals. In larger, older
stages (juveniles and adults), the metabolic cost of sw?mming has been determined by
forcing the fish to swim against currents in a flow-tunnel respirometer while measuring
the relationship between swimming speed and oxygen uptake (Fry 1947, Fry 1971).
Early-stage larval fish do not rcadily swim against currents (Rombough 1988a). For
larvac and small juveniles the relationship between oxygen consumption and swimming

spced has been investigated using two methods. In the first, larval fish were made to

149
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swim at progressively faster speeds in a circular respirometer making use of their
optomotor responsc to a moving background (Dabrowski 1986). In these conditions fish
were induced to swim against small currents in a modificd flow-tunncl respirometer,
tailored to meet the limijted endurance of fish larvae (Kauffmgx 'i990). In both of these
studics, freshwater spccics werc used, and the larvac tested ranged from 2-500 mg
(Kauffman 1990) and 20-45 mg (Dabrowski 1986). Pclagic larvac of marinc fishes arc
typically much smaller than freshwater larvac (c.g. for Gadus morhua, a yolk-sac larva
weighs less than 1mg wet weight (Laurence 1978)). In addition, some marinc fish larvac
(c.g. cod larvac) do not rcadily display a optomotor responsc until a few days after hatch
(Budgey 1992) and cannot swim constantly against cven small currents until they grow
larger. Thercefore, in order to determine the metabolic c;)st of swimming in small larvac,
tcchniques and procedurces building on past methodologies need to be developed.

The nccessity for specialized techniques to determine the energetics of locomotion in
fish larvac ecmphasizes the differences between larvae and older stages of fish. Unlike
juvenile and adult fish, larvac undergo dramatic changes in morbhology, physiology, and
growth (Cohen 1984, Blaxtcr 1988, Rombough 1988a). As fish larvac grow, they
cxpericnce changes in their hydrodynamic environment, moving from a viscous
cnvironment to onc dominated by -inertial forces (Webb and Weihs, 1986) and larval
swimming patterns change from continuous tail-bcat swimming to 'beat and glide'
swimming (Hunter 1972, 1981, Weihs 1980, Batty 1984). In addition, decreases in
surface arca~-to-volume ratios and growth of gills shift thc method of oxygen uptake from

cutancous to branchial respiration. Despite these extensive developmental changes, only
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a few studics have investigated the importance of activity mctabolism to changing larval
requircments for locomotion (Wiescr ct al. 1988, Wicscr ct al. 1990). Thercfore, further
studics arc nccessary to: (1) determine the proportion of total mctabolism devoted to
activity and (2) to cstimate the cost of transport at different developmental stages of small
fish larvaz. Such studics arc important, as there is little if any information about the
rclative importance of activity to the total cnergy budget of these small fish larvac.
Swimming spced, growth ratc and metabolic rate of fish larvac vary with temperaturce
(Batty and Blaxter 1992, Laurcnce 1978, Rombough 1988a). However, it is unclear how
temperature affcets the quantity of cnergy available for activitics such as foraging and
predator avoidance. Previous work revealed that the cffects of temperature on encrgy
devoted to swirnming varicd with species; in some cases cnergy available for activity
incrcased with increasing temperature (c.g. salmonid larvac; Gruber and Wicser 1983),
and in others, activity mctabolism was independent of temperature change (c.g. in
cyprinids; Wicser and Forstner 1986). The cffect of temperature change on the proportion
of energy available for activity is important, as it may rcpresent a fitness index in which
variation cquld indicate differential cn;ironmcntal adupla'tion between populations of the
same spccics. For cxample cod populations along the cﬁst coast of Canada may differ in
their activity metabolism as Newfoundland cod larvac arc spawned in much colder water
(0 - 5°C) (Lear and Green 1984) than Scotian Shelf larvac (8-10°C) (Griffin and
Lochmann 1993). These populations may differ in their thermal optima. The presence
of antifrccze protcins in juvenile and adult Newfoundland cod and their absence in

Scotian Shelf cod (Fletcher 1993), suggests that Scotian cod could be ‘warm-adapted'
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while cod from Newfoundland are 'cold—adapted'.

To date, only a fcw studics have cxamined patterns of activity in larval Atlantic cod,
Gadus morhua (Ellertsen ct al. 1980, Solberg and Tilscth 1984, Skiftesvik and Huse 1987,
Yin and Blaxter 1987, Skiftesvik 1992). Generally, actiw;-ity inercased in cxogenously
feeding larvac only after yolk—sac absorption and reached high levels in starving larvae
(Skiftesvik 1992). However, metabolic costs of activity were not measured. The
objcctives of my study arc to: (1) determine activity and metabolic patterns during cod
larval devclopment, (2) determine the proportion of total metabolism devoted to activity,
(3) detcrmine how temperature affects the cost of activity, and (4) determine whether
intraspecific differences in activity metabolism occur between two geographically and

genctically scparate stocks of Atlantic cod.
METHODS AND MATERIALS

Animals

Fertilized Atlantic cod cggs were obtained from two populations considered to be
genctically distinct (Pogson ct al 1993): Newfoundland central (NF) (adults arc held at
Mcmorial University, St.John's, Newfoundland) and Scotijan Shelf stock (NS) (adults are
held at Dalhousic University, Halifax, Nova Scotia). Eggs and larvae of both populations
were raiscd scparately at tv;o controlled temperatures of 5 = 0.5 and 10 = 0.5°C in static
80 1 glass aquarium. High concentrations of the green alga Isochrysis sp. were added to

cach aquaria and 'green’ cultures were maintained throughout the experimental period.
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Rotifers and wild caught zooplankton, sicved to appropriatce sizcs, were always maintained
at densities of >20 prey/ml to cnsure good feeding conditions for all larvac. Subsamples
of larvac (n = 32-40) were taken from cach population every day and for the first ten
days after hatching. As the total numbers of larvac declined, daily subsamples were
reduced to n = 16-20 larvac. Samples were taken simultancously with those of Chapter
1 and arc comparable with respect to developmental stage (scc Chapter 2 for more

dctailed cxplanation of culturc mcthods).

Respirometry
Figure 4.1 illustrates thc clectrode array used to mcasurc metabolic rates.

Mcasurcments of oxygen consumption were made using four pulsed O, — clectrodes

(Endcco Inc.) housed in 250 4l Plexiglas chambers. Each electrode was linked to one of.

four cylindrical glass chambers, 30 mm long x 0.8 mm iﬁtcmal diameter (Cyclobios Inc.).
Oxygen saturated scawater (31 %o) was circulated via stainless steel tubes through the
experimental chambers and across the clectrodes by a peristaltic pump. Scawater was
circulated for 1 ~ 2 hrs from a reservoir until the clectrodes stabilized to within = (1.1
ppm between consccutive readings. Two to four cod larvae (depending on larval stage,
decreasing numbers with growth) were inscrted into cach of the four cxperimental
.chambers and the system closed. After allowing a 20 minute acclimation period for the
larvac to recover from any stress related to transport into the chambers (Hunt von
Hcrbing, unpublished data), oxygen concentrations were recorded every 4 minutes for one

hour. Four minutes allowed the clectrode to stabilize between readings and produced the
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Figurc 4.1. Diagram of clectrodc array and respirometers.
E= pulscd clectrode, C=cxperimental chamber, PP=peristaltic pump,

Rv=rescvoir
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most rcliable readings at the flow rate used (0.25 ml/min). Higher flow rates would have
produccd more stable clectrode readings, but would have bsen harmful to the larvae in
the chambers. Oxygen concentrations were recorded on a Tandy laptop computer.
Oxygen consumption (mg O,/hr) was calculated from regressions of oxygen concentration
over time for cach clectrode. All experiments were conducted at 10°C in a constant
tcmperature cold room.

Blanks were run for cach chamber and clectrode after cach experimental run and the
values obtained were subtracted from those values during the cxperiment. In addition,
nitrogen cquilibrated scawater was pumped through the system every weck to check that
no cnvironmental oxygen was leaking into the system. For calculation of specific oxygen
uptake, larvac were removed from the chambers, vicw;:d for developmental stage after
cach expcrimental run, rinscd in distilled water and then dried for 24-48 hr in an oven
(60-80°C), to a constant weight. They were then weighed to the nearest 0.01 mg on a
Cahn Gram clectrobalance (precision = 0.1ug). Yolk-sacs were dissccted from carly
larvac, and the body proper and yolk-sac were weighted scparately.

Experiments were conducted under the following thermal conditions for both
populations: (1) larvac raised at 5°C were tested at 10°C (R5T10) and (2) larvac raised

at 10°C were tested at 10°C (R10T10).

Activity
The movements of cach larva in cach experimental chamber were recorded by a Sony

HI-8 video camera. Each recording was made concurrent with a respirometric run.
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Activity recordings were made for cach larva for a total of 20 minutes, three times
throughout cach cxpcriment. HI-8 tape was transferred to VHS format and the activity
of cach larva was analyzed using the Peak Performance Image Analysis Program (Pcak
Performance Inc.). Swimming speed was determined through frame-by-frame analysis
of the distance cach larva moved over time. The center of the larval cyc was sclected as
an casily—detcrmined and reliable point of reference. Only positive movements (i.c.
movements of the larva against thc water current) were used in the calculations of
swimming spced. The Peak Performance system cnabled activity to be resolved into 3
components: (1) % timc active (2) mcan swimming speed (mm/s) and (3) maximal
swimming spced {mm/s) (thc highest swimming speed recorded within a 60 sccond
period) and was scen during distinct pulses of activity. Swimming spced was mcasured
as the change in position (i.c. distance moved) of a larva during a 1 sccond interval,
Mean swimming speed was calculated was calculated as the average swimming speed
over 60 scconds. Figurc 4.2 shows a represcntative cxample of onc activity spectrum for
onc larva. Locomotion in young larval cod (at low Reynolds numbers) is characterized
by intermittent pulses of continuous tail-beat swimming. Each pulse lasted only a few
scconds.

All numeric data were subjected to normal probability plots and Bartlett's Test for
homogencity of variance (SYSTAT, Wilkinson 1990). Student-t tests were used to
determine significant differences of mean swimming speeds, maximal swimming specds
and mass specific metabolic rates between stuges ahd among populations. T-tests

between regression slopes (Zar 1984) were uscd to test for significance of metabolic costs
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Figurc 4.2. Examplc of onc activity spectrum for onc cod larva showing average and

maximal swimming speeds.



159

09

0S

S odnny

(-00s) s,

0

™

.‘/ spaads jewixetu

v 0c 0z Ol
J..\. PEATN u/\
/

(sjuwr) posdg



160

of swimming between populations.
RESULTS

Patterns of activity and metabolism throughout ont(.)gcny.

Within—-population comparisons

The patterns of activity and mctabolism arc similar for both Newfoundland (NF) and
Scotian Shélf (NS) populations, raiscd at 5°C and tested at 10°C (Figurc 4.3a~f).

For the Scotian Shelf population, percent of time spent active was low (40-50%) in
the first 3 days of lifc (Figurc 4.3a) but increascd with the onsct of first-feeding, reaching )
over 90% by 10 days post-hatch. Thereafter, percent activity declined, stabilizing at 70-/{
75% activity for the remainder of the exogenous feeding period (Figure 4.3a). Mcan
swimming spced of the NS larvac was significantly lower for the first few days after
hatching (0.49 = 0.G:i3 mmy/s) than after yolk-sac resorption (0.87 = 0.12 mm/s) (figurc
4.3b; t-test, t = 3.2, p < 0.005). Swimming of cod larvac in the first few days of the
yolk-sac stage was characterized by short periods of continuous tail-beat swimming. In
contrast, swimming during later larval periods (at larger body sizes and larger Reynolds
numbers) was characterized by a beat-and-glide swimming mode. However, the
maximal swimming speeds atlainéa::i‘ﬁ yolk-sac stage chrc not significantly different from
thosc in later larval stages (t-test, t - 4.05, p > 0.05; Figurc 4.3b). Mass specific
mctabolic ratcs reflected the stage differences in swimming speed and pereent activity,

N

and were <ignificantly higher in the later larval stages than the yolk-sac stage (t-test; t

O
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Figurvc 4.3. Patterns of mcan.oxygen uptake (mgO2/hr/gdwt), mecan swimming speed
(mm/s), and mcan pereent activity in cod larvac from two populations Scotian
Shelf (NS) (a-c) and Newfoundland (NF) (d-f) vs. dq)'s post—hatch.
Corresponding changes in activity, feeding and development are also shown.

Error bars represent = 1 se. ..
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= 3.94, p < 0.005; Figurc 4.3c).

In the NF population, percent activity was maintained at 60-80% throughout the
cxperiment (Figure 4.3d). Mcan swimming speed was low immediately after hatching,
but increased following the onset of first feeding. However, mean swimming speed was
not significantly different between the later larval stag(; and the yolk-sac stage (t—test;
t=1.44, p> 0.05; Figurc 4.3c). Morcover, no diffcrences in maximal swimming speeds
were found between the yolk-sac and larval stages (t-test; t = -8.64, p > 0.05 ; Figure
4.3c). In contrast, mean mctabolic rates were significantly higher in the larval stage than

in the yolk-sac stage (t-test; t = 3.38, p < 0.005; Figurc 4.3f).

Between—-population comparisons

Mcan swimming speed of the NF population was significantly higher than that of the
NS population in the yolk-sac stage (t-test; t = 3.26, p < (1005}, but was not signif inz‘lltly
different in the later larval stage (t-test; t = 8.46, p> (L0S). [n addition, no signiﬁi:ant
differences occurred in maximal swimming speed between the two populations at the
yolk-sac or later larval stages (t-test; t = 5.61 and t = 1.37, p>0.05 for both cases; yolk-
sac and later larval stages respectively). In contrast, mean metabolic rates were
significantly higher in the NS than the NF population in both yolk-sac and later larval
stages (t-test; t = 3.78 and t = 2,51, p<0).001 for both cascs; yolk-sac and later larval
stagc respectively).

Given that the NF population had higher growth rates than the NS population (see Ch.

1), the above comparisons were also carricd out using Iength ~ specific swimming speeds



164

(i.c. swimming spced/body length). However, repeating the above analyses using specific
swimming spced yiclded identical patterns of variation. For thc NS population, mcan
specific swimming speed was still significantly higher in the later larval stage than in the
yolk-sac stage (t-test; t = 2.8, p<0.01). For the NF population, no differences cxisted
in mcan specific swimming speed between the two stages (t-test; t = 8.13, p>0.05).
Between—population comparisons showed a significantly higher mean specific swimming
speed at the yolk-sac stage for the NF population (t-test; t = 2.68, p < 0.001), but no
difference between .thc later larval stages (t—test; t = 3.66, p>0.05). Maximal speed in
body lengths was not significantly different between populations ( 0.5 bl/s for both NF

and NS; t-test; t = 1.72, p>0.05).

Activity metabolism

To approxiniatc thc metabolic cost of swimming over the first 40 days of cod larval
lifc (approximately 75% of the total larval life), specific metabolic rate was regressed
against swimming spced (thc mean activity of all larvac within one experimental
chamber). A first order regression proved to be the best fit for the data from cach
population. Figures 4.4a - b showed that specific metabolic rates regressed significantly
against swimming speed for both the NS and NF populations, and showed that 25-35%
of the variance in specific oxygen uptake was duc to swimming speed (for NS, r° = 0.36,
p < (L0S; for NF, £ = 0.26, p < 0.05). The slope or metabolic cost of swimming for the
NS population was almost twice that of the NF population (t-test between slopes; t=3.5,

p<0.05; Figurc 4.4 a,b).



Figurc 4.4. Mass spccific oxygen uptake (mgOy/hr/gdwt) vs swimming speed (mm/s) are
shown for cod larvac form the Scotian Shelf (NS) (a) and Newfoundland

(NF) (b). Symbols represent individual larva.
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Although these data do not represent individual fish larvac swimming against
proportionatcly faster current speeds (which would be necessary to determine true acrobic
scope), it docs represent an index of the cost of activity. Similarly, the y-intercept
represents an index of the standard or basal metabolic rate. To determine the oxycaloric
cquivalent of the cost of swimming, specific metabolic raic was converted to J/mg/hr by
multiplying by the factor 13.96 (the average cnergy relcased in Joules from: protein (131),
fat (14J) and carbohydratcs (15]), (Elliot and Davison 1975)) (Figure 4.5). Thercfore, the
difference between the cnergetic cost at maximal activity (derived from mean maximal
speeds obtained for both populations, i.c. 3.4 mm/s for NS and 3.9 mm/s for NF and the
rclationship between mass specific oxygen uptake and swimming specd for cach
population) and cnergetic cost at zcro activity represents the total (acrobic + ;mﬁk:mhic)
scopc for activity (Figurce 4.5). The energetic cost of activity between the popu_l:nt ions arc
diffcrent (Figure 4.5): (1) NS larvac have a higher maximal oxygen consumblinn (vo,
max) than NF larvac, 2) NS larvac have a higher total scope for activity than NF lurvac,
(3) NS larvac arc apparently less cfficicnt swimmers than NF larvac since they have to

cxpend morc energy at all levels of activity.

Activity metabolism at different ontogenctic stages
To determine if the cost of locomotion is similar throughout ontogeny, the carly lifc
history period was divided into three basic periods buased on feeding and swimming

behaviour and morphology (sce ch. 1-3).
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Figurc 4.5. The cnergetics of activity for two populations of cod Scotian Shelf (NS) and
Newfoundland(NF), showing both the relationship of mass specific oxygen
uptake (mgO2/hr/gdwt)and cnergetic cost vs swimming speed. NS =Scotian
Shelf larvac, NF = Newfoundland larvac. VO, max = maximal mass specific

-0Xygen uptake, Max. s.s = maximal swimming spced.



Specific Oxygen Uptake (mg02/gdwt/hr)

. Y02maz NS

. V02mazx NF Ve

NP

0 : | : R

0 1 2 3

Swimming Speed (mm/s)

Figure 4.5

NS

300,

odwt /hr

e
—_
Red

t (Joulecs;/

cos

100

Energetic

o

169



170

Period I (yolk-sac period).

Morphology: the prescence of a large yolk-sac ( 50% utilized (sec Ch. 1, Table 1.2),
uninflated swim-bladder, rapid change in cranial skcletal structures, no functional jaw (1-
6 days post-hatch (scc Ch. 2, Figure 2.1)).

Behaviour: swimming patlicms characterized by periods of intcrmittent burst
swimming, and little or no activity rclated to feeding.

Period II (Mixcd-Feeding period).

Morphology: yolk-sac (>50% to 100% utilized), partial inflation of swim-bladder
(swim-bladder is cntircly inflated at the end of the sccond period), a functional jaw.

Bchayviour: swimming pattcrﬁs still intermittent bL.lt changing to 'beat-and-glide'
patterns, activity more related to feeding, but exogenous feeding still supplements
cndogenous feeding.

Period III (cxogenous fecding period).

Morphology: no yolk-sac left, dorsal fin regressing (juvenile fins forming) changing
body shape.

Behaviour: swimming patterns sub-carangiform and 'beat~and-glide', solely exogenous
fceding, therefore, large proportion of activity related to feeding.

Figures 4.6a~-f show the cost of activity for all three periods in both populations. In
the first 'yolk-sac' period, mass - specific oxygen uptake was unrelated to swimming
speed for both the NF and NS populations (6a and 6d). Thus, in the first period no
portion of total specific oxygen consumption could be explained by changes in activity.

In the second mixed-feeding period, there was a possible tendency (r = 0.5, p = 0.08)
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Figurc 4.6. Relationships of mass specific oxygen uptake (mgO2/hr/gdwt) vs. swimming
speed for three discrete periods of cod larval life in two populations Scotian

Shelf (NS) (a-c) and Newfoundland (NF) (d-{).



(s/un) paadg Tunuunmg

(R
7
— ¢Z 0Z 6% 01 G0 00
13 L) ‘A L) c
4 7
ia & 1g
x’
a 101
A
4161
Joc
20050 sa0ea]| 52
. QLT e360 pndk
~ o¢

. )

{s/unr) poadg dutnnunag

0¢ (8] 0’1 50 0o
v . ; o
4a
4
. . \l\
A e
a 1]
&
0z
s0>d ‘1o » 3| { G2
25V XN G af
or

(@)
‘6318 snoualboxy

II1 aolydad

9"y aandy

(s/mur} paadg Fuiunuimg

vy 2t 0L 80 90 v0 ¢0O
. 13 14 [] ] O
.'l [ p—
—a = <
n

1 01
St
102
co-d ‘epaea |1 6C

2uL o Ty 2k
of

()

(s/uiur) poadg Funnunsg

{s/wiu1) poadg Fupwiuitmg
SZ 0 61 OY 60 00
Y T T T 0

Tt

1S

-] 0t

161

102

11'0=¢ "$g0= 3 |-1 GZ
CUE+XTLL0- =&

(P)
AN

of

("vmp 3/ay/3w) aqerdn zo ditoads

(s/wu) paads Bulmmuiag

‘618 burpaay paziy

(2]
]
o
8,
™
ac 20 0 20 ol g0 90 ¥'o 2o 0
’ - g o] ’ v 4]
.« . ™ . 2
' g L)
\lt\.\\!t\\l- n® . G ° [ ] ve—e G c
a . o
=
- ot ol &
3
g1 st °
-
e x4 0z =
(@
e0c-< 050 - 11| g2 $80=¢ "2c0°C- ] G2 ,M
t02v1225 ak 9L G302 ==k -
N -
ot ot Ry
() (&) i
o
=
-
—

II aorgad

‘618 aps—yj0[4

1 aoiyad |SN

f



173

for changes in mass - specific oxygen consumption to be explained by changes in
swimming spced in the NS population (Figurc -.6b). Howcver, for the NF population,
no significant relationship existed between specific oxygen uptake and swimming speed
(Figurc 4.6¢). In thc third 'cxogenous feeding' period, mass - specific oxygen
consumption increased with swimming speed in both populations (for NS, r* = 041, p <
0.05; for NF r* = 0.44, p < 0.05 ; Figures 4.6¢ and 4.6f). Therefore, 41% (NS) to 44%
(NF) of the variance in mass - specific oxygen consumption can be explained by changes
in swimming speed during the exogenous feeding period.

Ovecrall, for both genctic stocks, mass — specific oxygen consumption and activity arc
generally unrelated in the carly larval stages, while a greater proportion of total oxygen
consumption can be explained by variation m swimming speed in the later stages of larval

lifc.

Temperature effects on the cost of activity in period 1II of the larval life.

Oxygen consumption and swimming speed were measured for larvae raised at 10°C.
However, duc to the high variance at this temperature, oxygen consumption did not
regress significantly against swimming speed in cither the NS population {r* = 0.031, p
> 0.05) or in thec NF population (r* = 0.126, p > 0.05). Therefore, in order to compare
cost of activity between larvace raised at 5°C and larvac raised at 10°C, mcan cost of
activity (mg::,’:;dwt/m) [specific oxygen uptake (mgO,/gdwi/h) \/ swimming spced

(mm/s)] was determined for cach population and. for cach temperature treatment.

Characteristics that defined period 111 larvac (see previous scction) were also used to

13
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determinc period 1H larvac raised at 10°C. Morphological and behaviourial characteristics
werce the same between temperature treatments, although they were displayed carlier in

larvac raiscd at 10°C than at 5°C (scc Ch. 1 for rates of development).

Between-population comparison

The mcan cost of activity for larvac raised at 10°C and tested at 10°C, in larval period
ITI, was not significantly different between populations (t-test, t = 1.11, p>0.05; Figure
4.7a). In ¢ontrast, the mcan cost of activity for larvac raiscd at 5°C and tested at 10°C
was significantly higher in the NS population than in the NF population (1-test, t = 2.4,

p<0.005; Figurc 4.7 a,b).

Within-nopulation comparison

For the NF poﬁulation, the mcan cost of activity for larvac raised at 10°C and tested
at 10°C was significantly higher than the mean cost of activity for larvac raised at 5°C
and tested at 10°C (t-test, t = 2.43, p<0.005; Figurc 4.7 a,b). However, for thc NS
population, no significant diffcrences cxist between temperature treatments (t-test, t = —
7.9, p> 0.05; Figure 4.7 a,b). Therefore, while the cost of activity of larvac from the NS
population scemed unaffected by an increasc of 5°C in t.cmpcralurc, an cquivalent rise in

temperature increased the cost of activity in larvac from the NF population.
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Figurc 4.7. A comparison of the cost of activity during the third period of cod larval life,

between two populations, Scotia Shelf (NS) and Newfoundland (NF), for cach
temperature treatment. R10T10 = raised at 10°C and tested at 10°C. R5T10

= raised at 5°C and tested at 10°C. Error bars respresent = 1 s.c.
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DISCUSSION

fhe methods uscd to determine the proportion of total metabolism devotced to activity
workcd well for small cod larvac in this study. The high sensitivity and quick response
of the pulscd clectrodes and small rcspirq_rpctcrs cnabled oxygen consumption to be
recorded for a smaller number of larvac (1-4 larvac) than was nceded in previous studies
(c.g. 50-100 individuals (Dabrowski 1986), 250 individuals (Kauffman 1990)). In the
p;;:scnt study, this reduced (and in most cases climinated) increases in metabolic ratc due
to interactions with other animals in the respirometer — a factor which perhaps affected
metabolic rates in the above studies. In addition, the time course for the cxperiments in
the present study was shorter (1 hr) céihparcd to the times more commonly used (c.g. 7-
10 hr ; (Dabrowski 1986) and 4 hr (Kauffman 1990)). This reduced the period over
which nitrogenous wastes could build up in the experimental chamber, allowed numerous
rcplicates 1o be run (avoiding large changes in developmental stage), and also avoided the
cffccts of hypoxia by maintaining the oxygen concentrations above 80?6 saturation.
Although short time-course cxperiments scem to be well suited for small fish larvae, the
procedures \used in this study did not cnable cither simultancous feeding and activity
rccordings to be made or high current speeds to be used. Therefore, future modifications
of this proccdure to accommodate in situ feeding and highcr currcnt speeds (specifically

“for larger marine larvac), would enable the construction of a more robust cnergy budget.
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Qntogenetic differences in mass - specific metabolic rate and swimming spc"cd.
During the ontogeny éf Atlantic cod, cncrgy demands for swimming increasc as the
larvac grow.  The mode of feeding switches from endogenous to cxogenous food
resources, and respiration shifts from cutancous to branchial. Given these profound
changes, cod larval life was divided into three periods bascd on changes in morphology

and feeding behaviour.

Endogenous Feceding Stage - Period [

-In the cndogenous fecding 'yolk-sac' stage, larvac are small (4=-5 mm) and shaped
csscntially like a sphere with a tail (Webb and Weihs 1986). They have no gills and a
limited vascular system (see Ch. 2). Yolk-sac larvac move at slow speeds and in low
Reynolds number regimes (Re < 20), where viscous forces dominate (Webb and Wcihs
1986). In order to overcome viscous drag, they 'burst’ swim (Hunter 1981) and may rely
on anacrobic power to do so. This is supported indircctly by the cvidence that the
specific metabolic rate docs not increase with increasing acti;/ity (Figures 4.6a & 4.6c;
FPeriod I). More direct evidence of anacrobiosis, such as changes in the composition of
trunk muscle fibres and changes in the proportion of acrobic/anacrobic cnzymes, appears
to vary with specics. For cxample, in yolk-sac larvac of rainbow trout, white muscle
fibres and high levels of glycolytic cnzymes (Forstncr ct al. 1983), support the hypothesis
that swimming movements arc powered by anacrobiosis. In contrast, corcgonid and
cyprinid larvac possess a red muscle layer and high levels of oxidative cnzymes, which

suggest that activity is primarily driven by acrobic metabolism (Forstner ct al. 1983,
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Wieser 1991).

The amount and type ot activity exhibited by the fish larvac can be a reflection of the
source of cnergy utilized. For cxample, just-hatched rainbow trout move very little
(Wicser ct al. 1985), whilc corcgonids swim actively scarching for food almost
immediatcly after hatching (Forstner ct al. 1983). This sustained swimming creates the
nced for acrobic cnergy production in corcgonids, whilc the small burst — like movements
of rainbow trout arc indicative of thosc likely fuelled by anacrobiosis at lcast in adults.
In cod yolk-sac larvac, the predominance of white muscle fibres in the trunk muscle
(Morrison 1993, Hunt von Herbing, unpublished data) and erratic, infrequent swimming
movements arc further indirect cvidence that locomotion may be partially powered by
anacrobiosis. Howcver, analyses of oxidative and glycolytic enzymes, in addition to
calorespirometry (sce Gnaiger 1983), may be required to fully discem the extent to which
activity is driven by anacrobic processcs in cod larvac.

The amount of cnergy gained by acrobic sources may be limited in the yolk-sac
stage, as oxygen uptake is solely dependent on the diffusion rate and surface arca of the
larva (Blaxtcr 1988, Rombough 1988a). Thus, oxygen {s supplicd dircctly to the muscle
under the skin through diffusion, but is not convected away as the vascular system is still
in its carly devclopmental stages (scc Morrison 1993 and Ch. 2).  With a fixed surface
arca, the ratc of oxygen uptake can only be increased by increasing the gradient between
thc ambicnt oxygen levels and internal or muscular levels of oxygen. Larvac may also
burst-swim to dissipatc the surrounding boundary layers (Weihs 1980) and increase the

transcpithclial PO, gradient and therefore cutancous respiration. In time, larvac must

N,
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further decrcasc the oxygen levels in the muscle by developing a functional vascular
system which carrics away the oxygen taken up by the skin to other organs or tissucs.
However, the development of the cutancous vasculature is poorly known in the larval
stages and cutancous respiration in adult fish makes only a minor contribution to over all
oxygen consumption (Feder and Burggren 1985).

Burst—-swimming movements at the yolk-sac stage arc often considered in the context
of predator avoidance (Webb 1981, Yin and Blaxter 1987). Such movements may also
provide the larvac for futurc feeding (i.c. 'lcaming to feed; Ch. 2), when exogenous food
resources beeome exhausted. In cither event, burst swimming results in large amplitude
lateral (anguilliform) movements which produce large head yaw and rcducc prey caplure
cfficiency (Drost 1987). Should the larvac nced to feed exogenously at this stage,
foraging cfficicncy (cnergy cost vs cnergy gain) would be low cspecially if burst
locomotion is powcred anacrobically (i.c. incurring an oxygen debt). If the latter is true,
there is probably a trade-off in an encrgetic sensc, between the acquisition of exogenous
food and its anacrobic catabolism. Other types of swimming modes that facilitate
cfficicnt prey capturc (c.g. 'beat-and—-glide' swimming) arc not possible at this stage, as
the viscous drag is too high (Vlymen 1974) and the anacrobic conversion of glucose to
ATP too low (Hochachka and Somcro 1984) to allow a continuous-typc swimming.
Therefore, while growth and development are probably fuclled almost cxclusively by
acrobic combustion of yolk—-sac reserves, we cannot discount the possibility that anacrobic

mctabolism may play some rolc in powering burst — swimming movements.
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Mixed Feeding Stage — Period 11

During thc mixed—feeding stage, the jaw is fully functional, and cxtcrnal feeding
supplcments cnergy A(llcrivcd from the yolk-sac. The large dorsal fin present in the
previous stage is unchanged, but duc to growth, different swimming pat'tcms have
changed. The period between continuous swimming bouts is reduced, while swimming
frequency has increased (Figure 4.3a ~ b, this study) and the larvac now swims in an
intcrmediatc Re environment (20 < Re < 200) (Webb and Weihs 1986). Thus, incrtial
forces begins to play an important role enabling the larvac to adopt a 'beat-and-glidc'
mode of swimming (or cruising). Cruising speed becomes important as it determincs the
frequency that larvac encounter prey and also accounts for increases in thc metabolic
cxpenditurc (Hunter 1981; this study; Figurc 4.6b).

In addition, cxtra cnergy is probably also spent on maintcnance of position in the
water column. In the endogenous feeding stage, the yolk-sac, being composed largely
of protcins and lipids (Stroganov 1962) provides buoyancy for the larvac in place of an
oil globulc present in other species (c.g. labrids). As the yolk is utilized to fucl
development and growth, and cartilaginous structurcs become more dense, the larvac
begin to sink (1. Hunt von Herbing unpublished data). 1In response, the swimbladder
inflates tovfcducc sinking ratc. However, at the onsct of inflation (9 days post-hatch at
5°C, scc Ch. 1), the swimbladder docs not appear to be fully functional (Hunt von
Herbing, unpublished data), and the larvae are ncgatively buoyant. As a result, energy
demand for locomotien increascs for two reasons: (1) to facilitate foraging and cxogenous

prcy capturc and (2) to reduce sinking rate and maintain larval position in the water
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column. The latter is important as it may cnablc the larvac to stay in a patch of high prey
density, thereby maximizing prey encounter rate with minimal movement.

As a result of growth, swimming spceds and Reynolds numbers increase in cod
larvae, but surface arca-to—volume ratio decreascs (Blaxter 1988). Thus, the arca over
which gas exchange can occur cffectively deercascs, reducing the oxygen available for
acrobic activitics. Although gill filaments begin to appear during this period (sec Ch. 1,
Figurc 4.8), they arc probably non-functional as blood supply is not fully developed.
However, arterics and pigmented blood ccells begin to a.ppcar from 6 days post-hatch in
cod larvace (Ch. 2, Figure 2.3a). Thercfore, it is possible that oxygen uptake is not solcly
diffusion—limitcd and some convection of oxygen to other parts of the body may be
possible. Branchial respiration is cssentially prevented at this stage, because the suction
pressures within the buccopharyngeal cavities are evidently too small to provide the high
velocity flow nceded to break down large boundary layers within the cavitics (Ossc 1989).
Therefore, despite the tendency for increased vascularization and blood pigmentation, and
because of the lack of branchial respiration, the supply of oxygen for acrobic activitics
is still limitcd predominantly by diftusion. Thus, because increases in swimming activity
still occur without large corresponding increases in oxygen consumption (Figurce 4.6 b,c)
therc is rcason to suppose that anacrobic respiration continues to supplement locomotion

at this stagc as we suspect it might in the carlier yolk—sac larvac.

Exogenous feeding stage ~ Period I1i

After passage through the mixcd~fcéding stage, yolk-sac rescrves are exhausted, and
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feeding is solcly cxogenous. As a result, larvac arc very active (percent activity
incrcascs) and 40% of the total encrgy budget is dcvc.ncd to foraging and locomotion
(Figurc 4.6¢c - f). In comparison, demersal juvenile cod of the Scotian Shelf allocate
approximatcly 22% of their total cnergy budget to foraging and locomotion (M. Tupper,
Dalhousic University, unpublished data). In addition, morphological changes may
improvc swimmiqg performance, for cxample: the dorsal fin regresses and is replaced by
paired fins (this ;ids mancuvecrability), and flexion of the notochord occurs (this may
provide increased thrust) (Ch.1, Tablc 1.2). Thus changing body shapc, along with larger
size, results in a shift in swimming patterns from anguilliform to subcarangiform (Webb
and Wcihs 1986). This occurs in concert with the transition to the incrtial regime (Re >
200), in which pressurc drag replaces that viscous drag as a major component of drag
(Wcebb and Weihs 1986). Morcover, the increases in percent activity are more likely to
be composced of higher swimming speeds (Skiftesvik 1992, this study (Figures 4.3a &
4.3f). Thus, changes in swimming pattcrns and swimming speed increasc the accuracy
and cfficicncy of prey location and capture (Drost 1987, Drost and Muller 1988). High
foraging cfficicncy is cssential at this stage, as cnergy supply for growth and cventually
:transformalion to the juvenile stage, depends on larval capability to obtain exogenous
food.
Incrcascs in size arc accompanicd by growth and rprolifcration of the gills and
sccondary lamellac (see Ch. 1, Figurc 1.8), which may alleviate the fu'rthcr reduction of
surface arca~to-volume ratio. In cod larvac, gills and the buccal-opcrcular pump become

functional at about 9-10 mm standard length (see Ch. 3). Gills are also perfused with
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blood at this stage; the cpithclium increascs extensively in surface arca and is also made
thinner thereby facilitating gas diffusion (Morgan 1974), by reducing the distance over
‘Which oxygen must travel from the surrounding water to the gill artery. In addition, the

vnumbcr of blood cells increases (sufficiently for pigmentation to be casily obscrved) and
this presumably also increases the amount of oxygen that can be conveyed around the
body. All of the above changes may cnable the larvae to rely to a greater extent upon
acrobic respiration to provide cnergy for activitics such as foraging and locomotion. In
general, oxygen uptake is considered to be the limiting factor for energy production.
Other factors such as the transfer of CO, or NH, could also be potentially limiting,
however CO, is much more diffusible than O, in body fluids and NH, is readily diluted
in the ocean (Dcjours 1975).

In light of the differences between all three stages in cod larvae, it is of interest to
dircctly compare swimming performance and its importance to larval survival. It appears
that in period I, cutancous respiration over a fixed surface arca and possible reliance on
anacrobiosis to power 'burst' swimming for predator avoidance (Yin and Blaxter 1987)
arc sufficicnt to mect cnergy demands as feeding is entirely cndogenous. However, the
sccond 'mixed feeding period' period is more critical for-cod larvac as cxogenous feeding
supplements endogenous supplics, but total encrgy output may still partially rely on
anacrobiosis. Since a large amount of substrate (glycogen/glucosc) would be needed to
power foraging activity through anacrobiosis larvac could, f;fu;'ood were limiting, cxpend
more cnergy than they were able to acquire. In this situation the yolk~sac acts as a

substratc rescrve to prevent starvation. As a result howszver, these larvac may enter
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Period 111 energy depleted, and this may affect their potential for survival. While activity
in Period III is probably powecred to a large extent .by acrobic processes (although
anacrobiosis may still be used for occasional swimming bursts to avoid predators), it is
also the period most likely to be affected by changes in cnvironmental variables; i.c. any
factor that affccts the partial pressure of oxygen in the water, such as temperature, will

also affect the energetics of swimming.

Temperature effects on activity metabolism between and within the Scoti'an Shelf and
Newfoundland populations.

Mcasurcments of the changes in metabolism which result from environmental
perturbations is a uscful indicator of intrinsic diffcrences between fish stocks (Nelson ct
al. 1993). When cod larvac of the two different populations acclimated to 5°C in this
study were acﬁtcly cxposcd to 10°C, Newfoundland larvac were found to have a lower
intrinsic cost of activity that Scotian Shelf larvac, over the cntire larval lifc (Figurcs 4.4
& 4.6). Such differences between populations could be explained by differences in
morphology (c.g. Newfoundland larvac may be morc hydrodynamically cfficient), or the
diffcrences may reflect the way in which total cnergy is partitioned between acrobic and
anacrobic metabolism.

In the wild, adaptive differences between stocks may affcct survival. For cxample,
if larvac acclimatized in sity to 5°C were engulfed by a convection current of 10°C; an
cvent that could represent a warm core ring from the Gulf Strcam being advected onto

the Scotian Shelf (Scott and Scott 1988), or a typical ycarly anomaly in sca surface
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temperatures in Newfoundland (Pepin 1991), then I would predict a greater likelihood for

Newfoundland larvac to survive the cvent. Since Newfoundland larvac have lower

intrinsic metabolic rates for the same activity (Figure 4.5), they require reduced levels (or
quality) of food to fuel the activity. This would result in reduced rates of foraging and

cnergy expenditure and reduced predator encounter rates (Gerritsen and Strickler 1977),

but higher growth and survival rates.

On the Scotian Shelf, most spawning occurs between October and April, with a peak
of intensity in December.  Sca surface temperatures vary from 8-10°C in the late fall to
3-5°C in the spring (Drinkwater and Trites 1991). Therefore, most NS cggs and larvac
cxpericnce high temperatures (8-10°C) during development, though a smalicr proportion
arc also spawned in the colder waters of spring. Rccent studies have shown that cod
larvac arc rctaiﬁcd over Sable Bank, and indeed prefer regions of higher temperaturcs
(9°C) to that of the surrounding colder water (Griffin and Lochmann 1993). This may
be partially rclated to the high densitics of prey items found contiguous with high
densitics of fish larvac (Griffin and Lochmann 1993). In contrast, Newfoundland stocks
spawn from March to July (tcmperaturcs range from 1-5°C) and cggs and larvac drill in
the cold Labrador current to shallow nursery grounds 600-1000 km to the south (Lcar
and Green 1984). As a result, Newfoundland larvac expericnce, on average, much colder
temperaturcs throughout their larval life than do NS larvac.

During the cxogenous feeding stage, the average r.;1ctabolic cost of activity for NF
larvac raiscd at 10°C and tested at 10°C was significantly higher and more variable than

that of larvac raiscd at lower temperatures (Figurc 4.7). Thus, when raised at
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temperaturces above those they would normally cxpericnce in the wild, the cost of activity
incrcascs for the normally 'cold — adapted' Newfoundland larvae. Higher temperatures
would mcan that greater amounts of cnergy from food would be nceded to fucl the
clevated metabolic rates. In addition, the costs of foraging could be so high that large
cnergy debts might accumulate, and inhibit growth. For cxamplc a study of cnergy
allocation in juvenile (150 g ) cod by Pricde (1985) indicated that at 10°C, the maximum
power expenditure on foraging (standard mctabolism + swimming + apparcnt SDA) was
181 mW, whilc the maximum power supplicd by acrobic metabolism (VO,,,,) was 141
mW. At 15°C, the situation worscned as the maximunr expenditure on foraging rosc to
304 mW, while VO,_,, rosc to only 223 mW.

In contrast to Newfoundland larvac, larvac from the Scotian shelf population showed
no significant difference in the cost of activity between the two temperature treatments
(Figurc 4.7). Thercfore, these ‘warm —adapted' larvac are probably less likcly to suffer
mortality if temperatures arc high and stablc throughout the larval life. Scotian Shelf
larvac may however, be particularly sensitive to acute temperature increascs. This is
shown by the higher metabolic costs compared to NF larvac when larvac were transferred
from 5°C to 10°C (Figurc 4.7b). In contrast, the Newfoundland cod larvac show less of
a stress related increase in metabolic cost during the exogenous feeding stage (Figure
4.7b). .

Clearly, carly lifc history stages of cod must be able to withstand a multitude of
different types of changes in environmental paramcters, and tolerance to stress may be

genetically determincd. Recently, Pogson ct al. (1993) used cDNA clones to establish for
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the first time that contiguous populations of cod along thc Northcast coast of
Newfoundland and along the coast of Nova Scotia arc genetically discrete. Gencetic
differences may also partially explain the regional differences observed in the timing and
location of spawning (Flctcher 1993). Together these findings suggest that intcrpopulation
giffcrcnccs have ariscn by cnvironmental sclection and that genctically distinet groups of
.C(id arc adaptcd to their regional conditions. in this study, these diffcrences were
reflected in the different swimming cncergetics in the Newfoundland and Scotian Shelf
larvac. Sincc sclection is thought to bc most intensc at the larval stage (Balon 1985),
factors which differentially affcct cnergy budgets of larval fish may have significant

conscquences for the future of the populations.



Chapter 5
EFFECTS OF TEMPERATURE ON GROWTH AND METABOLISM IN

DEVELOPING ATLANTIC COD: AN INTER-POPULATION COMPARISON.
INTRODUCTION A

Oxygen consumption of fish cggs and larvac can be partitioned into two major
compartments: growth (change in sizc and weight) and mctabolism (to support activitics
such as locomotion and fceding). These compartments arc not independcent of cach other,
as cnergy is being cxchanged continually from one co;npartmcnt to another (Brett and
Groves 1979). The balance between the energy—demanding processes and the cnergy
supplicd from the combustion of food and from respiration is critical to the overall
physiological fitncss of an individual. Theorctical models predict that optimum patterns
of resource allocation arc those that lcad to greater reproductive output, thereby
transmitting morc gences to futurc gencrations (Amold 1988). The cnergetic balances of
fish larvac may be disruptcd by limitcd capability to capture food (sce Ch. 2), coupled
with variations in prey availability. Thesc factors likcly contribute to the high mortality
that is typical of fish larvac (Hewitt ct al. 1985, McGurk 1986, Houde 1989).

Eggs and larvac of temperatc marine fishes also expericnce marked temperature
changes — cither rapid ch:;ngcs duc to short-term anomalics (Pcpin 1991), or more
gradual changes duc to scasonal cycles. Changes in temperaturc can affect carly-stage

cncrgetic balances by varying both cmbryonic and larval rates of growth and metabolism
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(Houde 1989, Blaxter 1992). However, growth and metabolic ratc do not necessarily vary
at the same rate with changes in temperature (Kamler 1992).

The relationship of oxygen consumption and mass-is often cxpressed by using the
allometric power function V03A= aM?®, where VO, is oxygen consumption, M is animal
body mass and a and b arc fitted parameters, and b is often referred to as the "metabolic
mass cxponent”. Alternatively, this relationship can also be expresscd as mass—specific
oxygen consumption (VO,/M = aM®). Generally, mctabolic mass cxponents arc high
for fish cggs and larvac (i.c. > 0.8; Raciborski 1987, Guigerre ct al. 1990) compared to
juveniles and adults (<= 0.8; Kamler 1976), although values scem to be highly variable
among specics (¢.g. b = 0.65 for larval plaice, b = 0.82 for herring larvac (DeSilva and
Tytler 1973)) and among development stages (c.g. > 1.0 in yolk-sac stages vs < 1.0 in
cxogenously feeding stages (Raciborski 1987, Rombough 1988a, Kamler 1992)). Only
a few studics have examined the cffects of tcmpcmturc.on mectabolic mass cxponents in
larval fish (Laurence 1978, Quantz and Tandler 1982, Almatar 1984), and comparisons
between stages and between specics are difficult because metabolic rates are gencrally not
normalized to activity and developmental stage.

It is important to study the cffects of temperature on the amount of cnergy allocated
to growth in species such as Atlantic cog, Gadus morhua. The adults of this specics
spawn in many rcgions of thc north Atlantic, and their carly lifc history stages
conscquently encounter large differences in temperature (c.g. 0°- 3°C off the coast of
Newfoundland (Lear and Green 1984) to 12°C in late fall on Sable Bank (Drinkwater and

Trites 1991). To my knowlecdge, only 4 studics have documented the metabolism and
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growth of cggs and larvac of Atlantic cod (Davenport and Lonning 1980, Laurcnce 1978,
Solberg and Tilscth 1984, 1988). In three of thesc studics, growth and metabolic rates
were measurcd only to the cnd of the yolk-sac stage (Davenport and Lonring 1980,
Solberg and Tilscth 1984, 1988). Only one study has investigated growth and metabolic
ratcs from hatching to metamorphosis in Atlantic cod raised at different temperatures
(Laurence 1978). Laurcnce (1978) found that while both growth and mctabolic rates
incrcased with temperature, metabolic mass exponents :'1ppcarcd to dccrcasc. However,
hc did not investigate the metabolic mass cxponcnts during the embryonic period; nor did
he determine how the total available eiiergy was allocated to growth and mctabolism at
diffcrent stages in the larval lifec.

In my study, the growth and metabolic rates of 2 stocks (central Newfoundland and
Scotian Shelf), considered to be genctically distinct (Pogson 1993), were studied under
3 diffcrent temperature treatments. Eggs and larvac of the Newfoundland population are
spawned from April to Junc and arc gencrally ¢xposed to much colder temperatures (0-
3°C, (Lear and Green 1984)) than thosc of the Scotian Shelf. The latter are spawned
from November to March (with a peak in December) and are most commonly cxposed
to temperatures of 5-9°C (Griffin and Lochmann 1993). My laboratory studics of the
cffects of temperature change on the partitioning of cnergy between growth and
mctabolism was designed to simulate conditions that cggs and larvac of different stocks
cxperience in the occan. In this way we may better understand how changes in ambient
conditions affcct cnergy allocation and survivorship of the carly life history stages in two

discrete stocks. Such information may be important for future management of the fishery.
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METHODS AND MATERIALS

Animals

Atlantic cod cggs and larvac werce obtained from two stocks: central New{oundland
stock (NF) (adults (originally of the 2J, 3KL stock) arc held at Mcmorial University,
St.John's, Newfoundland) and Scotian Shelf stock (NS) (aduits (originally of thc 4VsW
stock) arc held at Dalhousic University, Halifax, Nova Scotia). Eggs and larvac were
raised and maintained at two controlled temperatures of 5°C = 0.5 and 10°C = 0.5 in 80
1 closed-system rectangular glass aquaria. Tanks chc shiclded by black plastic to avoid
disturbance of the larvac and to aid the larvac in locating prey. Scawater in cach aquaria
was treated with antibiotics (0.2g/1) (Penicillin-G and Streptomycin sulphatc, SIGMA)
to reduce bacterial levels. Gentle acration was provided by air stones which kept the cggs
suspended and reduced the build up of fungus. In addition, high concentrations of the
green alga Isochrysis sp. were also added and maintained throughout the experimental
period. Rotifers and wild caught zooplankton, sicved to appropriate sizes, were fed to the
larvac throughout the experimental period. Prey density was kept high (>20 prey/ml) to

cnsurc good feeding conditions for all larvac.

Respiro;etry and Growth

The clectrode array described in Ch.4 (Figurt; 4.1) was uscd in the present study to
determine total oxygen uptake (mgOy/hr). Oxygen uptake was measured for 6-8 co’cjll cges
and 2-4 cod larvac (4 of carly stage larvac and 1-2 late stage larvac) of both populations

(i.c. NF (Newfoundland) and NS (Scotian Shelf)). To ensurc that the cxperimental larvae
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did not have food in their guts, approximately 20-30 larvac were isolated in beakers from
the aquaria and held over night at controlled temperatures. For cach cxperiment, larvac
werc placed in the respirometer and acclimated to the chamber for 20 min to reduce stress
- rclated cffects on oxygen consumption. Following the acclimation period, the
respirometer systems were closed and the decrcase in oxygen concentration was recorded
cvery 4 minutes for 1 hour. The cggs and larvac from cach population were subjected
to 3 temperaturc treatments: R5TS (cggs and larvac were raised at 5°C and tested at 5°0),
RST10 (cggs and larvac were raised at 5°C and tested at 10°C) and R10T10 (cggs and
larvac were raised at 10°C and tested at 10°C). All experiments were conducted in a cold
room, in which the temperature was regulated to cither 5°C = 0.5 or 10°C = 0.5.
Blanks were run for cach experimental chamber and clectrode after cach experiment:

these valucs (which ranged from 10-20% of total oxygen uptakc) were subtracted from
thc valucs obtained during the cxperiment. For calculation of specific oxygen uptake,
cggs and larvac were rcniovcd from thc chambers, viewed for developmental stage after
cach experimental run, rinscd in disiillcd water and then dried for 24-48 hrs in an oven
(60 - 80°C), to a constant weight. They were then weighed to the ncarcst 0.1 mg on a
Cahn Gram clectrobalance.  For the cggs and for the yolk-sac larvac, yolk-sac was
disscctcd from lflc embryonic tissuc and weighed scparately.

Dry weights obtained from the above procedures were also uscd to determine growth
rates for both the NF and:NS populations raiscd at 5°C and 10°C. Specific daily growth
ratcs (SG) were calculated from the cquation:

SG=100ln WT-Inwt/T ,
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where WT = dry weight at the end of the time interval; wt = dry weight at the beginning
of the time interval; T = time interval in days (after Laurcnce 1975).

Samples of larvac were taken simultancously with thosc of Chapter 1 and the
developmental stages hercin correspond to the descriptions outlined in Ch.1 (sce Table
1.2 in Ch. 1). In addition, activity cstimatcs determined in Ch. 4 were also recorded in
concert with oxygen consumption in the RST10 and R10T10 temperature treatments in
the present study.

Energy budgets, were calculated using calorie valucs of 5.2 cal/mg ash frce dry weight
for yolk-sac larvac and 4.8 cal/mg ash-frce dry weight for exogenous feeding larvae (1
cal = 4.184 J). The caloric valucs were obtaincd from Solberg and Tilscth (1984), who
utilized a microbomb microcalorimeter.  Encrgy budgets in this study were only
calculated in terms of energy utilization for growth and activity rclated metabolism (i.c.
net cnergy budgets). The budgets do not include costs of assimilation, urinary or fecal
losses (i.c. these would be included in calculations of gross cnergy budgets). Total
oxygen consumption was determined from raw data and converted to energy cquivalents
using the averaged oxycaloric value of 13.96 J/mgO, (Elliot and Davison 1975). Total
daily rates of cnergy consumption (Joules/day) by yolk-sac, mixcd feeding stage and
cxogenous feeding larvac were cstimated by summin;; the energy cquivalents of the
absolute growth rate (G) and thc mectabolic ratc (R) of cach sample period. The
proportion of cnergy expended on growth (or net growth cfficicncy) was calculatcs from

(G/(G+R)) and the proportion of cnergy expended on metabolism was calculated from

(R/(R+G)).
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All numeric data were subjccted to normal probability plots and Bartlett's Test for
homogencity of variance (SYSTAT, Wilkinson 1990): Data were log — iransformed
where nccessary to mecet the demands of normality and homoscedasticity. Lincar
regressions were used to determine growth rates (ug dry weight day_;) for cach population
and for cach ontogenctic period (i.c. cmbryonic and larval) at 5°C and 10°C. Differences
between growth rates and metabolic exponents among periods, between populations, and
among tempcrature treatments were determined by t-tests between lincar regression slopes
(Zar 1984).

RESULTS
Growth

Temporal patterns of cmbryonic and larval dry weights and standard lengths are shown
for both populations and at both tempcratures in Figurc. 5.1 (a-b) and Figurc 5.2 (a-b).
In all cascs, the dry weight of cmbryonic tissue increascd at a greater rate than that of the
embryo plus yolk-sac. The weight difference between these two measurements equalled
the dry weight of the yolk, which fuclled the growth of the embryo and hence decreased
over time.

During the embryonic period, the daily specific growth rates were higher at 10°C than
at 5°C for both NS and NF populations (Table 5.1). For eggs raised at 5°C, peak
hatching occurred at 14 and 18 days post—fertilization (NF and NS populations
respectively), while at 10°C, cggs hatched in less time, i.c. 9-10 days for both populations
(Figures 5.1 and 5.2 (a-b)). In addition, the total time aver which hatching occurred was

greater at 5°C (approximately S days) than at 10°C (approximately 2 days). In the initial
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Figurc 5.1 Mecan dry weight (ug) and standard length (mm) vs days post-
fertilization at two temperatures, 5°C and 10°C for the Scotian Shelf (NS)
population of Atlantic cod. H = hatching, YS = yolk-sac, YSE = yolk-sac

cxtinction. Vertical crror bars represent = 1 standard crror
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Figure 5.2 Mcan dry weight (ug) and standard length (mm) vs days post—fertilization at
two temperatures, 5°C and 10°C for the Newfoundland (NF) population of
Atlantic cod. H = hatching, YS = yolk-sac, YSE = yolk-sac cxtinction.

Vertical crror bars represent = 1 standard crror
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Table 5.1 : Specific daily growth rate (%/day) of threc developmental stages in Atlantic
cod, Gadus morhua in two populations: NS (Scotian Shelf) and NF
(Newfoundland), at two temperatures.

Stage NS 5°C NS 10°C NF 5°C NF 10°C
(%/day) (%/day) (%/day)  (%/day)

Embryonic 8.6 135 9.9 16.8

Yolk-sac 9.1 8.4 8.9 18.6

Exogenous 44 7.6 52 93
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period following hatching (the yolk—sac period), specific daily growth rates decreased
from thosc of the embryonic period (with the exception of NF at 10°C) (Table 5.1). The
lowest specific daily growth rates for both populations and temperatures occurred during
the exogenous feeding period, but as with the cmbryonic and yolk-sac periods, growth
rates were higher at 10°C than at 5°C (Table 5.1). Despite the lower specific daily
growth rates, neither population exhibited symptoms of starvation. Both populations at
all tcmperature treatments continued to increase in dry weight and standard length after
yolk-sac extinction (YSE), albeit at a slower rate than during the embryonic and yolk-sac
periods (Figure 5.1 (a-b) and Figure 5.2 (a-b)). Yolk-sac extinction occurred at
approximately the samc time at a given temperature in both populations, but differed
between temperatures (12-15 days post-hatch at 5°C and 7-8 days post-hatch at 10°C)
(Figures 5.1 and 5.2 (a-b)).

Comparisons of growth rates between populations and temperatures were made by
regressing log dry weight against days post—fertilization for thc ecmbryonic and larval
. periods of cach population; at 5°C (Fig. 5.3a) and at 10°C (Fig. 5.3b). Log dry weight
regressed significantly against days post-fertilization, for 5°C (embryonic, r* = 0.87 and
r = 0.62, p<0.05; larval, © =0.72, p < 0.0001 and r* = 0.50, p < 0.0001; for NF and NS
respectively) and for 10°C (embryonic, r* = 0.94, p < 0.05 and = 0.932, p < 0.05;
larval, * = (.85, p < 0.001 and r° = 0.44, p < 0.001; for NF and NS respectively).
Embryonic growth rates -were significantly hi/ghc\f in NF popi;lation than in the NS

AR
population at 5°C (t-test; t = 2.07, p < 0/.95)'and at 10°C (t-test; t = 24, p < 0.001).

1

Similarly, larval growth ratcs were also significantly higher in the NF population than in
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Figurc 5.3 Rcgressions of log dry weight (ug) vs days post—fertilization at two
temperatures, 5°C and 10°C for the Newfoundland (NF) and Scotian Shelf

(NS) population of Atlantic cod.
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the NS population at 5°C (t~test; t = 3.99, p < 0.05) and at 10°C (t-test; t = S.14, p <

0.05). This suggests that trends in growth rate cxhibited in thc cmbryonic stage arc
maintained throughout the larval stage. In addition, within cach population, growth rates
were significantly higher at 10°C than at 5°C (t-tcst; t = 1.8, p < 0.05, for NS) and (t-

test; t = 1.89, p < 0.05, for NF).

Metabolism
(a) Changes in mectabolism with development

Temporal patterns of mass-specific oxygen uptake for both populations and for all
three temperature treatments arc shown in Figure 5.4 (a-c) and Figure 5.5 (a-c). In all
cascs, mass—specific oxygen uptake during the cmbryonic period gradually increascd from
fertilization to hatching. Upon hatching, a small increase in mass-specific oxygen uptake
occurred in both populations and in all tcmpc%aturc trcatments, with the cxception of NF
(R5TS). The metabolic cost of hatching appeared to be independent of temperature, but
was higher in the NS population than in the NF population (Table 5.2).

To detcrmine whether patterns in mass—specific oxygen uptake arc linked to changes
in morphology or behaviour of the developing larvae, mass—specific oxygen uptake was
plottcd against days post-fertilization, in conjunction with devclopmental stages
(described in Ch. 1). In all cascs, mass-specific oxygen uptake continucd to ipcrcasc
after hatching until first feceding (i.c. from stages 1 to 3) (Figurcs 5.4 and 5.5 (a-c)).
Mectabolic rates decrcased from stage 3 to 5, in concert with yolk—sac utilization (Figures

5.4 and 5.5 (a-c)). Between stages 5 (> 50-75% of the yolk—-sac utilized) and 7 (no yolk
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. Figurc 5.4 Mass specific oxygen uptake (mgO,/hr/gdwt) vs days post—fertilization for
three different temperature treatments, R5TS (raised at 5°C and tested at
5°C), RST10 (raised at 5°C and tested at 10°C) and R10T10 (raised at 10°C
and tested at 10°C), for the Scotian Shelf (NS) population of Atlantic cod.
Numbers represent developmental stages defined in Chapter 1. ys = yolk-sac

Vertical error bars represent = 1 standard crror

/j/
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Figurc 5.5 Mass specific oxygen uptake {(mgO,/hr/gdwt) vs days post—fertilization for
three different temperature treatments, RSTS (raised at 5°C and tested at
5°C), RST10 (raiscd at 5°C and tested at 10°C) and R10T10 (raised at 10°C
and tested at 10°C), for the Newfoundland (NF) population of Atlantic cod.
Numbers represent developmental stages dcéincd in Chapter 1. ys = yolk—-sac

Vertical crror bars represent = 1 standard crror
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Table 5.2 : The cost of hatching (mgO./hr/gdwt) in Atlantic cod, Gadus morhua, at threc
diffcrent temperature RSTS (raised and tested at 5°C), RST10 (raised at 5°C
and tested at 10°C), and R10T10 (raiscd and tested at 10°C).

Temperature Cost of hatching
Trecatment {mgO./hr/gdwt)

NS RST5 3.27

NF R5T10 3.38

’/ :'

NF R10T10 2.89

NF R5TS -1.89

NF RST10 . 0.69

NF R10T10 21
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remaining) mass-specific oxygen uptake again increased, as larvac increasingly rclicd on
obtaining cxogcnous food supplics for cnergy.

Patterns of mass-spccific oxygen uptake were highly variable and dcpended on
temperature in the exogenous feeding period. In gencral, mass—specific oxygen uptake
increased throughout the exogenous feeding period until developmental stages 8 or 9 (in
stage 8 gill filaments arc numerous and by stage 9 sccondary lamellac had formed and
buccal pumping had begun (sec Ch. 3)). Thereafter, (i.c. after stage 10) as the larvac
ap';'\‘alroachcd transformation, lcvels of mass—specific oxygen uptake decreascd (Figure S.4¢
and Figures 5.5 a-c) and approached that scen in the initial stages of larval development.

The highest rates of mass—specific oxygen uptake occurred during the cxogenous
feeding period (Figurces 5.4 and 5.5 (a-c)). The cxtent to which rates of mass—specific
oxygen uptake increased during this period, compared to those during the embryonic
period, differed between populations. Mcan embryonic rates of mass—specific oxygen
uptakc were significantly higher in the NF population than in the NS population
(ANOVA, F = 2.92, p < 0.05) (Tablc 5.3). However, the mean maximal larval rates of
mass spccific oxygen uptake were not significantly different between populations or
temperature trecatments (ANOVA, F =0.01, p > 0.05) (Tablc 5.3). In addition, the highest
rates of oxygen uptake were recorded between stages 7 and 9 for both populations and
temperatures (Table 5.3). The largest increases in mass—specific oxygen uptake occurred
in the NS population (Table 5.3). However, incrcases in metabolic rates appeared to be

independent of temperature for both populations.

Z



Table 5.3 : Mcan embryonic oxygen uptake (mgO,/hr/gdwt), highest mass specific
oxygen uptake (O,/hr/gdwt), factor of increase and developmental stage at

which the highest metabolic rates occurred.

Temp. X Embryonic Rate Max. Larval Oxygen Uptake  Factor  Developmental

Treatment

NFRSTS

NFR5T10

NFR10T10

NSR5T5

NSR5T10

NSR10T10

(mgOJ/hr/gdwt)

5.7+ 0.82

4.13=0.50

5.02=0.80

3.27+0.5

3.23+0.3

1.230. 23

(mgO,/hr/gdwt)

10.05=1.1

7.92:0.3

8.11=1.3

8.9=1.5

9.6=1.5

7.56+0.2

of Increase

1.77

1.91

1.61

Stage
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(b) Changes in metabolism with growth

To determine the cffects of tcmperature on the relationship of mctabolism with
growth, the allometric power relationship (VO, = aM®) was uscd. The log of absolutc
oxygen consumption (ugO./hr) was regressed against log dry weight for both populations
and for all temperaturc trecatments (for the NS population: R5TS at the embryonic stage
(c); ©* = 0.28, p > 0.05, and for the larval stage (1); ©* = 0.20, p > 0.05; for RST10 (c) r*
= 0.81, p < 0.05; for RST10(l), ©* = 0.5, p < 0.05; for R10T10(c), r* = 0.90, p < 0.5; for
R10TI10, r* = 0.51, p < 0.05; for thc NF population: for RST5(c), r* = 0.94, p < 0.05; for
R5T5(1), © = 0.40, p < 0.05; for R5T10(c) £ = 0.5, p = 0.08; for RST10() £ = (.60, p
< 0.05; for R10T10(c) © = 0.86, p = 0.10; for R10T10(l) ¥ = 0.73, p < 0.05; Figurc 5.6
a-f). Embryonic and larval periods were treated scparately.

In the cmbryonic period, acute temperature change significantly reduced the metabolic
mass ecxponent (b), compared to those determined from the non-stressed treatments (i.c
0.89 and 0.54 for NSR5T10 and NFRSTI10 respectively, versus 2.00 and 1.37 for
NSR10T10 and NFRS5TS5 respectively (t-test; 3.53, p < 0.05, for NS) and (t-test; t = 2.59,
p < 0.05, for NF). Note that for thc embryonic period in NFR10T10 and NSRS5TS, the
relationships between oxygen uptake and dry weight were not significant and could not
bc used in the above comparisons.

For comparisons of mass cxponcnts between the embryonic and larval periods,
cmbryonic mass cxponents were significantly higher than those of the larval period in 2
cascs (i.c. NFR5T5 and NSR10T10) cut of 4 (t-test; t = 1.86, p < 0.05, for NF) and (t-

test; t = 9.39, p <0.001, for NS). Note that for the embryonic period in NFR10T10 and
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NSR5TS, the relationships between oxygen uptake and dry weight were not é?éniﬁcant
and could not be uscd in the above comparisons. In NSR5T10, and NFRSTI0, acute
tempcraturc change ma)'r have affected both the ecmbryonic and larval periods to the same
cxtent as there were no significant differences in metabolic cxponents between the periods
(t-test; t = 0.71, p > 0.05, for NF) and (t-test; t = 0.35, p > 0.05, for NS).

In contrast, during the larval period, acute tempcerature change significantly increased
the metabolic cxponents (i.c. 0.93 and 1.33 (NSRST10 and NFRST10 respectively),
comparcd to thosc in the non-stressed trcatments, (i.c. 0.79, 0.59 and 0.60 (NSR10T10,
NFRS5T5 and NFR10T10 respectively) (t-test; t = 18.39, p < 0.001, for NS) and (t-test;
t =10.57 and t = 16.63, p < 0.05, for NF) (Figurc 5.6 (b-f)). In thc NF population, no
significant differences existed between the metabolic mass cxponents of larvac raised and
tested at 5°C, and thosc raised and tested at 10°C (t-test; t = 0.05, p > 0.05 for NF).
Note that the rclationships between oxygen uptake and dry weight in the larval period
were not significant for NSRSTS and could not be used in the comparisons.

Mctabolic mass cxponents determined from Figures 5.6 (a~f) arc representative of the
relationship between respiration and growth for the entire embryonic and larval periods.
However, partitioning of total cnergy to growth and mectabolism may change with
development and growth throughout cach period. Therefore, the larval period was
divided into three periods: (1) yolk--sac, (2) transition (mixed feeding ) stage and (3) the
cxogenous feeding stage that correspond to the periods defined in Ch. 4. Data were too
few to further divide the embryonic period. Table 5.2 shows the cnergy cquivalents for

total growth and total metabolism in Joules for cach developmental period; and the



Figure 5.6 Regressions of log total oxygen uptake (mgO,/hr) vs log dry weight (ug) for
three different temperature treatments, RSTS (raised at 5°C and tested at
5°C), RST10 (raised at 5°C and tested at 10°C) and R10T10 (raised at 10°C
and tested at 10°C), for the Newfoundland (Nf) and Scotian Shelf (NS),

populations of Atlantic cod.
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percent of total metabolism allocated between growth and other mictabolic activitics in
both populations and in all three treatments.

In ‘general, the percent of total energy budget allocated to growth in the yolk-sac
period was high (with the exception of NSR5TS) and ranged from 21% to 74%,
suggesting that growth is a priority at this stage (Tablc 5.4). In the mixed feeding
period, the proportion of cnergy allocated to growth decrcased in all cases (with the
cxception of NSR10T10) and the proportion of cnergy diverted to other " mctabolic
activitics such as locomotion and fceding incrcased (again with the exception of
NSR10T10; Table 5.3). During the cxogenous feeding period, the percent of total oxygen
uptake associatcd with growth incrcased over that of the mixed fceding period and
reached approximately 50% in NFRIOT10 and NFRSTS and approximately 30-40% in
NFRS5T10, NSR10T10 and NSRSTS (Table 5.4). In NSRST1(), percent of oxygen uptake
associated with growth was cxtremely low in the mixed feeding stage (4%) and was at
lcast 10% lower in the cxogenous fecding period than in all other cases.

Acutc ;cmpcraturc incrcases resulted in the reduction of cnergy available for growth
(Table 5.4). This was cvident in the transition and cxogenous feeding stages of NSRST10
and NFRSTIO, in which 69% (NFR5T10) and 83% (NSRST10) of total energy was
diverted away from growth to other mctabolic activitics. In the non-stressed treatments
(NFR5T5 and NFR10T10) the NF population allocated higher proportions of total cnergy
to growth compared to the NS population (NSR5T5 and NSR10T10). This corresponds

to the higher growth rates found in the NF population in Figures 5.3(a-b) and Table 5.1.

e
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DISCUSSION

In this study, I described the characteristics of growth and mectabolism of two
populations (Newfoundland and Scotian Shelf), considered to be genctically discrect
(Pogson 1993). In addition, [ investigated differences in growth and mctabolism between
developmental periods (c.g cmbryonic and larval) and within developmental periods (c.g.
yolk-sac, mixed feeding, and exogenous fecding stage). " The results of these experiments
advance a presently small body of rescarch on: (1) cnergetic differences between
populations, (2) the effects of cnvironmental factors on energetic balances and (3) the
stages during development which are most susceptible to changes in environmental

factors.

Growth

Estimates of larval growth are often used as an index of the gencral condition or
health of a cohort. Dccreasing growth rates usually indicate imminent starvation, during
which time fish larvae burn body tissue for energy (Kamler 1992). To date, most studics
have investigated growth of fish larvac up to and jl;St beyond the end of yolk-sac
utilization and hence during starvation. In this study, growth was investigated throughout
cxogenous feeding in two populations (Newfoundland and Scotian Shelf), during which
dry weight incrcased and no symptoms of starvation were cvident.  Under these
conditions growth rates of the Newfoundland population were significantly higher than
thosc of the Scotian shelf (Figure 5.3). High growth rates in the Newfoundland

population began in the embryonic period and were maintained, albeit at a reduced level,
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during the larval period. Thus, faster growing embryos hatch at larger sizes and maintain
this size advantage throughout larval lifc (Shirota 1970). Faster growth and larger size
cndow larvac with three potential advantages: (1) faster growth allows quick passage
through the periods of high vuncrability to predators (Calow 1989), (2) larger individuals
can swim faster and hence arc more likely to capturc prey and evade predators (Hunter
1981) and (3) larger, faster growing larvac may utilize their food supplics more cfficiently
for growth than smaller ones (Blaxter and Hempel 1966, Solberg and Tilscth 1988).

‘ Over the cntire larval life, the highest specific daily growth rates were found in the
cmbryonic and yolk-sac stages (Table 5.2). Since it is during these periods that mortality
is the highest (Hewitt et al. 1985.), growing faster and reducing the time over which
mortality opcrates will likely increase survivorship (Calow 1989). In contrast, the lowest
specific daily growth rates were found in the exogenous feeding stage. During this
period, dcficiencics in the energy budget occur, as endogenous resources are exhausted
and cxogenous feeding rates dictate growth (Solberg and Tilscth 1984). Encrgy deficits
may have occurred in the Scotian Shelf larvae, as they did not develop or grow as well
as thosc of the Newfoundland population (see also Ch. 1). Such differences during the
cxogenous feeding period may have been duc to food availability or type (sce Ch. 1).
Although food concentrations in the tanks were kept high throughout all the experiments,
variations in the typc of wild caught zooplankton fed to the larvac probably occurred
across scasons. This may have resulted in a growth advantage to the Newfoundland
larvac which were raiscd in the late spring when zooplankton diversity was at its highest

(I. McLaren personal communication). Alternatively, inter-population differences in
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growth rates may reflect inherent genctic differences between the populations.
Growth rates of fish larvac are also affected by tempcrature (Blaxtcr‘}i992). In this
study growth rates in both populations increased with temperature (Figure 5.3). Specific

daily growth rates at 5°C were approximately half of thosc at 10°C (Table 5.1). These

rates agreed quite closely with previously published estimates for Atlantic cod larvac (i.c.

6.67 to 8.75% pcr day at 7°C and 10°C respectively; Laurcnce 1978).  However,
Laurence (1978) found that both haddock and cod had depressed rates of growth at 4°C
and that successful metamorphosis did not occur at this tempcerature.  Thus sensitivity to
temperature may also be a reflection of inherent population differences. Laurcnce (1978)
studicd cod and haddock larvac spawncd by adults from Georges Bank. Sca water
temperaturcs arc higher on average on Georges Bank (5-15°C; Flagg 1987) than those
on the Scotian Shelf (3-12°C; Griffin and Lochmann 1992) or off the coast of
Newfoundland (1-5°C; Lear and Green 1984). Thercfore, it is likely that cod and
haddock larvac from Georges Bank arc not well adapted for growth at low tempceratures.
However, both Scotian Shelf and Newfoundland cod larvac often expericnce S°C and
grow well at this temperature. Hence these findings suggest that preferred temperatures
(scnsu Fry 1947, 1971, i.c. thc temperature chosen by a fish when it is placed in
temperaturc gradient) exist for larval cod from different populations, and that temperature

scnsitivity reflects adaptation of populations to specific environmental regimes.

V)
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Metabolism

Changes in mctabolism with development

Comparison of the mass-specific growth rates removed the cffect of body size, so
that pattcrns of mctabolism throughout larval life could be observed. The present study
is the first to track changes in mass specific metabolic rates over time (from the embryo
to mctamorphosis), linking changes in metabolism with development and behaviour. This
has been made possible by a detailed study of form and function of Atlantic cod larvac
at 5 and 10° C (scc Ch. 1). In addition, activity patterns from hatching to cxogenous
fceding have been determined (sce Ch. 4), and cnergy allocated to activity throughout
larval development can be accounted for.

Results from the present study show that small amounts of cnergy arc spent on the
process of hatching, but that cost of hatching is independent of temperature (Table 5.2).
Larvac from the Newfoundland population were more cfficicnt at hatching and spent less
cnergy on this critical, but potentially costly, process (Holliday ct al. 1964, Eldridge ct
al. 197‘)). Since cnergy for hatching is obtained from the combustion of the yolk,
cxcessive utilization would reduce the amount of encrgy available for growth and activity
in later stages. Davenport and Lonning's (1980) cstimates of the mass specific oxygen
uptake of hatching (1.2 mgO./hr/gdwt) closcly approximated thosc of the present study
(mciin for NS = 3.18 mgOy/hr/gdwt and for NF = 1.4 mgO,/hr/gdwt). Thercfore,
cstimates of the cnergy consumed at hatching determined from the present study along
with thosc from Davenport and Lonning (1980), confirm that Atlantic cod spend much

less energy on hatching than other specics such as plaice and herring (Holliday ct al 19\54,

{4
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Eldridge ¢t al 1977, Davenport and Lonning 1980). Differences in cost may be partly duc
to the thinner chorion of Atlantic cod cggs (7um; Davc.nport and Lonning 1980) versus
the thicker and presumably tougher chorion of other specics (Lonning 1972). As a result,
for Atlantic cod, cost of hatching probably docs not represent a significant proportion of
the energy budget.

Following hatching, mass specific metabolic rates increased rapidly during the yolk-
sac period (Figure 5.4 (a-c) and Figurc 5.5 (a-b). This incrcasc is probably duc to
cnergy expended for growth, as growth rates arc still high at this stage (Tablc 5.1). In
addition, some cnergy may also be expended in differentiation and development of organs
and structures for feeding (sec Ch.2). Activity during the yolk—sac period compriscs only
a small proportion of the total oxygen consumption (Ch.-4) and, therefore, cannot explain
increases in mass specific metabolic rate during the yolk—sac period.

Patterns of mectabolic rate change in the yolk-sac period, described in the present
study, generally agree with results from previous studics (Davenport and Lonning 1980,
Solberg and Tilscth 1984, 1988). However, results differ as to the patterns of metabolic
rates at yolk-sac cxtinction. In the present study, metabolic rates decrcased at yolk-sac
extinction (Figures 5.4 and 5.5 (a—c)). In contrast, Solberg and Tilscth (1988) found that
the highest metabolic rates occurred at yolk-sac extinction in unfed cod larvac.  Wicser
ct al. 1988 suggested that high metabolic rates in poorly fed cyprinid larvae may reflect
a higher motivation for food searching activity. In the present study, food was introduced
to the larvac shortly after hatching, and mixed feeding (i.;:. yolk-sac plus exogenous food)

supported growth during the yolk-sac and mixed feeding stages. In other studics in
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which food was introduced to yolk—sac larvac, oxygen consumption also accelerated after
a short—term dcpression during the transition from endogenous to exogenous feeding
(Eldridge ct al. 1982, De Silva ct al. 1986, Kamler 1992). Although supplying cxogenous
food to larvac prior to first—fceding may increase activity (Solberg and Tilscth 1988) (i.c.
reducing cnergy for growth), many would agree that introducing food well before yolk—
sac absorption usually significantly cnhances larval survival (Eldridge o al. 1977,
MacCrimmon and Twongo 1980, Heming ct al. 1982, Pedersen ct al. 1987, Appelbaum
1989). Although, cffccts of pre-fecding may also differ between specics, energy balances
during carly larval lifc are likcly influenced by food availability and feeding success.
Evidently, larvac may cnter the cxogenous feeding stage with cither an cnergy dcficit or
surplus, depending on their feeding success and energy cfficiency during the yolk-sac and
mixcd fceding stages (also sce Solberg and Tilseth 1984).

The highest metabolic rates obscrved in this study occurred in the cxogenous feeding
period in all temperature treatments and in both populations (Figures 5.4 and 5.5 (a—c)).
High ratcs of mctabolism arc probably a reflection of the combined cost of growth
(including development) and activity associated with locomotion and feeding. The less
than twofold increase in metabolic rates found in the Newfoundland population versus the
3-to—6 fold incrcasc in mctabolic rates in thc NS population suggests that the NS
population is much lcss cnergy cfficient (Table 5.3). As the cxtra cnergy was not
reflected in incrcased growth in the NS population, energy must have been spent on other
mctabolic activitics such as locomotion. This is also supported by cvidence from Ch. 4,

which showed that swimming was morc encrgetically expensive for Scotian Shelf larvae
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than for Newfoundland larvac (Ch. 4, Figurc 4.3).

Maximal rates of mass spccific oxygen uptake occurred at around the same
developmental stage (i.c stage 7-9), and did not differ significantly between populations
or temperaturc treatments (Table 5.3). Development between stages 7 — 9 is characterized
by the proliferation of gills and sccondary lamellac and increases in complexity of the
alimentary tract (see Ch. 1). In addition, high levcls of activity (>30% of total cncrgy
cxpenditure, Ch.4) occur, as larvae increase their rates of locomotion and foraging for
cxogenous food supplics (sce Ch. 4). Therefore, high metabolic rates arc associated with
procurcment and assimilation of exogenous food. lgiorcdvcr, the development of gills and
sccondary lamcllac may accelerate in response to higher encrgy demands. These
demands, coupled with decreasing surface arca—to—volumb'_-ra‘tvios (duec to growth),
necessitate the transition from cutancous to branchial rcspirat.ion (sec Chs. 3 & 4).
Therefore, during the exogenous feeding period, maintenance of an encrgy surplus, in the
form of growth, rclies upon the capacity to capture food and combust it for energy. Some
studics (Eldridge ct al. 1981, Bergot ct al. 1989, Kamler et al. 1990) have shown that high
temperaturcs and high prey abundance (i.c. suitable prey), accelerate differentiation of
both morphological structurcs and internal organs of fish larvae, enabling them to pass

through this vulnerable period of lifc more rapidly.

Changes in metabolism with growth
Effects of growth on metabolism of eggs and fish larvae have been extensively studied

since the 1960's (Holliday ct al. 1964, DeSilva and Tytler 1973, Laurence 1978, Cetta and
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Capuzzo 1982, Houde and Schekter 1983, Almatar 1984, Theilacker 1987, Giguere ct al.

1988). Despitc the improvements in methodologies to accurately measure oxygen uptake,
disagrccments over whether metabolism scales allometrically (b=1) or isometrically (b =
1) with growth, still abound in the literature (sec Gigucre ct al. 1988). In the present
study, the metabolic mass exponcnts for the cmbryonic period in Atlantic cod ranged from
0.54 to 2.00, with a mecan of 1.2. Since it is difficult to isolatc cmbryonic tissuc from
yolk-sac tissue in unpreserved specimens, underestimates of embryonic weights could
have resulted in the very high metabolic exponents. Eggs are regarded as closed systems
in which activity is considered to be minimal (Rombough 1988b). Despite this, only a
few estimates of metabolic mass exponents have been made for cmbryos. These estimates
range from below 1.0 (Kiorboe and Mohlenberg 1987) to significantly above 1.0 (Kamler
1986, Rombough 1988a). Howevecr, in the study by Kiorboe and Mohlenberg (1987),
yolk-sacs were not scparated from the cmbryonic tissuc.. Since the yolk is considered to
be non-mectabolizing tissuc (Rombough 1988b), the embryo must be isolated in order to
correctly determine mass— specific metabolic rates. If only embryonic mass is used in
calculations of mass~specific oxygen uptake, mass exponents arc high (usually above onc)
compared to those of larval stages (Rombough 1988b).

Estimates of thc mass cxponents for the larval stage are numerous and range from 0.65
(DeSilva and Tytler 1973) to cqual or greater than one (scc Giguere ct al. 1988). In the
present study, mctabolic mass exponents ranged from 0.59 to 0.79 in the non-stressed
tempcerature treatments, were independent of long-term or chronic temperature changes,

and were not significantly diffcrent between populations (Figure 5.6). However, mass
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cxponents approximated onc and were greater than onc in those treatments in which
larvac were cxposed to an acute 5°C temperature incrcasc (Figure 5.6). Elevated
mctabolic rates in these experiments probably resulted from increascs in activity, which
may have reflected a stress—-related response.

Gigucrc ct al. (1988) advocatc that routinc metabolic rates scale isometrically (i.c.
b=1) in fish larvac. Through extensive recalculation of previous work and through further
cxperimentation of their own, Giguere ct al (1988) al:rivcd at the conclusion that the
metabolic mass cxponent (b) equalled onec. However, on closc cxamination of papers
cited therein, it became apparent that the high cxponents used in their cvaluations were
probably duc to stress (c.g. Laurence 1978). In addition, their own techniques may have
resulted in higher stress related metabolic rates than hercin.  For example, their chambers
were static, boundary layer conditions were undetermined, and the respirometers were
stirred using a glass bead only once prior to measurcment.  Although they checked for
stress related to stirring shortly after the cxperiment had begun, stress - induced
mctabolic rates can be maintained at high levels for over an hour, as was discovered in
the present study. Utilization of long~term respirometric techniques such as the twin-
flow respirometer developed by Gnaiger (1983), may help resolve the dispute. Note that
Kauffman (1990} using a modificd version of the twin-flow respirometer found that mass

cxponents for routine metabolism in cyprinid larvac approximatcd 0.8.

Energy Budgets

The above relationships between growth and metabolism arc further complicated by
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the cxistence of scparate developmental stages within {hc larval period and the relative
importance of activity to these stages. Coﬂétmction of encrgy budgets for three stages:
yolk~sac, mixcd fceding stage and cxogenous feeding stage took these factors into
consideration (Table 5.4). Results show that in most instances the contribution of activity
incrcased with stage, while contribution to growth was variablc between stages (Table
5.4). High nct growth cfficiencics in the yolk—sac period reflect the high specific daily
growth rates and the low contribution of activity to total oxygen uptake (Ch. 4). High
proportions of total cnergy cxpended on metabolism (R / (R + G)), evident in the
cxogenous feeding stage, reflect the high proportion of total oxygen uptake associated
with increasing activity (scc Ch. 4). Net growth cfficiencics ranged from 30 to 50 % in
the cxogenous fecding period, and approximatc nct growth cfficicnces cstimated in other
studics (Solberg and Tilscth 1984, Cetta and Capuzzo 1982, Houdc and Schekter 1983,
Rombough 1988b). |

The greater allocation of cnergy to mectabolism in acutely stressed larvac of both
populations support the result that acute temperature change clevates levels of metabolism,
probably resulting from incrcases in activity. The temperature—independence of net
growth cfficicncics suggest that both NF and NS larvac can grow well at 5 and 10°C.
Howcver, overall net energy budgets confirm that the MNMewfoundland larvac are
significantly more energy-cfficient (i.c. devote a greater proportion of encrgy budget to
growth) than thosc of the Scotian Shelf. Onc of the rcasons for this may be that
Newfoundland larvae scem to be more cost-cffeetive swimmers (see Ch. 4). In addition,

inhcrently faster growth rates may give them advantages that they carry throughout the
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rest of larval life.
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CONCLUSIONS AND FUTURE DIRECTIONS

In this thesis | have gathered and integrated information from the ficlds of functional
morphology, physiology and ccology, in order to better understand the way in which cod
larvac intcract with their environment. 1 believe that utilizing such an interdisciplinary
approach will more fully clucidatc the factors that determinc cod larval survival.

Two major objectives were accomplished in the present study. The first was to stage
and describe the morphology and functional morphology of feeding and respiratory
structures throughout cod carly life history, in order to document structures and functions
rclated to feeding and respiration in cod larvi.e, two processes that cnable the animal to
acquire cnergy. The results were presented in Chapters 1 through 3.

The second major objective was to detcrmine how the cnergy obtained through feeding
and respiration was allocated to growth and metabolism (primarily metabolisr: related to
feeding and locomotory activity), and was to detcrmine if energy allocation varied (1) as
a function of tempcraturc and/or (2) among genctically discretc populations (i.c.
Newfoundland and Nova Scotia). The results were presented in Chapters 4 and 5.

The staging scquence for cod larvac described in Chapter 1 extends carlier work by
providing; a complcte scquence for cod larvac. Results of staging at two different
temperaturcs showed that staging is a morc accurate way of determining developmental
statc than days post hatch or degree days. In addition, staging of structures such as the
alimentary tract illustra»tcd that variation in structural c;)mplcxity may bc influcnced by

interactions of intrinsic (genetic) and extrinsic (cnvironmental) factors.

229
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Increascs in structural complexity have been linked to changes in function (Govoni ct
al 1986, Licm 1991) and to thc potential for survival in fish larvac (O'Connell 1981,
Theilacker 1986, Sicg 1992b). Thercfore, onc may cxpect that differences in structural
complexity between (1) larvae of genctically different populations and (2) lar;::ic raiscd
at different temperatures, may be indicative of their relative probability for survival.

As a result of this study, changes in key structures or ‘landmarks' ha\;c now bcen
described for the larval period of cod. However detailed descriptions arc still necessary
for the transformation or mctamorphic pcriod in thesc animals. Transformation or
metamorphosis is an important period in the carly life of cod, as it is during this period
that cod must adapt to a number of potcntially stressful changes associated with the
transition from a planktonic to a demersal environment. In addition, it has been suggested
that survival through the transition from the larval to juvenile stage (in addition to
survival through the larval period), may influcnce year class strength and adult population
size (Hunter 1981, Leis 1991).

In the sccond chapter, description of cod larval stages was taken a step further by
detailing the morphology of fc;déng and respiratory structures. Descriptions of the
skeletal organization of the hgad showed that in cod yolk-sac larvae, viscerocranial
structurcs are simple and non-integrated and that the yolk-sac serves as an endogenous
food reserve. With growth, requirements for exogenous food arc met by the progressive
cnlargement of the skeletal clements in addition to the development ofl structurcs such as

the opcrcular apparatus. Together these changes allow an increase in jaw movement

coordination and suction pressurc gencration nccessary for prey capturc.  As fish size
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increascs, surface arca to volume ratios decrease (Blaxter 1988), eventually necessitating
a transition from cutancous to branchial respiration. Thus, growth of thc opcrcular
apparatus and associated muscles and the integration of structural clements facilitates the
transition from cutancous to branchial respiration in order to mect metabolic requirements.
In Chapter 2, I focused on the changes in organization and composition of skclctal
clements in the larval fish head throughout development. Some major muscles thought
to be associated with the movement of the hcad were bricfly described. However, further
dctail as to muscle cross-scctional arca, muscle origin and inscrtion points would be
"A‘ijaluablc. This would allow the derivation of product-moment relationships in the larval
fish hcad, and as a rcsult onc could then cstimatc the theoretical forces that would be
produced by viscerocranial structurcs during fceding and respiration.

In Chapter 3, kincmatic mechanisms of fceding and respiration were described in
detail. This was possible only after first describing the static anatomical make-up of the
larval cod head in Chapter 2. Rcesults reported in Chapter 3 showed that the ‘hyoid period'
described the primary mechanism responsible for mouth opening in the carly part of larval
life. As ontogeny progressed, new structures developed an& become integrated or
‘coupled’ by the differentiation of ligaments or muscles. These changes characterized the
‘opercular period' which was responsible for mouth opcr;ing in the latter part of the larval
life, as well as in the juvenile and adult stages.

At present, mechanisms of feeding and respiration in larval fish can only be studied
using reconstructive morphology in concert with video image analysis. In juvenile and

adult fish, feeding and respiratory kinctics can be determined through invasive techniques
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such as clectromyography. In the future, development of micro-transducers and micro-
pressurc probes may aid in determining the scquence of musculoskeletal pathways that
produce feeding and respiratory movements in larval fish. In so doing we may be able
to deduce whether differences in feeding and respiratory mechanisms found between
species in the present study reflect phylogenctic and/or environmental differences.

Chapters 4 and 5 describe how cnergy acquired through feeding and respiration is
allocated to growth and activity metabolism throughout devclopment. Experiments in
Chaptcr 4 reveal that thé'proponion of total mctabolism allocated to activity incrcascd
with growth and corresponded to the increasing encrgy demand in larval cod throughout
development.  However, larvac from the Newfoundland populations were morce cost—
cffective and spent less encrgy on cquivalent activitics than larvac from Scotian Shelf
populations. In addition, Newfoundland larvae appcarc(.] to be ‘cold-adapted' and cost of
transport was high when they were chrpnically cxposcd to temperatures nuch higher than
they would nomally cncounter. In E;)ntrast, larvac from the Scotian Shelf population
appearcd to be ‘warm-adapted’, and they were less likely to suffer mortality if
_ temperatures are high and remain stable throughout larval life. Scotian Shelf larvac may,
however, be particulary sensitive to acute temperature increases. Such inter—population
differences in cnergy allocation may be genetically determined. Additional support }or
this hypothesis originates from the results in Chapter 5.

In Chapter 5, in addition to intcr-population differences in growth rates (also shown
in Chapter 1), overall net cnergy budgets confirmed that the Newfoundland larvac are

more cncrgy cfficicnt than those of the Scotian Shelf. Newfoundland larvac allocated a

o
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higher proportion of total cncrgy to growth while also being more cost—effective
swimmers. In addition, the greater allocation of cnergy to activity metabolism in acutely
stressed larvac of both populations supported the result that acute tempcrature change
clevates rates of mctabolism, probably as a result of increased activity as larvac scarch
for their cnvironmental preferendem (Fry 1971).

In summary, the cnergy budgets determined above, in concert with detailed knowledge
of devclopment, lay thc foundation for the dcvclopment of a futurc multivariate
biocnergetic model.  In addition, the differences in energy allocation throughout

development, between temperature treatments and among populations, will likely require

that futurc biocnergetic models accommodate these differences.

'\\; .
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