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Abstract

Despite extensive laboratory research on factors
influencing the fatty acid composition of animal tissues,
the magnitude of changes in the fatty acid composition of
natural fish populations and the role of environmental and
physiological factors in these changes are unknown. This
thesis reports the timing and magnitude of seasonal changes
in the fatty acid composition of neutral lipid (NL) and
polar lipid (PL) fractions of ovaries, liver, white muscle,
and adipopancreatic tissue of female northern pike in Lac
Ste. Anne, Alberta. Additional field collections and
laboratory experiments were performed to assess the roles of
ovarian recrudescence, diet, and temperature in these
seasonal changes.

From late summer to winter, the PLs of all tissues
exhibited significant declines in the weight percentage of
saturated fatty acids which were compensated for by
increases in monounsaturated fatty acids (MUFAs), n-3
polyunsaturated fatty acids (PUFAs), or both depending on
the tissue. Liver was the only tissue to exhibit declines in
the percentage of n-3 PUFAs in PLs during winter. The NLs of
all tissues examined exhibited increases in the percentage
of MUFAs and decreases in n-3 PUFAs during early winter.
This may reflect an attempt to conserve dietary n-3 PUFAs
for incorporation into the large quantities of PLs which
accumulate in the ovaries, and to a lesser extent, in the

somatic tissues of pike during early winter.



The content of neutral lipid fatty acids in liver of
pike decreased greatly during late summer and fall and may
have been due to reduced food intake associated with
decreasing water temperatures. Increases in the PLFA content
of white muscle and increased unsaturation of liver and
muscle PLs during fall and winter also appeared to be
primarily due to cold acclimation rather than to ovarian
recrudescence. Increases in liver weight, liver PLFA
content, and changes in the fatty acid composition of liver
NLs during early winter were associated with both ovarian
recrudescence and cold acclimation.

The fatty acid composition of the major lipid depots of
pike, including the percentage of individual long chain
PUFAs, was approximately the same as that of dietary lipids.
This suggests that pike, 1ike other strict carnivores, may
have a dietary requirement for specific long chain PUFAs
such as 20:4n6, 20:5n3, and 22:6n3. Accordingly, changes in
dietary intake of individual n-3 and n-6 PUFAs may influence

the fatty acid composition of pike lipids.
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Chapter I
General Introduction
Despite much research on the fatty acid metabolism of
fish (see reviews by Henderson and Tocher 1987; Sargent et
al. 1989; Hazel 1989), the effects of different
environmental and physiological factors on the fatty acid
composition of fish in natural populations remains unknown.
Because many factors such as the reproductive cycle, diet,
and temperature display a seasonal rhythmicity, their
influence on fish fatty acid composition can be evaluated by
examining the extent of seasonal changes in the fatty acid
composition of fish lipids. Seasonal changes in fatty acid
composition have been studied in marine fish such as
mackerel (Hardy and Keay 1972), sprats (Hardy and Mackie
1969), cod (Jangaard et al. 1967), capelin (Henderson et al.
1984), anchovy (Yuneva et al. 1987), and herring (Henderson
and Almatar 1989) and in a few freshwater fish such as perch
and vendace (Agren et al. 1987) and juvenile atlantic salmon
(Bergstrom 1989) . However, none of the previous studies of
seasonal changes in fatty acid composition were intended or
detailed enough to differentiate between the effects of
different environmental and physiological factors on fatty
acid composition. Most of these studies examined the fatty
acid composition of total lipids (Jangaard et al. 1967;
Hardy and Mackie 1969; Henderson et al. 1984; Agren et al.
1987; Bergstrom 1989). Consequently it is not known if the

seasonal changes in fatty acid composition in these studies



are due to changes in the proportions of neutral lipid (NL)
energy reserves and membrane polar lipids (PLs)
(polyunsaturated fatty acids are more apundant in PL than in
NL) or to changes in the fatty acid composition of these
lipid fractions. In several cases fish were sampled at only
two or three times of year (Hardy and Keay 1972; Dutta et
al. 1985; Agren et al. 1987), and lipids were extracted from
the whole body (Hardy and Mackie 1969) or from only one Or
two compartments (Henderson et al. 1984; Dutta et al. 1985;
Agren et al. 1987; vuneva et al. 1987; Henderson and Almatar
1989) . The most serious limitations of previous studies are
a lack of statistical rigor and lack of supporting
experimental data designed to separate the relative
contributions of individual environmental and physiological
factors to the seasonal fatty acid cycles. Therefore,
insight into the role of gonadal recrudescence, diet, and
temperature in seasonal fatty acid cycles of fish must be
obtained from other types of studies.

In many north-temperate fish, the annual reproductive
cycle involves a large accumulation of 1lipid in the
recrudescing ovaries (which may comprise up to 25 % of total
body weight) and hence may have a marked effect on the total
and relative quantities of fatty acids in somatic tissues
(Henderson and Tocher 1987) . Such an effect is suggested by
the well defined reciprocal cycles in somatic and ovarian
lipid content which occur in many north-temperate fish and

which imply that a bulk transfer of lipids (and fatty acids)



from somatic to ovarian tissues occurs seasonally (Newsome
and Leduc 1975; Henderson et al. 1984; Nelson and McPherson
1986; Henderson and Almatar 1989). Selective transfer of
PUFA from somatic to ovarian tissues may also occur because
oocyte lipids of many north-temperate fish consist
predominantly of PLs which are rich in PUFA (Kaitaranta and
Ackman 1981; Tocher and Sargent 1984; Tocher et al. 1985;
Falk-Petersen et al. 1986). In most north-temperate fish,
the amount of lipid which accumulates seasonally in the
recrudescing ovaries exceeds that in the male gonads by at
least ten fold (Henderson and Tocher 1987). Therefore,
females are the gender of choice with which to evaluate the
influence of reproduction on the tissue fatty acid
composition of fish.

Studies of fish nutrition have shown that the fatty acid
composition of the diet can greatly influence the fatty acid
composition of fish tissues. This is especially true of n-3
and n-6 PUFAs because these fatty acids fulfill essential
physiological functions, yet cannot be synthesized by
wertebrate animals, including fish, and are therefore
required in the diet at certain minimum levels to prevent
deficiency symptoms. Rainbow trout require omega-3 PUFAs in
their diety at about 2.7 % of total calories in rainbow
trout to prevent deficiency symptoms (Watanabe 1982; Bell et
al. 1986). Omega-6 fatty acids appear to be esseiitial
dietary nutrients in warm water species such as tilapia and

channel catfish and possibly in cold water species as well



(Castell 1979; Stickney et al. 1983) . Accordingly, low
percentages of either omega-3 or omega-6 PUFAs in the diet
will decrease levels of the deficient fatty acids in tissues
of fish and increase the proportions of other essential
fatty acids (if available) and omega-9 unsaturated fatty
acids in a compensatory manner (Castell et al. 1972b; Yu and
Sinnhuber 1975). Additionally, studies by Bell et al. (1989)
and Sowizral et al. (1990) have shown that the fatty acid
composition of fish NLs and PLs can be influenced by changes
in dietary fatty acid composition even when all experimental
diets are replete in essential fatty acids.

The ability of fish to physiologically regulate tissue
fatty acid composition appears to vary considerably between
species. Fish such as freshwater salmonids which feed
heavily on insects contain percentages of long chain PUFAs,
notably 22:6n3 (30 % of total fatty acids), which are much
higher than that of their diet (insects contain only trace
amounts of 22:6n3; Hanson et al. 1985). Thus, freshwater
salmonids have considerable capacity to regulate tissue
fatty acid composition independently of diet composition and
this appears to result from their comparatively good
abilities to elongate and desaturate dietary fatty acids
(Castell et al. 1972b; Hagve et al. 1986). Many marine fish,
and possibly most piscivorous fish, have limited abilities
to elongate and desaturate dietary fatty acids and therefore
require specific long chain PUFAs such as 20:5n3 and 20:6n3

in their diet (Owen et al. 1972,1975; Bell et al. 1985a,b).



5
Therefore, dietary fatty acid composition may have a greater
influence on tissue fatty acid composition in piscivorous
fish than in invertebrate feeding ones.

The role of fatty acids in homeoviséous adaptation of
cellular membranes has been well studied in north-temperate
fish because, unlike most other vertebrates, these fish
remain active over a wide range of body temperatures
(Cossins and Prosser 1978; Hazel 1989) . The influence of
temperature on the fatty acid composition of total tissue
polar lipids and polar lipids of individual membranes has
peen examined in many fish species and tissues and in
several types of membranes (Caldwell and Vernberg 1970; Kemp
and Smith 1970; Hazel 1979; Cossins and Prosser 1982; Avrova
1984; Christiansen 1984; Bly et al. 1986; Carey and Hazel
1989) . In almost every instance, acclimation to low
temperature increased the proportion of unsaturated fatty
acids in the polar lipid fraction studied. The relative
contribution of different monounsaturated and
polyunsaturated fatty acids to the increased unsaturation at
low temperatures varied with the species, tissue, and
membrane type. In fish, the only membranes which have not
been found to contain increased proportions of unsaturated
fatty acids in response to cold acclimation are the
mitochondrial membranes in red muscle of Carp (Wodtke 1981)
and sarcoplasmic reticulum membranes in white muscle of
goldfish (Cossins et al. 1978) . Adjustments in membrane

fatty acid composition reach completion in several days



during warm acclimation and within about two weeks during
cold acclimation (Cossins et al. 1977; Sellner and Hazel
1982a; Hagar and Hazel 1983). The biochemical mechanisms
which regulate temperature related adjustments in polar
lipid fatty acid composition in laboratory fish have been
extensively studied (Hazel and Prosser 1979; Hazel and Neas
1982; Sellner and Hazel 1982a,b; Hazel 1983,1984,1989,1990).
However, because fish in natural populations experience
seasonal cycles in not only temperature but also dietary
composition and gonadal recrudescence, it is important to
determine whether they accomplish homeoviscous adaptation
with the same changes in membrane fatty acid composition,
and over similar time spans, as fish do under laboratory
conditions.

The purpose of this thesis is to describe the timing and
magnitude of seasonal nycles in the tissue fatty acid
content of female northern pike (Esox Lucius L.) and thereby
answer the following questions:

1) Are significant quantities of fatty acids transferred
from somatic to ovarian tissues or from NLs to PLs during
ovarian recrudescence ?

2) Are n-3 and n-6 essential fatty acids diverted away from
somatic NLs during fall and early winter and thereby
conserved for use in ovarian construction and PL
restructuring ?

3) Does diet fatty acid composition appear to influence the

whole body fatty acid composition of female pike ?
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4) Are seasonal changes in the PL fatty acid composition of
pike consistent with laboratory data on the effects of
temperature on membrane fatty acid composition ?

Northern pike were chosen for this study because they
possess several characteristics which make them good
representatives of north-temperate fresh water fish in which
to examine the role of environmental and physiological
factors in seasonal fatty acid cycles. Pike are one of the
few fresh water fish that have a circumpolar distribution
and occur over a wide range of latitudes (Scott and Crossman
1973) and thus appear to be adapted to a wide range of
environments. Among north-temperate fresh water fish, pike
are neither the most cold-water adapted nor the most warm-
water adapted, but are best described as cool-water adapted
(Casselman 1978). Finally, female pike undergo large and
well defined seasonal cycles of gonad recrudescence, body
temperature, and food intake, but migrational movements and
changes in dietary composition are minimal compared to most
other fresh water fish (Diana 1979,1980) . Therefore, the
range of seasonally variable environmental and physiological
factors which pike experience are somewhat restricted,
making it easier to assess the relative influence of those
factors which do exist.

In this thesis, chapters II and III describe the seasonal
cycles which occur in the total and relative quantities of
fatty acids in the major lipid depots of female pike and

provide tentative explanations for these cycles. Chapters IV



to VI report the results of endeavours designed to further
clarify the roles of ovarian recrudescence, diet, and
temperature in seasonal fatty acid cycles of pike. In
chapter IV, the role of ovarian recrudescence in seasonal
fatty acid cycles of pike somatic tissues is examined by
comparing tue fatty acid compositions of mature females
which either were or were not undergoing ovarian
recrudescence in Campbell Lake, Northwest Territories. The
role of dietary fatty acid composition was assessed by
comparing the fatty acid composition of female pike with
that of their diet and is the subject of chapter V. Chapter
VI describes the results of a controlled laboratory
experiment designed to determine the influence of
temperature acclimation on the fatty acid composition of

pike liver and white muscle.



Literature Cited

Agren, J., Muje, P., Hanninen, 0., Herranen, J., and
Pentilla, I. 1987. Seasonal variations of lipid fatty
acids of boreal freshwater fish species. Comp. Biochem.
Physiol. B 88:905-909.

Avrova, N.F. 1984. The effect of natural adaptations of
fishes to environmental temperature on brain ganglioside
fatty acid and long chain base composition. Comp. Biochem.
Physiol. B 78:903-909.

Bell, M.V., Henderson, R.J., Pirie, B.J.S., and Sargent,
J.R. 1985a. Effects of dietary polyunsaturated fatty acid
deficiencies on mortality, growth, and gill structure in
the turbot, Scophthalmus maximus. J. Fish. Biol.
26:181-191.

Bell, M.V., Henderson, R.J., and Sargent, J.R. 1985Db.
Changes in the fatty acid composition of phospholipids
from turbot (Scophthalmus maximus) in relation to dietary
polyunsaturated fatty acid deficiencies. Comp. Biochem.
Physiol. B 81:193-198.

Bell, M.V., Henderson, R.J., and Sargent, J.R. 1986. The
role of polyunsaturated fatty acids in fish. Comp.
Biochem. Physiol. B 83:711-719.

Bell, J.G., Youngson, A., Mitchell, A.I., and Cowey, C.B.
1989. The effect of enhanced intake of linoleic acid on
the fatty acid composition of tissue polar lipids of
post—-smolt atlantic salmon (Salmo salar). Lipids.
24:240-242.

Bergstrom, E. 1989. Effect of natural and artificial diets
on seasonal changes in fatty acid composition of wild and
hatchery-reared atlantic salmon (Salmo salar L.).
Aquaculture. 82:205-217.

Bly, J.E., Buttke, T.M., Meydrech, E.F., and Clem, L.W.
1986. The effects of In Vivo acclimation temperature on
the fatty acid composition of channel catfish (Ictalurus
Punctatus) peripheral blood cells. Comp. Biochem. Physiol.
B 83:791-795.



10

Ccaldwell, R.S., and Vernberg, F.J. 1970. The influence of
acclimation temperature on the lipid composition of fish
gill mitochondria. Comp. Biochem. Physiol. 34:179-191.

Ccarey, C., and Hazel, J.R. 1989. Diurnal variation in
membrane lipid composition of sonoran desert teleosts.
J. Exp. Biol. 147:375-391.

Casselman, J.M. 1978. Effects of environmental factors on
growth, survival, activity, and exploitation of northern
pike. Am. Fish. Soc. Spec. Publ. 11:114-128.

Castell, J.D. 1979. In Finfish nutrition and fishfeed
technology. Edited by J.E. Halver and K. Tiews. Proc.
World. Symp., Hamberg. pPP. 59-84.

Ccastell, J.D., Lee, D.J., and Sinnhuber, R.O. 1972a.
Essential fatty acids in the diet of rainbow trout (Salmo
gairdneri): Lipid metabolism and fatty acid composition.
J. Nutr. 102:93-100.

castell, J.D., Sinnhuber, R.O., Wales, J.H., and Lee, D.J.
1972b. Essential fatty acids in the diet of rainbow trout
(Salmo gairdneri): Growth, feed conversion and some dgross
deficiency symptoms. J. Nutr. 102:77-86.

Christiansen, J.A. 1984. Changes in phospholipid classes and
fatty acids and fatty acid desaturation and incorporation
into phospholipids during temperature acclimation of green
sunfish Lepomis cyanellus R. Physiol. Zool. 57:481-492.

Cossins, A.R., Christiansen, J.A., and Prosser, C.L. 1978.
Adaptation of biological membranes to temperature: The
lack of homeoviscous adaptation in the sarcoplasmic
reticulum. Biochimica et Biophysica Acta. 511:442-454.

Cossins, A.R., Friedlander, M.J., and Prosser, C.L. 1977.
Correlations between behavioral temperature adaptations of
goldfish and the viscosity and fatty acid composition of
their synaptic membranes. J. Comp. Physiol. 120:109-121.

Cossins, A.R., and Prosser, Cc.L. 1978. Evolutionary
adaptation of membranes to temperature. Proc. Natl. Acad.
Sci. 75:2040-2043.



11

Cossins, A.R., and Prosser, C.L. 1982. Variable homeoviscous
responses of different brain membranes of thermally
-acclimated goldfish. Biochimica et Biophysica Acta.
687:303-309.

Diana, J.S. 1979. The feeding pattern and daily ration of a
top carnivore, the northern pike (Esox lucius). Can. J.
Zool. 57:2121-2127.

Diana, J.S. 1980. Diel activity pattern and swimming speeds
of northern pike (Esox lucius) in Lac Ste. Anne, Alberta.

———

Can. J. Fish. Aquat. Sci. 37:1454-1458.

Dutta, H., Das, H., Das, A., and Farkas, T. 1985. Role of
environmental temperature in seasonal changes of fatty
acid composition of hepatic lipid in an air-breathing
Indian teleost, Channa punctatis (Bloch) . Comp. Biochem.
Physiol. B 81:341-347.

Falk-Petersen, S., Falk-Petersen, I., Sargent, J.R., and
Haug, T. 1986. Lipid class and fatty acid composition of
eggs from the atlantic halibut (Hippoglossus
hippoglossus) . Aquaculture. 52:207-211.

Fogerty, A.C., Evans, A.J., Ford, G.L., and Kennett, B.H.
1986. Distribution of omega-6 and omega-3 fatty acids in
lipid classes in australian fish. Nutrition Reports
International. 33:777-786.

Hagar, A.F., and Hazel, J.R. 1985. Changes in desaturase
activity and the fatty acid composition of microsomal
membranes from liver tissue of thermally-acclimating
rainbow trout. J. Comp. Physiol. 156:35-42.

Hagve, T., Christophersen, B.0., and Dannevig, B.H. 1986.
Desaturation and chain elongation of essential fatty acids
in isolated liver cells from rat and rainbow trout.
Lipids. 21:202-205.

Hardy, R., and Keay, J.N. 1972. Seasonal variations in the
chemical composition of cornish mackerel, Scomber scombrus
(L.), with detailed reference to the lipids. J. Fd.
Technol. 7:125-137.




12

Hardy, R., and Mackie, P. 1969. Seasonal variation in some
of the lipid components of sprats (Sprattus sprattus) .
J. Sci. Fd. Agric. 20:193-198.

Hazel, J.R. 1979. Influence of thermal acclimation on
membrane lipid composition of rainbow trout liver. Am. J.

Physiol. 236:R91-R101.

Hazel, J.R. 1983. The incorporation of unsaturated fatty
acids of the n-9, n-6, and n-3 families into individual
phospholipids by isolated hepatocytes of thermally
—acclimated rainbow trout, Salmo Gairdneri. J. Exp. Zool.

227:167-176.

Hazel, J.R. 1984. Effects of temperature on the structure
and metabolism of cell membranes in fish. Am. J. Physiol.

246:R460-R470.

Hazel, J.R. 1989. Cold adaptation in ectotherms: regulation
of membrane function and cellular metabolism. In Advances
in Comparative and Environmental Physiology Vvol. 4.
Edited by L.C.H. Wang. Springer-Verlag, Berlin,
Heidelberg. pp. 1-50.

Hazel, J.R. 1990. Adaptation to temperature: phospholipid
synthesis in hepatocytes of rainbow trout. Am. J. Physiol.

258:R1495-R1501.

Hazel, J.R., and Neas, N. P. 1982. Turnover of the fatty acyl
and glycerol moieties of microsomal membrane lipids from
liver, gill and muscle tissue of thermally acclimated
rainbow trout, Salmo gairdneri. J. Comp. Physiol.
149:11-18.

Hazel, J.R., and Prosser, Cc.L. 1979. Incorporation of 1-tC-
acetate into fatty acids and sterols by isolated
hepatocytes of thermally acclimated rainbow trout (Salmo

gairdneri). J. Comp. Physiol. 134:321-329.

Henderson, R.J., and Almatar, S.M. 1989. Seasonal changes in
the lipid composition of herring (Clupea harengus) in
relation to gonad maturation. J. Mar. Biol. Ass. U.K.
69:323-334.



13

Henderson, R.J., Sargent, J.R., and Hopkins, C.C.E. 1984.
Changes in the content and fatty acid composition of lipid
in an isolated population of the capelin Mallotus villusos
during sexual maturation and spawning. Mar. Biol.
78:255-263.

Henderson, R.J., and Tocher, D.R. 1987. The lipid
composition and biochemistry of freshwater fish. Prog.
Lipid Res. 26:281-347.

Jangaard, P.M., Ackman, R.G., and Sipos, J.C. 1967. Seasonal
changes in fatty acid composition of cod liver, flesh,
roe, and milt lipids. J. Fish. Res. Bd. Can. 24:613-627.

Jezierska, B., Hazel, J.R., and Gerking, S.D. 1982. Lipid
mobilization during starvation in the rainbow trout, Salmo
gairdneri Richardson, with attention to fatty acids.

J. Fish Biol. 21:681-692.

Kaitaranta, J.K., and Ackman, R.G. 1981. Total lipids and
lipid classes of fish roe. Comp. Biochem. Physiol.
69B:725-729.

Kemp, P., and Smith, M.W. 1970. Effect of temperature
acclimatization on the fatty acid composition of goldfish
intestinal lipids. Biochem. J. 117:9-15.

Nelson, G.B., and McPherson, R. 1986. A comparison of
seasonal lipid changes in two populations of brook char
(Salvelinus fontinalis). The American Midland Naturalist.
117:139-147.

Newsome, G.E., and Leduc, G. 1975. Seasonal changes of fat
content in the yellow perch (Rerca flavescens) of two
Laurentian Lakes. J. Fish. Res. Board. Can. 32:2214-2221.

Owen, J.M., Adron, J.W., Middleton, C., and Cowey, C.B.
1975. Elongation and desaturation of dietary fatty acids
in Turbot Scophthalmus maximus L., and rainbow trout,
Salmo gairdneri. Lipids. 10:528-531.



14

Oowen, J.M., Adron, J.W., Sargent, J.R., and Cowey, C.B.
1972. Studies on the nutrition of marine flatfish. The
effect of dietary fatty acids on the tissue fatty-acids of
the plaice Pleuronectes platessa. Mar. Biol. 13:160-166.

Sargent, J.R., Henderson, R.J., and Tocher, D.R. 1989.
The Lipids. In Fish Nutrition, 2 Edition. Edited by J.E.

Halver. Academic Press Inc. Pg. 153~218.

Scott, W.B., and Crossman, E.J. 1973. Freshwater Fishes of
Canada. Bulletin 184. Fisheries Research Board of Canada.

966 pgs.

Sellner, P.A., and Hazel, J.R. 1982a. Time course of changes
in fatty acid composition of gills and liver from rainbow
trout (Salmo gairdneri) during thermal acclimation.

J. Exp. Zool. 221:159-168.

Sellner, P.A., and Hazel, J.R. 1982b. Desaturation and
elongation of unsaturated fatty acids in hepatocytes from
thermally acclimated rainbow trout. Arch. Biochem.
Biophys. 213:58-66.

Sowizral, K.C., Rumsey, G.L., and Kinsella, J.E. 1990.
Effect of dietary alpha-linolenic acid on n-3 fatty acids
of rainbow trout lipids. Lipids. 25:246-253.

Stickney, R.R., McGeachin, R.B., Lewis, D.H., and Marks, J.
1983. Response of young channel catfish to diets
containing purified fatty acids. Trans. Amer. Fish. Soc.

12:665-669.

Tocher, D.R., Fraser, A.J., Sargent, J.R., and Gamble, J.C.
1985. Lipid class composition during embryonic and early
larval development in atlantic herring (Clupea harengus
L.) Lipids. 20:84-89.

Tocher, D.R., and Sargent, J.R. 1984. Analyses of lipids and
fatty acids in ripe roes of some northwest european marine
fish. Lipids 19:492-499.

Watanabe, T. 1982. Lipid nutrition in fish. Comp. Biochem.
Physiol. B 73:3-15.



15

Wodtke, E. 1981. Temperature adaptation of biological
membranes: the effects of acclimation temperature on the
unsaturation of the main neutral lipid and charged
phospholipids in mitochondrial membranes of the carp
(Cyprinus carpio L.). Biochim. Biophys. Acta.
640:698-709.

Yu, T.C., and Sinnhuber, R.O. 1975. Effect of dietary
linolenic and linoliec acids upon growth and lipid
metabolism of rainbow trout (Salmo gairdneri). Lipids.
10:63-66.

Yuneva, T.V., Shul’man, G.E., Chebotareva, M.A., and
Morozova, A.L. 1987. Seasonal dynamics of fatty-acid
composition of lipids in anchovy Engraulis encrasicholus
ponticus Alexandroz. J. Evol. Biochem. Fish. 22:387-393.



16
Chapter II
Seasonal changes in the total neutral and polar lipid fatty

acid content of female northern pike (EsoxX lucius L.) *

Introduction

In many north-temperate fish, ovarian growth occurs over
winter as food intake becomes greatly reduced (Shul’man
1974; Love 1980). This suggests that somatic tissues may
provide lipids and other nutrients for deposition into the
maturing ovaries. It is important to evaluate the
possibility of seasonal lipid transfers between body
compartments of fish because such transfers would require
appropriate enzymic, hormonal, and lipid transport
adaptations.

Although lipid transfers from somatic to ovarian tissues
have been estimated from reciprocal seasonal changes in the
total lipid content of these tissues (Nelson and McPherson
1986; Tanasichuk and Mackay 1989), such transfers can be
quantified more accurately from changes in tissue fatty acid
content. Lipid transfers estimated from changes in the total
weight of lipid in somatic and ovarian tissues do not
account for changes in lipid weight which would occur (due
to addition of polar head groups) if neutral lipids (NLs)
were converted to polar lipids (PLs), or vice versa, during
the transfer.

Several considerations suggest that lipids or fatty
acids may be transferred seasonally, not only from somatic

x - A version of this chapter has been submitted for
publication. Schwalme, K., and Mackay, W.C. Can. J. Zool.
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to ovarian tissues, but also from NL to PL compartments. For
example, somatic lipid reserves consist predominantly of NLs
whereas the ovarian lipids of many north-temperate fish are
predominantly PLs (60 to 80 % of total lipid weight)
(Kaitaranta and Ackman 1981; Tocher and Sargent 1984).
Additionally, cold acclimation in fish appears to increase
the abundance of mitochondrial (Tyler and Sidell 1984) and
sarcoplasmic reticulum (Penny and Goldspink 1980) membranes
in muscle which may in turn increase PL concentrations in
this tissue. If north-temperate fish accumulate significant
amounts of PLs in their ovaries and muscle over winter, and
concurrently deplete NLs from somatic tissues, then seasonal
transfers of fatty acids may occur between NLs and PLs. A
few studies have examined seasonal changes in the NL and PL
content of fish such as cod (Shatunovskiy 1971),
scorpionfish (Shchepkin 1971), and mackerel (Hardy and Keay
1972), but because of small sample size, and few sampling
periods and tissues examined, transfers of fatty acids
between NLs and PLs could not be quantified.

The purpose of the present study was to measure seasonal
changes in the NL fatty acid (NLFA) and PL fatty acid (PLFA)
content of the major lipid depots in the northern pike (Esox
jucius L.) and thereby estimate the quantity of fatty acids
which might be transferred seasonally between somatic and

ovarian tissues and between NLs and PLs.
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Materials and Methods
Fish Collection
Five to eight adult female pike were collected
using gill nets from Lac Ste. Anne, Alberta (53% 42’ N,
114°, 22’ W) during each of ten collection periods between
May 1987 and August 1988. In total, 68 pike were sampled.
Their mean body weight and standard length were 944 g
(SD=271) and 45.6 cm (SD=4.6) respectively. Pike were
selected for analysis so as to minimize variation in
standard length between and within samples. The ten samples
of pike did not differ significantly in either average body
weight or average standard length (one-way ANOVA, P< 0.05).
Gill nets were set for 1 to 2 h from May to September
and for 14 to 16 h (overnight) during winter collections in
January and March. Pike were stored in a freezer (-20°C)
prior to lipid extraction from tissues which was usually

completed within 6 h after removal of fish from the nets.

Lipid extraction and fatty acid analysis

Two grams each of ovary, liver, adipopancreatic (AP)
tissue, and white muscle were excised from each fish. In
pike, adipose tissue is intimately interspersed with
pancreatic tissue (Plantikow et al. 1986) and is present
exclusively as long strips of adipopancreatic tissue
attached to the digestive tract. White muscle samples were
excised as a 3 cm long strip taken from immediately in front

of the dorsal fin and did not include red muscle fibres. Red
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muscle comprises less than 4 % of pike body wt (Schwalme and
Mackay 1985) and thus is not a major lipid depot.

Chloroform and methanol were redistilled in glass prior
to use to remove peroxides and trace contaminants. Lipids
were extracted by homogenizing 2 g of tissue in 40 ml of a
2:1 mixture of chloroform/methanol (Folch et al. 1957) which
contained antioxidant (butylated hydroxytoluene) at
concentrations of at least 0.1 % of the total lipid content
of the extract (Johnson 1971). After homogenization,
chloroform/methanol extracts were filtered, bubbled with
nitrogen to remove oxygen, and stored in completely filled,
sealed glass vials at - 30°C until further preparation. Non-
lipids were removed from the chloroform/methanol extract
with the washing procedure (using 0.58 % NaCl solution)
described by Folch et al. (1957). The lower phase resulting
from the washing procedure received a known weight of tri-O-
tridecanoylglycerol to supply tridecanoic acid (13:0) (after
saponification) as an internal standard for quantifying the
fatty acid content of neutral lipids. Solvents in the lower
phase were then evaporated in a nitrogen atmosphere under
reduced pressure and the remaining lipids dissolved in a
small quantity of chloroform and applied to a column of
silicic acid (mesh size 100-200). Neutral lipids and
internal standard were eluted with 30 column volumes of
chloroform and polar lipids were subsequently eluted with 30
column volumes of methanol (Rouser et al. 1967). A known

weight of tri-O-tridecanoylglycerol was added to the
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methanol eluate as an internal standard for quantifying
fatty acids in the polar lipid fraction. Recoveries of
purified NL (tri—O-hexadecanoylglycercl) and PL (1,2~
dieicosanoyl—sn—glycerol—3—phosphocholine) through silicic
acid chromatography averaged 96.4 + 4.9 % and 93.0 = 2.0 %
(means * SD, n=5) respectively and cross contamination
petween the two lipid fractions was negligible. Since
recoveries of NLs and PLs were similar, addition of internal
standards at two different points in the protocol does not
create problems in comparing levels of NLFAs and PLFAs.

Saponification and methylation of lipids was performed
using the procedure of Bannon et al. (1982); the only
modification being that lipids dissolved in 0.5 molar KOH in
methanol were heated for one hour (instead of 15 min) and,
subsequent to addition of 14 % boron trifluoride in
methanol, heated for an additional 30 min.

The resulting fatty acid methyl esters were dissolved in
iso-octane and quantified by gas chromatography using a 1.8
m long, 6.4 mm I.D. glass column packed with Gas Chrome Q
solid support (100/120 mesh) which was coated (10 % loading)
with Silar 10 C stationary phase. The gas chromatograph used
was a Varian model 4600 equipped with a flame ionization
detector. Nitrogen was used as the carrier gas at a flow
rate of 30 ml/min. Flow rates of detector gases were 30
ml/min for hydrogen and 300 ml/min for air. Injector and
detector temperatures were 225°C and column temperature was

programmed to increase at a rate of 3°C/min from 150°C at
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the start of injection to 200°C. The detector was operated
at the highest sensitivity setting. All fatty acids were
eluted from the column within 45 minutes.

Fatty acids present in pike lipids were identified by
comparison of peak retention times with those of known
standards (MaxEpa oil), by reference to published studies on
fatty acid composition of lipids from pike (Kluytmans and
zandee 1973; Kinsella et al. 1977) and other north-temperate
freshwater fish (Ackman et al. 1967b; Hazel 1979%a,b) and by
combination capillary gas chromatography/mass spectrometry
(done by Tony Wierzbick, courtesy of Dr. M.T. Clandinin).
Detector response per unit weight of fatty acid was assumed
to be the same for all fatty acids measured (Ackman and
Sipos 1964; Albertyn et al. 1982) . Concentrations of
jndividual fatty acids in pike tissues were determined by
comparing the area of individual chromatographic peaks with
the area of the internal standard (13:0) peak. A sample
containing known amounts of several fatty acids was
routinely chromatographed to ensure that the accuracy of
fatty acid quantification did not change (due to leaks in
the system or sample adsorption) during the period of test
sample analysis.

Chromatograms from liver and ovary NLs contained several
peaks which were produced by unidentified compounds
(probably furan fatty acids; Glass et al. 1974) and which
overlapped with peaks of several PUFAs. Peaks from these

unidentified compounds together represented about 10 % and 5
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% of total peak area in chromatograms from liver and ovary
NLs respectively. PUFAs were quantified independently of the
unidentified compounds with the column argentation procedure
of Glass et al. (1977) (which they devised for separating
PUFAs from furan fatty acids) as follows. One portion of
each sample of fatty acid methyl esters from NLs of liver
and ovary was analyzed by gas chromatography as described
previously and the quantity of each PUFA combined with that
of co-eluting unidentified compounds determined. A second
porticn of each sample was dissolved in hexane, applied to a
column of silica gel H containing 5 % w/w AgNO; (see Glass
et al. 1977), and eluted with a 3:l mixture of
hexane/Jdiethyl ether. All PUFAs remained on the column
whereas saturated and monounsaturated fatty acids, the
internal standard (13:0), and the unidentified compouads
were quantitatively eluted. Gas chromatographic analysis of
the eluate from the silica gel column revealed the quantity
of each unidentified compound which was subtracted from the
combined quantity of each PUFA plus co-eluting unidentified
compounds (determined from G.C. analysis of the first sample
portion) to give the quantity of each PUFA in the sample.
The content of the unidentified compounds in the samples
declined rapidly and unpredictably during storage (unlike
the content of identified fatty acids) and therefore is not
reported.

The NLFA content of ovary and liver was not measured in

May 1987 because the AgNO; chromatography procedure was not
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working at that time. Ovary NLFA and PLFA content was not
measured in August 1988 because seasonal changes in ovary
fatty acid content had by this time been clearly described.
Calculations and Statistics

The carcass weight of pike was calculated as total body
weight minus the sum of ovary and liver weight. The weight
of organs and tissues and their fatty acid content is
expressed relative to carcass weight. For each fish, the
total content of NLFAs and PLFAs in an organ or tissue was
calculated by multiplying NLFA and PLFA concentrations by
relative organ or tissue weight. White muscle was assumed to
nave a relative weight of 550 g/kg carcass weight (Schwalme
and Mackay 1985).

Levene’s test (Snedecor and Cochran 1980) showed that
sample variances were unequal (p<0.05) for 13 of the 23
variables studied. However, most variables with heterogenous
variances exhibited large and well defined seasonal changes
and therefore were not tested statistically for differences
between sample means. One variable, muscle NLFA
concentration, exhibited unequal sample variances and no
clear seasonal variation. Therefore, the significance of
seasonal variétion in muscle NLFA concentration was tested
using the Kruskall-Wallis non-parametric procedure (p<0.05) .
For variables with homogeneous sample variances, the overall
null hypothesis (ie: all sample means are equal) was tested
using one-way ANOVA (p<0.05) . Multiple pairwise comparisons

were done on variables with homogeneous sample variances and
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significant ANOVA results. The multiple comparison procedure
used was the Ryan—Einot—Gabriel—Welsch multiple F (REGWF)
test (p < 0.05) (SAS Institute Inc. 1988) because this
procedure controls the maximum experimentwise error rate
even if multiple comparisons are performed only after
significant ANOVA results (see Bernhardson 1975).

Results

organ and tissue waights

Pike in Lac Ste. Anne spawned in late April or early
May. The weight of the recrudescing ovary began increasing
in August 1987 and reached about 230 g/kg carcass wt by May
1988 (Fig. II-la). Of the pike caught in May 1988, three had
not spawned and still contained mature eggs and five had
spawned all their eggs. The early part of ovarian
recrudescence was accompanied by a doubling of liver weight
from between 12 and 14 g/kg carcass wt in summer (May to
August 1987) to 31 g/kg carcass wt by January, after which
liver weight declined to summer values by June 1988 (Fig.
I1I-1b) . The weight of AP tissue did not show significant
seasonal variation (Fig. II-1lc).
Fatty Acid Concentrations

Concentrations of NLFAs and PLFAs in the ovary began
increasing in August 1987 and by January reached levels of
1.15 and 2.83 % wet wt respectively which were maintained
until March (Fig. II-2a,b). It is possible that ovaries of
the unspawned pike caught in May 1988 were being resorbed

and therefore had lower concentrations of fatty acids
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compared to ovaries of pike caught in January or March (Fig.
II-2a,b). Throughout ovarian recrudescence PLFAs and NLFAs
comprised, by weight, about 70 % and 30 % respectively of
the sum of NLFA and PLFA concentrations in the ovary (Fig.
II-2a,b).

Concentrations of NLFAs in the liver were high (7 % wet
wt) in June, 1987, but thereafter declined steadily and
remained at very low levels (0.5 % wet wt) between January
and March before again reaching high levels (5 % wet wt) by
June 1988 (Fig. II-2c). Concentrations of NLFAs in
adipopancreatic tissue and muscle sometimes varied
considerably between fish but did not show significant
seasonal variation (Fig. II-2e,g).

All organs and tissues examined contained higher
concentrations of PLFAs in fall and winter (September to
March) than in summer (June to August) (Fig. II-2b,d,f,h).
In liver and muscle, during the summer to winter period,
increases in PLFA concentration were completed between July
and September 1987, but in AP tissue and ovary the increase
was protracted, lasting from July or August 1987 to January
or March (Fig. II-2b,d,f,h). Maximum concentrations of PLFAs
in winter exceeded minimum levels in summer by 4 fold in the
ovary but by only 1.7, 1.5, and 1.3 fold in AP tissue,
liver, and muscle respectively (Fig. II-2b,d,f,h).

Organ and tissue fatty acid content
The content of NLFAs and PLFAs in the ovary increased

steadily between August 1987 and March 1988 (Fig. II-3 a,b).
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Until January, accumulation of fatty acids in the ovary
occurred by increases in poth the concentration of fatty
acids (Fig. II-2a,b) and increases in ovary weight (Fig. II-
l1a), but between January and March fatty acid accumulation
occurred solely as a result of increases in ovary weight.
Pike caught in March and unspawned pike caught in May 1988
contained similar amounts of NLFAs and PLFAs in their
ovaries (Fig. II-3a,b) as a result of offsetting differences
in ovary weight and fatty acid concentrations (Figs. II-1a,
2a,b) .

Even though the liver doubled in weight between summer
and winter (Fig. II-1b), its content of NLFAs declined from
1.1 g/kg carcass wt in June 1987 to 0.1z g/kg carcass wt in
January before increasing to summer values by the following
June (Fig. II-3c). The content of PLFAs in the liver
increased from 0.14 g/kg carcass wt in June and July 1987 to
0.55 g/kg carcass wt in January and then declined to summer
values by June 1988 (Fig. II1-3d). A significant two fold
increase in the PLFA content of adipopancreatic tissue
occurred between July 1987 and March 1988, but the content
of NLFAs in this tissue did not change seasonally (Fig. II-
3e,f) . Since the relative weight of white muscle (550 g/kg
carcass wt) was assumed to remain constant throughout the
year, changes in the estimated content of NLFAs and PLFAs in
white muscle paralleled changes in their concentrations

(Fig. I1I-2g,h). The implications of this assumption were

considered in data interpretation.
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Data in Fig. II-4 were obtained by summing the values in
Figs. II-2g,h and II-3a to £, individually for each fish.
Although they changed seasonally, quantities of NLFAs in
ovary and liver (Fig. II-3a,c) were too small, relative to
those in adipopancreatic tissue (Fig. II-3e) and muscle
(Fig. II-2g), to produce significant seasonal changes in the
total NLFA content of either the three somatic tissues
combined (Fig. II-4a), or all four tissues combined (Fig.
IT-4b) . In contrast, the total PLFA content of the somatic
tissues (Fig. II-4c) and that of all tissues combined (Fig.
II-4d) increased significantly during fall and winter and
declined during spring. Between July 1987 and March 1988,
the four tissues examined accumulated 5.4 g of PLFAs (per kg
carcass wt) (Fig. II-4d) of which 4.6 g accumulated in the
ovary (Fig. II-3b) and 0.8 g in the somatic tissues (Fig.
II-4c). The seasonal accumulation of PLFAs in the somatic
tissues was not enough to produce significant seasonal
changes in the total fatty acid content of these tissues
(Fig. II-4e).

From May to August the PLFA content of the four tissues
examined (about 2 g/kg carcass wt; Fig. II-4d) amounted to
about one-quarter of their content of NLFAs (7 to 9 g/kg
carcass wt; Fig. II-4b). However, when the ovaries were
nearing maturity in March their content of PLFAs together
with that of the somatic tissues (7.3 g/kg carcass wt; Fig.
II-4d) nearly equalled the combined NLFA content of the four

tissues (8.5 g/kg carcass wt; Fig. II-4b). Consequently, the
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total content of fatty acids (NLFAs plus PLFAs) in the four
tissues increased by about 60 % during ovarian
recrudescence, from about 10 g/kg carcass wt in September to
16 g/kg carcass wt in March (Fig. II-4f). Comparison of
Figs. II-4b,d, and f clearly shows that seasonal cycles in
the total fatty acid content of the four major lipid depots
of female pike are due to changes in the content of PLFAs;
primarily the content of PLFAs in the ovary.
Discussion

Results in Fig. II-4 show that, from August to March,
ovarian recrudescence in pike does not involve significant
transfers of fatty acids from somatic to ovarian tissues or
from NLs te PLs. Although tissue fatty acid contents in Fig.
II-4 are expressed relative to carcass weight, they allow
accurate assessment of fatty acid transfers from August to
March because the carcass weight of female pike in Lac Ste.
Anne changes by only 5 % during this period (Billard et al.
1983) . If all fatty acids accumulated in the ovary anc .n
the PL compartment of somatic and ovarian tissues between
August 1987 and March 1988 originated solely through
transfers of fatty acids from somatic to ovarian tissues and
from NLs to PLs then the total fatty acid content of the
somatic tissues and the combined NLFA content of all tissues
should have declined by more than 50 % (Fig. II-4b,e). Such
large declines clearly did not occur. Most of the fatty
acids accumulated in the recrudescing ovaries and in the PLs

of pike tissues before March probably originated from
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dietary nutrients pike consumed during ovarian recrudescence
or possibly from body compartments such as skeletal bone
(see Phleger et al. 1989) which were not examined.

Mobilization of fatty acids from somatic tissues may
make a significant contribution to ovarian maturation
petween mid-March and spawning (late April/early May).
According to Medford and Mackay (1978), the mature ovaries
of a 900 g somatic weight pike contain about 8 g of lipid of
which about 1.8 g becomes deposited after mid-March. Female
pike in Lac Ste. Anne lose about 17 % of their somatic
weight between March and May, probably from catabolism of
muscle (Billard et al. 1983). In a 900 g somatic weight pike
this amounts to a loss in muscle mass of about 153 g and a
loss in somatic lipid content of about 1.5 g (assuming the
lipid content of pike muscle to be 1 % of tissue wet wt).
This approximately equals the amount of lipid deposited in
pike ovaries after mid-March.

Seasonal changes in liver weight and liver NLFA and PLFA
concentrations of pike may be associated with several
factors including ovarian recrudescence and cycles in
temperature and food intake. In teleosts, estrogens released
from the recrudescing ovary initiate the synthesis of
vitellogenin in the liver (Plack and Frazer 1971; Ng and
Idler 1983) and enhance vitellogenin production by
triggering both a large increase in liver weight (Ng and
Idler 1983) and a marked proliferation of cellular

organelles (endoplasmic reticulum, Golgi complex, and
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mitochondria) within liver cells (Ng et al. 1984; Mommsen
and Walsh 1988). Therefore, increases in the weight and PLFA
concentration of pike liver during ovarian recrudescence
(Figs. II-1b and II-2d) probably reflect the liver’s role in
vitellogenin production. Increases in the PLFA concentration
of liver during ovarian recrudescence may have resulted from
both a proliferation of cellular organelles and an
accumulation of vitellogenin awaiting its release from the
liver.

The large depletion of NLFAS from pike liver during
summer and fall of 1987 may also be related to the
reproductive cycle because several studies have reported a
nearly complete disappearance of cytoplasmic lipid droplets
(which contain mainly NLs) from fish hepatocytes during
vitellogenesis (Peute et al. 1978; van Bohemen et al. 1981;
Ng and Idler 1983). In pike, NLFAs depleted from the liver
during fall may have been catabolized for energy Or
incorporated into liver PLs or yolk precursors.
Additionally, rapid accumulation of NLFAs in the liver
during May and June 1988 may reflect the heavy feeding which
pike indulge in after spawning (Diana 1979).

Seasonal changes in the PLFA concentration of pike
muscle and adipopancreatic tissue are difficult to link
directly to the reproductive cycle but may be related to
temperature. The increase in PLFA concentrations of pike
muscle and adipopancreatic tissue, and in part the increase

in liver PLFA concentration, between August 1987 and January
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1988 probably reflects the synthesis of new organelle
membranes as an adaptation to low temperatures during
winter. This proposal is supported by studies of Egginton
and Sidell (1989) and Penny and Goldspink (1980) which
suggest that the abundance of mitochondrial and sarcoplasmic
reticulum membranes in fish muscle increases during cold
acclimation. It is also worth noting that the increase in
PLFA concentration in muscle (and liver) of pike began in
August 1987 while water temperature was high and was
completed by September, well before water temperatures in
Lac Ste. Anne reached winter values (see Billard et al.
1983) . This suggests that the environmental cue initiating
increases in muscle PLFA concentration in nature may not be
temperature (as in laboratory studies of cold acclimation)
but some other factor, most likely photoperiod.

This study has shown that female pike undergo large
seasonal cycles in ovary NLFA and PLFA content and smaller
cycles in the PLFA content of their somatic tissues. Lack of
seasonal changes in the NLFA content of muscle and AP
tissue, the pike’s major NL depots, can probably be
attributed to the ability of pike to feed successfully year
round (Diana 1979) and to their sedentary lifestyle which
does not involve long migrational movements (Diana 1980).
Perhaps for these reasons, pike do not need to accumulate
large reserves of fatty acids in their somatic tissues in
preparation for either migration, long periods of fasting,

or for ovarian recrudescence.
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Figure II-1l. Seasonal changes in the weight (expressed per
kg carcass wt) of ovary, liver, and adipopancreatic tissue
of female pike. Shown are the means and 95 % confidence
intervals (C.I.’s) of 5 to 8 fish per sample. c.I.’s are
omitted if they are enclosed by the symbol. In May 1988, 3
pike were caught which had not spawned and still contained
mature eggs (2 of these fish yielded accurate measurements
of ovary weight) and 5 pike which had spawned all their
eggs. Therefore, variables measured on, or including data
from, ovaries have two means in May 1988 of which O shows
the mean for the unspawned fish and @ shows the mean for the
5 spawned fish; data from the unspawned fish were not used
in statistical tests on these variables. P values are shown
for Levene’s test of homogeneity of variances (pl) and for
ANOVA (p2). When multiple comparisons were done on a
variable (eg: panel B), sample means are numbered (from
highest to lowest) on top of the panel and results of the
Ryan—Einot—Gabriel—Welsch multiple F (REGWF) test are shown

below the panel. Means underlined at the same level are not

significantly different (p < 0.05).
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Figure I1-2. Seasonal changes in the NLFA and PLFA concentrations of somatic and
ovarian tissues and total NLFA and PLFA contents of white muscle in female pike.
Numbers adjacent to the means in panels A and B are the concentrations of NLFA's
and PLFA's expressed as a proportion of the sum of NLFA and PLFA concentrations.
p1 shows the significance level for Levene's test of homogeneity of variance.

p2 shows the significance level for the Kruskall-Wallis test in panel G and for
ANOVA in panels A,E, and F. For some samples, half the C.l. is omitted for

clarity. Other details as in Figure li-1.
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fatty acid content of the three somatic tissues if all ovarian fatty acids
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Figures l1-3a,b) had been derived from fatty acids in somatic tissues.

For some samples, half the C.l. is omitted for clarity. Other details as

in Figure II-1.
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Chapter III
Seasonal changes in the fatty acid composition of ovarian

and somatic tissues of female northern pike (Esox lucius L.)

Introduction

In many north-temperate fish, seasonal cycles in
reproduction, dietary intake, and temperature may create
temporary imbalances between the dietary supply and
physiological requirements for n-3 fatty acids. Particularly
large imbalances may occur during winter when many fish
require large amounts of n-3 fatty acids for ovarian
maturation (Love 1980; Henderson and Tocher 1987) and
temperature related membrane restructuring (Hazel 1989), yet
experience great reductions in food intake (Diana 1979).

In fish, n-3 fatty acids, and to a lesser extent n-6
fatty acids, are regarded as essential dietary nutrients
(Watanabe 1982; Stickney et al. 1983; Bell et al. 1986) and
are required in large amounts during ovarian recrudescence
because mature ovaries often comprise as much as 25 % of
body weight and contain up to 10 % of wet weight as lipids
(Kaitaranta and Ackman 1981; Henderson and Tocher 1987).
Furthermore, ovarian lipids of many fish are predominantly
polar lipids (PLs) which are typically much richer in
polyunsaturated fatty acids (PUFAs) than neutral lipids
(NLs) (Fogerty et al. 1986; Henderson and Tocher 1987) .
During winter there may also be requirements for increased

incorporation of n-3 fatty acids into somatic PLs because
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the total content of polar lipid fatty acids (PLFAS)
increases significantly during fall in several somatic
tissues of fish (chapter II), and because cellular membranes
become more unsaturated as part of the homeoviscous
adaptation phenomenon (Hazel 1989).

The possibility of seasonal mismatches between the
dietary intake and physiological requirements for n-3 fatty
acids needs evaluation to determine whether commercial fish
rations need to be altered to accommodate changes in
essential fatty acid (EFA) requirements of fish in relation
to seasonal and life history events. If imbalances between
the intake and requirements for n-3 EFAs occur during winter
one may expect north-temperate fish to preferentially divert
dietary n-3 EFAs away from somatic NL reserves, or perhaps
mobilize these fatty acids from NL reserves, SO that n-3
EFAs can be conserved for ovary growth and seasonal membrane
restructuring. Accordingly, the percentages of n-3 EFAs in
somatic NLs would be expected to decline during fall and
winter and perhaps be compensated for by increased
percentages of monounsaturated fatty acids (MUFAs) to
maintain the proper physical state (fluidity) of NL reserves
(Hazel 1979%b).

Although a few studies have examined seasonal changes in
the fatty acid composition of fish, these studies possess
limitations which make them unsuitable for evaluating the
relationship between EFA intake and requirements. These

limitations include the measurement of fatty acid
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composition on only total tissue lipids (Jangaard et al.
1967; Henderson et al. 1984; Bergstrom 1989), on few
sampling dates (Roche and Peres 1984; Dutta et al. 1985;
Agren et al. 1987), and in only one or two body compartments
(Hardy and Mackie 1969; Eaton et al. 1975; Yuneva 1987;
Henderson and Almatar 1989; Tidwell and Robinette 1990) .

In the present study, seasonal changes in the Iatty acid
composition of NLs and PLs in the major lipids depots of
female northern pike were measured to determine whether a
reallocation of n-3 fatty acids from somatic NLs to ovarian
lipids and somatic PLs occurs over winter. Pike were chosen
for this study because they are abundant, widespread north-
temperate fish which experience large seasonal cycles in
temperature and food intake and grow their ovaries over
winter.

Materials and Methods

This chapter reports seasonal changes in the fatty acid
percent composition of the same pike for which fatty acid
content is reported in chapter II. Accordingly, the methods
of fish collection, tissue sampling, lipid extraction, and
fatty acid analysis were those described in chapter II. One-
way ANOVA (p<0.01) was used to determine the statistical

significance of seasonal variation in the parameters

measured.
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Raesults

The objective of this study was to examine seasonal
changes in the percentage and total content of individual
fatty acids in the NLs and PLs of individual tissues and
multi-tissue compartments (eg: somatic tissues) to determine
whether EFAs are reallocated or transfered seasonally
petween body compartments. It was also useful to examine the
fatty acid composition of tissue total lipids (TLs) to
determine whether seasonal changes in the fatty acid
composition of NLs or PLs were offset by opposite changes in
the other lipid fraction within the same tissue. To a large
extent, seasonzal changes in the fatty acid composition of
tissue TLs and the lipids of multi-tissue compartments
reflected changes in the relative proportions of NLs and PLs
and the relative weight of individual tissues. Therefore,
differences in fatty acid composition between NLs and PLs
and between different tissues will be described first before
examining seasonal changes in the fatty acid composition of
individual lipid fractions, tissues, and multi-tissue
compartments.

The predominant fatty acids present in pike lipids were
14:0, 16:0, 18:0, 16:1n7, 18:1n9, 18:2n6, 20:4n6, 22:5n6,
18:3n3, 20:5n3, 22:5n3, and 22:6n3. Altogether, these fatty
acids comprised 91 to 96 % of the total chromatogram peak

area associated with non-furan acids.
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Variation in fatty acid composition between NLs and PLs

Figs. III-1 to III-3 show the differences in fatty acid
composition between NLs and PLs and between the individual
tissues of pike. Because the extent of these differences was
influenced by seasonal effects (described later), Figs. III-
1 to III-3 show data for two dates, July 1987 and January
1988, at which the variables shown were at or near seasonal
maximum or minimum values.

In all tissues, proportions of saturated fatty acids
(SFAs) were higher in PLs (22 to 31 % of total fatty acid
content) than in NLs (17 to 24 %). Monounsaturated fatty
acids (MUFAs) were considerably more abundant in NLs (32 to
37 % in July, 36 to 50 % in January) than in PLs (13 to 25
%$). In the somatic tissues, PLs always contained
significantly higher percentages of polyunsaturated fatty
acids (PUFAs) (43 to 57 %) than did NLs (35 to 40 %), but in
the ovary this trend was only evident during recrudescence
(Fig. III-1). Higher proportions of PUFAs in PLs than in NLs
were due primarily to n-3 fatty acids because proportions of
n-6 fatty acids differed little between the two lipid
fractions (Fig. III-1l).

There were large differences between individual fatty
acids in their abundance in pike lipids. Of the SFAs,
percentages of 16:0 were approximately twice those of 18:0
in both NLs and PLs (Figs. III-2,3). Proportions of 16:0
were always higher in PLs than NLs, whereas percentages of

18:0 were slightly higher in PLs than NLs in July, but not
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in January (Figs. III-2,3). The two MUFAs, 16:1n7 and
18:1n9, were much more abundant in NLs than ?Ls, and the
percentage of 18:1n9 tended to exceed that of 16:1n7 in both
NLs and PLs, especially in muscle PLs, liver NLs, and in the
NLs of recrudescing ovaries (January) (Figs. I1I-2,3).

Docosahexaenoic acid (22:6n3) was the most abundant n-3
fatty acid in both NLs and PLs and occurred at much higher
proportions in PLs (16 to 38 %) than in NLs (7 to 13 %)
(Figs. III-2,3). In contrast, percentages of 18:3n3 were
considerably lower in PLs (1.5 to 3 %) than in NLs (4 to 8
%) . Polar lipids contained significantly higher proportions
of 20:5n3 than NLs in January (Fig. III-3) but not in July
(Fig. III-2). Proportions of 22:5n3 were low (1.5 to 2.5 %)
and approximately the same in NLs and PLs (Figs. III-2,3).
In all tissues, PLs contained lower proportions of 18:2n6
and higher proportions of 20:4n6 compared to NLs.

Percentages of 22:5n6 were low (0.7 to 2.0 %) in both NLs

and PLs but were slightly higher in the latter lipid

fraction.

variation in fatty acid composition between tissues

Fatty acid composition varied little between individual
fish. Consequently, there were many significant differences
in fatty acid composition between tissues, even though the
magnitude of these differences was small for some fatty
acids (Figs. III-1,2,3). In July, variation between tissues
in the percentages of major fatty acid groups in NLs was

limited to relatively small differences in the percentage of
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SFAs and MUFAs. However, in January ovary and liver NLs
contained substantially higher percentages of MUFAs and
lower percentages of n-3 fatty acids compared to NLs of
muscle and AP tissue. In July, percentages of the major
fatty acid groups in PLs of ovary differed from those in
liver, but by January the PLs of these organs were nearly
identical in their percent composition of the major fatty
acid groups (Fig. III-1). Differences in the percentages of
MUFAs, PUFAs, n-3 and n-6 fatty acids between PLs of muscle
and AP tissue were similar in direction and magnitude in
January and July (Fig. III-1).

Among individual fatty acids the more prominent and
consistent differences were lower percentages of 16:1n7 and
18:1n9 and higher percentages of 22:6n3 in PLs of muscle
than in PLs of other tissues. The NLs of liver and
recrudescing ovaries had higher percentages of 18:1n9, and
muscle and AP tissue NLs had higher percentages of
unidentified fatty acids than NLs of other tissues (Figs.
I111-2,3).

The fatty acid compositions of ovary and liver differed
in July, but by January they became considerably more
similar to each other and more distinct from the
compositions of muscle and AP tissue. These changes are
shown well by 16:0, 18:1n9, and 20:5n3 fatty acids in ovary
and liver NLs and by 18:1n9, 22:6n3, and 20:4n6 fatty acids
in PLs (Figs. III-2,3). Percentages of 22:6n3 in NLs were a

notable exception to this trend; differences between ovary
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and liver were larger in January than in July (Figs. III-
2,3).

In both July and January, muscle and adipopancreatic NLs
had very similar fatty acid compositions (Figs. III-Z2,3).
Although the fatty acid compositions of ovary and liver PLs
became similar in January, for most fatty acids diflierences

in % composition between the PLs of muscle and AP tissue

were of » - direction and magnitude in January and July
(Figs. 1’
Seascxy~1 . . _in fatty acid composition of NLs and PLs

Major fatl; scid growps

The percentage of SFAs on ovarian NLs declined from 23.6
% in July to 16.8 % in January 1987 and increased again the
following spring. Clearly identifiable seasonal variations
in the percentage of SFAs did not occur in the NLs of other
tissues (Figs. III-4,5). Between late summer (August,
September) and winter the NLs of all four tissues underwent
significant increases in the percentage of MUFAs and
decreases in PUFAs (Figs. III-4,5). These changes were of
much larger magnitude in ovary and liver (8 to 16 wt %) than
in muscle and AP tissue (4 to 5 wt %). From May to August
1988, MUFAs and PUFAs returned to the previous years levels
in ovary and liver NLs but returned only partially in NLs of
muscle and AP tissue. In NLs of ovary and liver, large
seasonal changes (12 to 14 wt %) in the percentage of n-3
fatty acids were accompanied by smaller changes (4 wt %) in

n-6 fatty acids, but in muscle and AP tissue NLs the n-3
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fatty acids were the only polyunsaturates to change
seasonally (Figs. III-4,5).

In all tissues, the percentage of SFAs in PLs decreased
significantly from late summer to winter 1987 and increased
fully to previous levels during the spring and summer of
1988 (Figs. III-6,7). Percentages of MUFAs in PLs increased
during fall and winter and decreased during spring in liver
and AP tissue and to a small extent in ovaries but did not
change seasonally in muscle (Figs. I1II-6,7). In January,
percentages of MUFAs temporarily became equal in PLs of
liver and ovaries after being lower in liver PLs throughout
most of the year. From June to March the percentage of n-3
fatty acids in ovarian PLs increased to a greater extent (9
wt %) than total PUFAs (5 wt %) as a result of concurrent
decreases in the proportion of n-6 fatty acids (Fig. III-6).
Of the four organs and tissues examined, only liver showed a
significant decrease in the proportion of total PUFAs and n-
3 fatty acids during fall and winter. As with the other
major fatty acid groups, percentages of total PUFAs, n-3,
and n-6 fatty acids in liver PLs became temporarily similar
to those in ovary PLs during winter (Fig. III-6). Although
statistically significant, seasonal changes in the
proportions of n-6 fatty acids in liver PLs were small
(about 1.5 wt %). Percentages of n-3 fatty acids in PLs of
muscle and AP tissue increased significantly from June 1987

to March or May 1988 (Figs. III-6,7).
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Individual fatty acids

In ovarian NLs, seasonal changes in wt % of total SFAs
were due mainly to 16:0 which decreased from late summer to
winter 1987 and returned fully to previous levels the
following spring (Fig. III-8). Percentages of 18:0 in
ovarian NLs decreased briefly in Aﬁgust 1987 but by January
they returned close to levels prevailing during early summer
(Fig. I1I-8). Percentages of 16:0 in liver NLs were higher
in spring (June 1987, May 1988) than at other times of year
(Fig. III-9). In contrast, 18:0 in liver NLs was present in
highest percentages from September to March and this
partially offset seasonal changes in 16:0 so that the wt %
of total SFAs in liver NLs did not show significant seasonal
change (Figs. III-4,9). Muscle NLs did not show significant
seasonal changes in the percentage of 16:0 or 18:0 (Fig.
I1I1I-10) . Although percentages of these fatty acids in NLs of
AP tissue changed significantly (Fig. III-11), the peaking
of 16:0 in June 1987 was not repeated in 1988 and the
magnitude of changes in 18:0 was quite small (0.6 wt %) .

Percentages of 16:1n7 and 18:1n9 increased greatly
petween late summer and winter of 1987 in NLs of ovary but,
of the two MUFAs, only 16:1n7 changed significantly in NLs
of liver, muscle and AP tissue (Figs. III-8 to 11). During
the spring and summer of 1988 percentages of 18:1n9 returned
close to previous levels in ovary NLs and 16:1n7 returned to
previous levels in liver NLs but only partially returned in

NLs of other tissues (Figs. III-8 to 11).
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In the NLs of all four tissues the dominant seasonal
change among the n-3 fatty acids was a large significant
decline in the percentage of 22:6n3 between late summer and
winter of 1987, followed by an increase in the spring of
1988 (Figs. III-8 to 11l). Percentages of 20:5n3 also showed
substantial declines from late summer to winter in NLs of
ovary and liver and 22:5n3 showed smaller but significant
declines during this period in NLs of all four tissues
(Figs. III-8 to III-11).

Ovary and liver NLs underwent significant declines in
the percentage of 20:4n6 from September to January with a
return to previous levels the following spring (Figs. III-
8,9) . Percentages of 22:5n6 showed small but significant
declines during fall and winter in NLs of ovary (Figs. III-
8) . Ovary NLs exhibited seasonal increases in the proportion
of 18:2n6 between August and January 1987 whereas in liver
NLs 18:2n6 increased throughout summer (June to August in
both 1987 and 1988) but decreased between August and January
1987 (Figs. III-8,9). None of the three n-6 fatty acids
underwent substantial seasonal changes in weight percentage
in NLs of muscle or AP tissue (Figs. III-10,11).

Seasonal changes in the fatty acid composition of PLs
included declines in percentages of 16:0 and 18:0 from
summer to winter and increases during spring in all four
tissues (Figs. I1I-12 to III-15). Seascu.al declines in the
percentage of 18:0 in PLs began earliest in ovary (June

1987; Fig. III-12) and latest in AP tissue (September 1987;
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Fig. III-15). Changes in the percentage of 18:0 in muscle
pPLs were considerably smaller (about 1 wt %) than in PLs of
other tissues (2.5 to 5.5 wt %) (Figs. III-12 to III-15).

Considerable variation existed between tissues in the
type of seasonal changes exhibited by individual MUFAs in
pLs. In liver PLs both 16:1n7 and 18:1n9 showed clearly
defined increases during fall and winter and decreases
during spring whereas in PLs of ovary and AP tissue ¢ Ly
16:1n7 underwent such changes (Figs. I11-12,13,15).
percentages of 18:1n9 in ovary PLs (and possibly in AP
tissue PLs) appeared to underco two cycles per year;
decreasing from June to September 1987, th n increasing
until January before declining again until May, and finally
increasing again as a result of spawning in May 1638 (Fig.
1II-12). Neither 16:1n7 nor 18:1n9 changed substantially in
muscle PLs (Fig. III-14).

Among the four tissues, ovary and liver displayed the
largest seasonal changes in n-3 and n-6 fatty acid
composition of PLs and, as in NLs, the percentage of 22:6n3
varied more than that of any other polyunsaturated fatty
acid (Figs. I1II-12,13). In ovary oLs the wt % of 22:6n3
increased rapidly from June to September, then increased
more slowly until May before decreasing again as a result of
spawning (Fig. 11I-12) . However, in liver PLs the proportion
of 22:6n3 decreased between May and June in both years,
remained relatively constant between June and September

1987, then decreased until January before increasing again
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until May 1988 (Fig. III-13).

Percentages of 18:3n3 and 20:5n3 also underwent small
but significant seasonal changes in PLs of ovary, liver, and
AP tissue. In all these tissues, the proportion of 18:3n3 in
PLs increased from summer to winter but the timing of
changes in 20:En3 was specific to each tissue (Figs. III-
12,13,15). The n-6 fatty acid composition of PLs underwent
large seasonal changes only in ovarian tissues where the
proportion of 20:4n6é decreased by 7 wt % frcm May to January
1987 (Fig. III-12). Small increases (0.5 to 1 wt %) in the
percentage of 18:2n¢ during late summer or winter also
occurred in PLs of ovary and liver (Figs. ITII-12,13). None
of the n-3 or n-6 fatty acids exhibited large scasonal
changes in muscle PLs (Fig. III-14).

Seasonal changes in the fatty acid composition of TLs

Seasonal changes in the fatty acid composition of total
lipids (TLs) reflected not only the composition of NLs and
PLs but also the ratio of NL to PL (chapter II) because the
two lipid fractions ciffered in fatty acid composition. In
ovarian TLs the percentage of SFAs and n-6 fatty acids
decreased from July to January 1987 (Fig. III-16) due to
decreases in the percentage of these fatty acids in both NLs
and PLs (Fig. III-4). Increases in the percentage of MUFAs
in ovary TLs during fall and winter (7 wt %; Fig. III-16)
were smaller than those in NLs (20 wt %; Fig. III-4) because
PLs conprised 70 % of TLs in the ovaries and had relactively

stable percentages of MUFAs (Fig. II1I-6). The percentage of
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PUFAs in ovary TLs increased briefly from July to September
1987 but then declined to previous levels by January 1is a
result of decces s in the PUFA percentage in NLs nig. III-
4) . Decreases in the percentage of n-3 fatty -.-¢= in ovary
NLs from August to January (Fig. III-4) only partially
offset the increases of these fatty acids in PLs (Fig. III-
6' so that the percentage of n-3 fatty acids in ovary TLs
underwent a significant increase (7 wt %) in late summer of
1987 which was maintained until the following spring (Fig.
III-16).

puring fall and winter, liver TLs exhibited increases in
the percentage of SFAs, and n-3 fatty acids and decreases in
the percentage of MUFAs and n-6 fatty acids (Fig. I1I-16).
Except for the n-6 fatty acids, changes in the fatty acid
composition of liver TLs were largely the reverse of those
that occurred in the NLs ana PLs (compare with Figs. III-
4,6). These changes in liver TLs reflected the large
increase, during fall and winter, in the content of PLFAs
(Fig. II-3) which contained higher percentages of SFAs,
PUFAs, and n-3 fatty acids and lower percentages of MUFAs
compared to NLs (Fig. III-1). The only seasonal change in
the fatty acid composition of muscle TLs was a small (3 wt
%) decrease in the percentage of SFAs during fall and winter
(Fig. III-17). In AP tissue, seasonal changes in the fatty
acid composition of TLs (Fig. III-17) were very similar to
those in NLs (Fig. III-5) because PLs comprised only a very

small (about 1.5 wt %) portion of TLs in this tissue (Fig.
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I1-3).

Fatty acids whose percent composition showed relatively
large (> 2.5 wt %) changes in ovary TLs from summer toO
winter were 16:0, 18:0, and 20:4n6 which decreased during
this period and 16:1n7 and 18:1n9 which increased (Table
III-1). Percentages of 22:n3 in ovary TLs increased from
about 15 % in June 1987 to 21 % in September and thern
remained relatively stable until May (Table iII-1). In liver
TLs, the largest seasonal changes were increases in the
percentage of 16:0 and 22:6n3 and decreases .n 18:.n93,
18:2n6, and 18:3n3 from summer to winter (Table ITIT~1).
Notable seasonal changes in muscle TLs were limited tc
declines in the percentage of 16:0 and increases in 16:1n7
from June or JuIy 1987 to March 1988 In AP tissue, seasonal
changes in the proportion of individu-' fatty acids in TLs
were similar to those in NLs (compare Table III-1 and
Appendix 1) .

Seasonal changes in the fatty acid compogition of combined
lipids of somatic and ovarian tissues
Major fatty acid groups

The combined NLs of the three somatic tissues exhibited
increases in the percentage of MUFAs and decreases in total
PUFAs and n-3 fatty acids from summer to winter (Fig. III-
18) as a result of similar changes in each individual tissue
(Figs. III-4,5). Percentages of SFAs in somatic NLs declined
from June to August 1987 and thereafter remained relatively

constant and the n-6 fatty acids increased slightly during
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summer and declined during fall and winter (Fig. III-18).
The inclusion of ovarian NLs with somatic NLs increased the
magnitude of these changes, especially the changes in MUFAs
(compare Figs. III-18,19).

As all three somatic tissues exhibited declines in the
percentage of SFAS in PLs during fall and winter, and
increases during spri~j3 ‘Figs. I1I1-6,7), similar changes
also cccurred in the combined PLs of these tissues (Fig.
III-18) . The proportion of MUFAs in somatic PLs increased
during winter (Fig. III-18), mainly as a result of similar
changes in liver PLs (Fig. III-6). Increases in the
percentage of total PUFAs in somatic PLs from June 1957 to
May 1988 resulted from small increases of these fatty acids
in muscle PLs (Fig. III-7) and from increases in the content
of PLFAs in muscle (Fig. II-2) which contained higher
percentages of polyunsaturates than PLs of eithe: liver or
AP tissue (Fig. III-1l).

The inclusion of ovarian PLs with somatic PLs
considerably altered the pattern of seasonal change in fatty
acid composition (Fig. III-19). In combined PLs of somatic
and ovarian tissues the summer to winter increasrs in MUFAs
were considerably larger (7 wt %) than in somatic PLs alone
(3 wt %, and the percentages of total PUFAs and n-3 fatty
acids declined sigrificantly during early winter unlike in
somatic PLs (Fig. III-19). These changes reflected the
higher percentages of MUFAs and lower percentages of PUFAs

in ovarian PLs compared to PLs of somatic tissues (Fig. III-
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1).

In somatic TLs (Fig. III-18) and somatic plus ovarian
TLs (Fig. III-19) the percentages of SFAs and MUFAs differed
significantly between the ten collection dates, but clear
seasonal trends were not evident. Percentages of n-3 PUFAs
in somatic TLz increased until September 1987 and steadily
decreased throught the winter until the following May (Fig.
III-18).

From May to September 1987 and in June 1988, ovaries
contained very little lipid compared to other tissues and so
the fatty acid composition of combined TLs of somatic plus
ovarian tissues was identical to that of somatic TLs alone
(compare Figs. III-18 and IIT-19 and Tables III-6 and III-
7). In January and March ovaries contained more lipid but,
nevertheless, percentage¢s of MUFASs, PUFAs, n-3 and n-6 fatty
acids in somatic plus ovarian TLs still resembled those in
somatic TLs alone. This was a result of the clcse similarity
in fatty acid composition between TLs of mature ovaries and
that of the combined TLs of the three somatic tissues
{compare Figs. III-16 and III-18 and Tables III-1 and 6).
Individual fatty acids

Although the percentages of many fatty acids changed
seasonally in the NLs, PLs, and TLs of somatic tissues and
combined somatic and ovarian tissues (Tables III-2 to 7),
large (> 2.5 wt %) changes occurred in only four fatty acids
- 16:0, 16:1n7, 18:1n9, and 22:6n3. Proportions of 16:0

decreased by 3.1 to 3.6 wt % from June 1987 to March 1988 in
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somatic NLs (Table III-2) and combined NLs of somatic plus
ovarian tissues (Table 1I1I1-4) and decreased by about 3.0 %
from summer to winter in somatic PLs (Table III-3).
Increases of 3.2 to 5.2 wt % in 16:1n7 from summer 1987 to
winter 1988 occurred in NLs and TLs of somatic tissues
(Tables III-2,6) and in the NLs and PLs of somatic plus
ovarian tissues (Tables II1-4,5).

Percentages of 18:1n9 in NLs and TLs of somatic tissues
and somatic plus ovarian tissues (Tables III-2,4,6,7)
decreased by 2.8 to 4.6 wt % from June to August or
September 1987 and increased from September to May or June
of 1988. In the combined PLs of somatic plus ovarian tissues
(Table III-5) the percentage of 18:1n9 increased by 2.9 wt %
from July 1987 to January 1988 and returned to summer values
during the following spring. Docosahexaenoic acid (22:6n3)
underwent large seasonal changes of 4.3 to 5.6 wt % in NLs
of somatic tissues (Table III-2) and in NLs, PLs, and TLs of
somatic plus ovarian tissues (Tables 1II-4,5,7) and the
timing of these changes generally paralleled changes in the
total n-3 fatty acids of these lipid fractions (compare with
Figs. III-18,19).

Mass balance evaluation of seasonal fatty acid transfers

Pike generally exhibited much larger variation,
seasonally and between fish, in the total NLFA and PLFA
content of their tissues than in fatty acid percent
composition. Consequently, seasonal changes in the content

(g/kg carcass wt) of individual and major groups of fatty
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acids in the NLs and PLs of pike tissues closely paralleled
changes in total NLFA and PLFA content (chapter II), rather
than changes in percent composition. Table III-8 shows the
total content of major fatty acid groups in important body
compartments of pike so that the possibility of selective
seasonal transfers of certain types of fatty acids between
body compartments can be evaluated. There were no
significant (p<0.01) seasonal changes in the content of any
fatty acid group in either the combined NLs or TLs of the
somatic tissues or in the combined NLs of ovarian plus
somatic tissues (Table II-8). Therefore, there does not
appear to have been large seasonal transfers of any major
fatty acid group from somatic to ovarian tissues or from NLs
to PLs of female pike.

Discussion

This study provides evidence that female pike need to
conserve limited dietary supplies of n- PUFAS during winter
if they are to meet their physiological requirements for
these essential nutrients. Specifically, the significant
decreases in the percentage of n-3 PUFAs which occur during
early winter in the NLs of somatic tissues (Figs. III-
4,5,18) suggest that pike may either mobilize these fatty
acids from, or divert dietary n-3 PUFAs away from, somatic
NLs. The n-3 PUFAs conserved in this way would be available
for use in ovarian construction and membrane restructuring.
Additionally, decreases in the percentage of n-3 PUFAs in

NLs of maturing pike ovaries (Fig. II1I-4) may be an
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adaptation to conserve these EFAs for storage in oocyte
polar lipids and later use as components of cellular
membranes in the developing embryo. This adaptation has been
proposed by Weigand and Idler (1985) in regard to ovarian
development in atlantic salmon.

Admittedly, the quantity of n-3 PUFAs conserved through
reduction in the percentage of these fatty acids in somatic
NLs makes only a modest contribution to the accumulation of
n-3 PUFAs in ovarian TLs and somatic PLs over winter. From
August 1987 to March 1988, 1.98 g of n-3 PUFAs accumulate in
the recrudescing ovaries and an additional 0.28 g accumulate
in somatic PLs (Table III-8). The 3.9 weight % decline in
the percentage of n-3 PUFAs in somatic NLs from August 1987
to March 1988 (Table III-2) conserves about 0.31 g of n-3
PUFAs (0.039 X 8 g of fatty acids in somatic NLs - Fig. II-
4) . This represents only 14 % of the 2.26 g of n-3 PUFAS
which accumulate in ovarian TLs and somatic PLs from August
to March.

Although decreases in the percentage of n-3 PUFAs in
somatic NLs conserve only modest amounts of these EFAs, the
physiological limitations imposed on pike by reductions in
dietary intake of n-3 PUFAs over winter may be substantial.
One should remember that pike possess very small reserves of
NLs compared to most fish (see Henderson and Tocher 1987)
and sole reliance on somatic NLs to supply all the fatty
acids needed for ovarian recrudescence would severely

deplete these reserves of n-3 PUFAs and other fatty acids
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(Table III-8). A 3.9 wt % decline in the percentage of n-3
PUFAs in somatic NLs may be all the pike can spare without
jeopardizing the quantity of its NL energy reserves oOr
altering their physical state (ie: fluidity). Furthermore,
even modest reductions of dietary EFAs over winter can have
serious non-lethal consequences by contributing to reduced
growth or a delay in ovarian recrudescence soO that fish are
unable to spawn every year. In fact, populations of pike and
other fish species in the arctic appear to grow mature
ovaries only every second or third year, apparently because
they are unable to obtain a sufficient quantity or quality
of nutrients (Miller and Kennedy 1948; Kennedy 1953,1954;
Roussow 1957; Geen et al. 1966). Shortages of dietary EFAs
during winter may also be more severe in species that do not
feed during winter or are transplanted outside their native
range into environments that are possibly sub-optimal
(Cunjak et al. 1987; Cunjak 1988).

Prior to March, there are no large transfers of any
fatty acid class from somatic to ovarian tissues or from NLs
to PLs. Quantities of individual fatty acid classes
accumulated in tne ovaries by March are greater than 50 % of
the content of the same class in somatic TLs at the start of
ovarian recrudescence in August (Table III-8). Therefore, if
any fatty acid class accumulated in the ovaries solely as a
result of transfer from somatic tissues then the content of
that class in somatic TLs should have declined significantly

‘*a:; by more than 50 %). Such large transfers did not occur
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pecause there were no significant seasonal changes in the
content of any fatty acid class in somatic TLs (Table III-
8) . Similarly, lack of significant seasonal change in the
content of any fatty acid class in the combined NLs of
somatic and ovarian tissues (Table III-8) indicates there
were no large transfers of fatty acids from NLs to PLs.

It is difficult-to accurately quantify small transfers
of fatty acids between body compartments because of the
large variation between fish in the fatty acid content of
tissue NLs. From August 1987 to March 1988 the content of n-
3 PUFAs in somatic NLs appeared to decrease by about .82 g
(Table III-8) which is more than sufficient to account for
the 0.31 g of n-3 PUFAs represented by dec'-- ~s in the
percentages of these fatty acids in somatir ZluS. However,
changes in the n-3 PUFA content of somatic NLs were not
statistically significant (Table I11I-8). Therefore, it is
not known whether seasonal changes in the percentage of n-3
PUFAs in somatic NL reserves result primarily from
mobilization of these fatty acids from the reserves Or
simply from diversion of dietary n-3 PUFAs away from somatic
NLs.

Although pike do not transfer large amounts of fatty
acids from somatic to ovarian tissues, comparison of fatty
acid content between pike and other fish helps considerably
to identify physiological and environmental factors which
favour such transfers. A good example of a fish which relies

entirely on somatic tissues to provide nutrients to the
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maturing ovaries is the altantic herring. Atlantic herring
accumulate much greater quantities of NLs in their somatic
tissues (from 13 to 25 % cf wet wt) than pike (1.0 to 1.7 %
wet wt; Table III-2) and do not feed during ovarian
recrudescence (Henderson and Almatar 1989). The mature eggs
of atlantic herring possess total lipid contents (6 to 7 %
of wet wt) and proportions of PLs and NLs (74 % PLs and 26 %
NLs) similar to those of pike eggs (Henderson and Almatar
1989; Medford and Mackay 1979; Fig. I1I-2a,b). However, in
herring the percentage of PUFAs in egg TLs (44 %) is more
than double that in somatic NLs (18 %), w.ereas in pike the
percentage of PUFAs in egg TLs (42 %) and somatic NLs (34 to
39 %) are more equal. The low percentage of PUFAs in herring
NLs appears to reflect their diet of calanoid copepods which
are rich in MUFAs but poor in PUFAs (14 to 23 % of total
fatty acids) (Sargent et al. 1989). Because the percentage
of PUFAs is much higher in herring eggs than in the rest of
the body, PUFAs must be preferentially transferred from
somatic to ovarian lipids during ovarian recrudescence.
Thus, a comparison between pike and atlantic herring
confirms expectations that selective transfers of fatty
acids between somatic and ovarian tissues will be greater in
fish that do not feed during ovarian recrudescence,
accumulate large amounts of NLs in somatic tissues, and
display marked differences in fatty acid composition betwee
ovarian and somatic lipids.

Among the four organs and tissues examined, the largest
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seasonal changes in fatty acid composition, in both ..Ls and
PLs occurred in the ovaries and liver (Figs. .II-4 to IIIL-
15) . This undoubtedly reflects the large changes which
ovaries and liver undergo in their organ weight, lipid
content, and cellular and tissue ultrastructure in
association with the annual reproductive cycle (Ng et al.
1984; Mance 1987). In early summer the lipid content of
ovaries is very low and its fatty acid composition is mainly
that of connective tissue. But as the ovaries begin to
accumulate nutrients in late summer their fatty acid
composition reflects primarily that of egg nutrients such as
lipovitellin and oil globules.

The fatty acid composition of fish eggs varies greatly
petween different species (Kaitaranta and Ackman 1981;
Tocher and Sargent 1984), but few explanations for the
adaptive significance of this variation have been offered.
It is generally believed that fish species with longer
developmental periods between hatching and first feeding
produce eggs with greater NL content and which therefore
have higher proportions of SFAs and lower percentages of
PUFAs compared to eggs of species with faster larval
development (Mommsen and Walsh 1988). Lipids of eggs (and of
other tissues) of marine species have higher ratios of n-3
to n-6 fatty acids than lipids of freshwater species and
this is thought to reflect differences in diet fatty acid
composition (Ackman 1967).

Data presented in this chapter provide additional
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insight into the adaptive significance of fatty acid
composition in fish eggs. Comparison of Figs. III-16 and
III-18 and Tables III-1 and III-6 shows that ovarian and
somatic TLs resemble each other in the percent composition
of the major fatty acid classes much more close’ly when the
ovaries are nearing maturity in January and March than in
June and July. This suggests that very young pike fry have a
similar fatty acid composition to that of adults. Since fry
and adult pike inhabit the same general environment they may
have similar fatty acid requirements and thus similar fatty
acid compositions.

Changes in the fatty acid composition of NLs in maturing
pike ovaries resemble the pattern which occurs in atlantic
salmon (Weigand and Idler 1985) and may therefore represent
a widespread phenomenon. As oocyte maturation proceeds,
ovarian NLs of both pike and atlantic salmon exhibit highly
significant increases in the percentages of 16:1n7 and
18:1n9 and decreases in 20:5n3 and 22:6n3 (Fig. III-8;
Weigand and Idler 1985). The latter authors hypothesized
that these changes represent an adaptation to make MUFAs
available as sources of erergy tor the embryo and to spare
n-3 PUFAs for storage in oocyte polar lipids. Additional
support for this hypothesis is providsd by observations that
salmon embryos preferentially catabolize 16:1n7 and 18:1n9
for energy and preferentially retain 22:6n3 as part of
membrane polar lipids (Hayes et al. 1973)

Seasonal changes in the fatty acid composition of pike



€6

liver appear to be related to the annual cycle of ovarian
recrudescence. Such a relationship is indicated by the high
degree of similarity between liver and ovary in the fatty
acid composition of TLs and PLs in January and March (Figs.
III-6,16 and Table III-1). Further:.ore, fish liver is known
to incorporate large amounts of lipid into vitellogenin, the
main precursor of oocyte yolk, in response to ova.ian
estrogen hormones (Mommsen and Walsh 1988).

Because the fatty acid comp.sition of vitellogenin
presumably resembles that of the maturing oocyte, seasona
changes in the fatty acid composition of pike liver PLs .y
be due to the accumulation of wvitellog in in the liver.
However, several considerations suggest that this is not the
primary cause of seasonal changes in the fatty acid
composition of liver PLs. First, even if increases in the
PLFA concen-ration of liver from July 1987 to January (from
1.2 to 1.75 % of wet wt; Fig. I™-2) were due entirely to
vitellogenin accumulation, vitellogenin would represent no
more than about 31 % of total liver PLFA content. This would
not be enough to make the fatty acid compositions of ovary
and liver PLs as similar as they are in January and March
(Fig. III-6). Furthermore, &strogen induced prolireration of
organelles likely contributes greatly to the observed
increases in the concentration and total content of PLFAs in
liver during winter (Ng et al. 1984; Mommsen and Walsh
1988) . Finally, previous studies have shown that

vitellogenin occurs only at very low concentrations in
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vitellogenic fish livers, apparently because it is secreted
into the bloodstream shortly after being synthesized (van

;emen et al. 1982). Therefore, it is likely that the bulk
£ty acid composition of liver membrane lipids comes to
resemble that of ovarian PLs during early winter (September
to January) the period of peak vitellogenesis. This 1is
reasonable becaise similar fatty acid cempositions of
vitellogenin and liver membrane lipids oucht to simplify
regulation of lipid synthesis withir the endoplasmic
reticulum of liver cells.

If changes in the PL fatty acid composition and fatty
acid metabolism which occur in pike liver during fall and
winter are primarily associated with vitelloaenesis then
much of the volumincuz work on homeoviscous adaptation in
fish liver may nesd to be re-evaluated. Changes in PL fatty
acid composition (Hazel 1279a), and the rates of fatty acid
and lipid synthesis (Hazel and Prosser 1979; Hazel 1%920),
fatty acid elongation and desaturation (Sellner and Hazel
1982; Hagar and Hazel 1985), and incorporation of specific
fatty acids into lipids (Ho.:b e al. 1977; Hazel 1983),
observed in fish liver in resp ase to temperature
acolimation in the laboratory 11y ke entirely different from
what occurs seasonally in wild fish.

Caution must be exercised when attempting to ascribe
seasonal changes in the de¢ree of unsaturation of tissue PLs
of pike (Figs. TII-6,7) to the homeoviscous adaptation

phenomenon. Changes in the ratio of saturated to unsaturated
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fatty acids in bulk PLs may simp.y reflect changes in the
relative abundance or diffzrent membrane types and different
PL classes rather than to alterations in the degree of
unsaturation in individual membranes. Furthermore, changes
in fatty acic< ccmposition of a membrane do not always
indicate that viscosity changes as well. Nonetheless, in
sevveral studies, temperaturs related changes in the fatty
acid composition: ¢ ruik tissue °Ls qualitatively resembled
the charges seen in the predominant membrane types (Cossins
1976; nazel 197%a; Bly et al. 1986). This suggests that
decreases ir the percentage of SFAs which occurred during
fall and winter in the PLs of all three somatic t.ssues
exumined (Figs. III-6,7) were at least partly associated
with the seasonal temperature cycle.

Declines in the perc=ntage of SFAs during late summer
and early winter were the most consistent seasonal changes
sbserved in the fatty acid composition of tissue PLs;
changes in the magnitude of MUFAs and PUFAs were highly
variable between tissues (Figs. II1I-6,7). This is
significant because the greatest effect on membrane physical
state results from the addition of a single double bond to a
saturated hydrocarbon chain (Coolbear et al. 1983) . The
percentage of SFAs relative to that of unsaturated fatty
acids is therefore considered to be the primary determinant
of membrane viscosity and not the relative percentages of
MUFAs versus PUFAs (Cossins et al. 1978; Hazel 1989).

Although seasonal changes in the percentage of SFAs in
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pike PLs appear to be reiated to temperature, it is likely
that other factors aie :wolved as well. In muscle PLs of
pike, the percentage .. SFAs began to decline in June 1987,
long before water temperature declined, and in 1988 it
continued to increase after summer temperatures had been
attained in June (Fig. III-7). Lack of close correlation
between water temperature and the degree of unsaturation of
PLs was also observed in the Black Sea anchovy (Yuneva et
al. 1987). In anchovy, the percentage of SFAs in muscie PLs
was minimal from January to July and thus spanned
considerable nortions of both the cold and warm seasons
(Yuneva et al. 1987).

In previous studies, cecld acclimation did not
siqnilficantly alter the viscosity or the percentage of SFAs
in sarcoplasmic reticulum membranes of goldfish white muscle
(Cossins et al. 1978), nor did it decrease the percentage of
SFAs in bulk PLs of mitochondrial membranes from carp red
muscle (Wodtke 1981). Thus, my findings of significant
seasonal changes in the percentage of SFAs (primarily 16:0)
in pike white muscle PLs somewhat contrast with the
rublished literature and suggest that it may be worthwhile
to continue looking for ernvironmentally induced changes in
the membrane composition of whicte muscle in non-cyprinid
fish species.

Seasonal changes in the fatty acid composition of pike
NL depots support Hazel’s (1979b) suggestion that the degree

of unsaturation of fish NL reserves may influence the
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physical state (viscosity) of these reserves and the
rapidity with which they can be hydrolysed to supply energy.
In all four tissues of pike, declines in the percentage of
PUFAS in NLs during fall and winter are offset specifically
by increases in MUFAs (Figs. III-4,5). If the fatty acid
composition of NLs had no effect on the physical state or
physiological functioning of these lipids, one would not
expect such close temporal correlation between reciprocal
seasonal changes in the percentage of PUFAs and MUFAs (Figs.
I1I-4,5). Therefore, increases in the percentage of MUFAs in
pike NLs during f..1 and winter may be an adaptation to
compensate for reductions in PUFAs and thereby maintain
proper NL viscosity. Seasonal changes in the per~eatay -
MUrAs in pike NLs are due tainly to 16 and 18 c&i ... MUFAS
which appear to be ideally suited to increase lipid fluidity
during winter because they are more mobile than longer chain
fatty acids (Quinn 1981).

Reciprocal changes in the percentages of saort chain
versus long chain fatty acids appear to be prominent
features of seasonal fatty acid cycles in northern pike and
in other fish. In pike, increases in the percentages of
18:2n6 or 18:3n3 or both of these fatty acids occurred
during early winter in the NLs of ovary, liver, white
muscle, and AP tissae, and in liver PLs, while perczntages
of long chain n-3 and n-6 PUFAs either remained constant or
more commonly declined (Figs. 111-8,9,10,11,13). From June

to August, muscle NLs of Black Sea anchovy exhibit
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reciprocal changes in 14:0 versus 16:0, 16:1n7 versus
18:1n9, and 20:5n3 versus 22:6n3; percentages of the short
chain fatty acids increase while those of longer chain fatt:y
acids decrease (Yuneva et al. 1287).

Reciprocal changes in the fatty acids of Black Sea
anchovy appear to be due to the preferential transfer o
long chain fatty acids from muscle NLs to the recrudescing
ovaries (Yuneva et al. 1987). In pike, reciprocal changes in
18:2n6 and 18:3n3 versus long chain PUFAs in somatic tissues
may be due to preferential diversion of long chain PUFAs to
ovarian tissues or perhaps to changes in the activity of
elongase and desaturase enzymes. Declining food intake
during =a:i , winter may reduce circulating insulin levels
which in turn reduce .= activity of elongase and delta-6
and delta-5 desaturase enzymes (Jeffcoat 1976; Brenner 1981)
so that 18 carbon PUFAs accumulate while longer chain PUFAs
decrease in abundance.

In summary, female northern pike exhibit marked seasonal
changes in the fatty acid compositicn of somatic and ovarian
tissues which appear to be related to several environmental
and physiological factors. Decreases in the percentage of n-
3 PUFAs in somatic NLs during winter may reflect attempts to
conserve limited dietary supplies of these fatty acids for
use in ovarian construction and membrane lipid
restructuring. Seascnal changes in the fatty acid
composition of liver NLs and PLs appear to reflect the

liver’s role in vitellogenesis. Changes in the percentage of
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SFAS in tissue PLs may be at least partly attributable to

seasonal temperature cycles. Data presented in this study

can serve as a useful reference for experimental studies

designed to more clearly delineate the influence of ovarian

recrudescence, diet, and temperature on the fatty acid

composition of wild fish.



Opposite page

Figure III-1. Comparison of fatty acid composition {(major
fatty acid groups) between tissues and between neutral
lipids (NL) and polar lipids (PL) of pike. Quantities of
fatty acids (ie: wt %) are expressed as a percentage of the
total weight of fatty acids in tissue NL or PL. Means and 95
% confidence intervals (C.I.’s) are shown. Sample size for
all variable: i~ € in July 1987, and in January 1988 sample
size is 6 for i+'.z on muscle and 7 for data on al’ other

tissues.
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Fatty acid compcsition in July 1987
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Figure 1lI-2. Comparison of fatty acid composition (individual fatty
acids) between tissues and between neutral lipids (NL) and polar

lipids (PL) of pike in July 1987. Other details as in Figure lii-1.
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Fatty acid composition in January 1988
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Figure 1lI-3. Comparison of fatty acid composition (individual fatty
acids) between tissues and between neutral lipids (NL) and polar
lipids (PL) of pike in January 1988. Other details as in Figure -1
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Figure III-4. Seasonal changes in the percentage of major
fatty acid groups in the neutral lipids (NL) of ovary and
liver of pike. Shown are the means and 95 % C.I.'’s of 5 to 8
pike per sample. Exact n values for Fiqures III-4 to III-15
are given in Appendices 1 and 2. For some samples, half the
C.I. is omitted for clarity. C.I.’s are omitted entirely if
they are enclosed by the symbol. In May 1988, variables
measured on, or including data from, ovaries have two means
of which O shows the means for 3 pike which had not spawned
and still contained mature eggs and @ shows the means for 4
pike which had spawned. Data from the unspawned fish were
not used in statistical tests and are shown without C.I.'s.
P values show the significance of seasonal variation for

each variable as tested using one-way ANOVA.
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Figure 1I1-8. Seasonal changes in the percentage of individual fatty acids in
neutral lipids of ovaries of pike. Other details as in Figure IlI-4.
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Figure 111-9. Seasonal changes in the percentages of individual fatty acids in
neutral lipids of liver of pike. Other details as in Figure llI-4.
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Figure llI-10. Seasonal changes in the percentages of individual fatty acids in

neutral lipids of white muscle of pike. Other details as in Figure 1l1-4.
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Figure llI-11. Seasonal changes in the percentages of individual fatty acids in
neutral lipids of adipopancreatic tissue of pike. Details as in Figure Ili=4.
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Figure lll-12. Seasonal changes in the percentages of individual fatty acids in
polar lipids of ovaries of pike. Other details as in Figure lil-4.
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Figure 1lI-13. Seasonal changes in the percentages of individual fatty acids in
polar lipids of liver of pike. Other details as in Figure ll1-4.
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Figure IlI-14. Seasonal changes in the percentages cf individual fatty acids in
polar lipids of white muscle of pike. Other details as in Figure li1-4.
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Figure llI-15. Seasonal changes in the percentages of individual fatty acids in
polar lipids of adipopancreatic tissue of pike. Details as in Figure IlI-4.
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Figure IlI-16. Seasonal changes in the percentages of major fatty acid groups in

total lipids (TL) (ie: NL and PL combined) of ovary and liver of pike. n values
are given in Table Ill-1. Other details as in Figure lI-4.
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Figure l11-17. Seasonal changes in the percentages of major fatty acid groups in

total lipids (TL) (ie: NL and PL combined) of white muscle and adipopancreatic
tissue of pike. n values are given in Table lll-1. Details as in Figure {l-4.
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Table 111-1. Seasonal changes in the fatty acid composition of total lipids in tissues of female northern
pike. Standard errors for these data are given in Appendix 3.

Seasonatd 1987 1988

Fatty P Range -~-c..- i proocoeeett meeeescasere  ececesmcescescmenmctacsectcensecccacacatotann
Acid value® wt % May June July August Sept. Jan. March Nayf Nay" June Aug
é é 7 7 7 7 2 & 8
16:0 <0.001 3.7 ----. 19.2* 20.2 19.3 18.6 16.6 16.5 16.8 16.8 18.5 ----
18:0 <0.001 4.7 <=--- 9.8 8.9 7.2 6.3 5.3 5.5 5.2 8.6 9.9 s---
16:1n7 <0.001 3.9 ----o 8.7 9.3 10.0 10.1 12.1 12.6 12.5 10.2 9.9 o c---
18:1n9 <0.001 4.9 ----- 15.0 15.0 14.5 15.1 19.4 18.7 18.3 16.1 15,1 =---
18:2n6 <0.001 1.5 =---. .4 2.5 2.¢ 3.2 3.8 3.7 3.7 2.7 2.3 -r--
20:4n6 <0.001 6.3 ----- 12.4 10.2 9.0 8.3 6.3 6.1 6.3 11.9 11.6  =---
22:5n% <0.001 0.4 ----- 1.3 1.5 1.4 1.5 1.3 1.3 1.2 1.6 1.6 =---
18:3n3  <0.00% 1.7 ----. 1.5 1.8 2.2 2.4 3.0 3.0 3.2 2.2 1.5 =---
20:5n3  <0.091 2.0 ----. 7.4 7.6 8.0 7.5 6.1 6.1 6.0 6.2 T4 see-
22:5n3 <0.00% 0.6 ----. 1.8 1.5 1.5 1.7 1.7 1.7 1.9 2.1 1.8 =---
22:6n3  <0.001 6.1 ===--. 15.1 16.4 19.7 21.2 19.6 20.1 20.3 17.1 15,7  ----
others <0.001 1.0 ----. 4.2 3.9 3.2 33 3.9 3.7 3.6 3.7 2.7 e---
SFA <0.001 7.4 ----. 30.1 30.3 7.4 25.7 22.9 22.9 23.1 26.2 29.3  ----
MUFA <0.001 7.7 ---ae 3.7 24.4 24.5 25.3 31.4 31.3 30.8 26.3 25.0 ~----
PUFA <0.001 4.2 ----s 42.0 41.5 .9 45.7 41.8 42.1 42.6 43.8 41,9  ----
all n-6 <0.001 5.0 ----. 16.1 14.2 13.3 13.0 1.4 1.2 1.2 16.2 15.6  ~---
all n-3 <0.001 6.9 ----- 5.9 27.3 3.5 32.8 30.4 30.9 31.4 27.6 26,5 ----
FA conc. <0.001 3.29 ----. 0.77 0.85 1.29 .32 3.98 4.06 2.84 0.98 0.83 ----
X wet wt.®

a - fatty acid compoSition ig expressed as the mean weight X of the indicated fatty acids in tissue total
lipids.

b - sample sizes are given directly below each sampling date.

¢ - p values show the statistical significance of seasonal variation for each variable as tested using
one-way ANOVA.

d - seasonal range refers to the difference between the highest and lowest monthly mean recorded for that
variable over the fifteen month sampling period.

e - the content of all fatty acids in total lipids was summed and expressed as a percentage of tissue
wet weight

f - data for pike which had not spawned and stitl contained mature eggs.

g - data for pike which had spawned all their eggs.
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Table I11-1. continued... Seasonal changes in the fatty acid composition of total lipids in pike tissues.

Fatty 4]
Acid Value®

others <0.001

SFA <0.001
MUFA 0.002
PUFA 0.182

all n-6 <0.001
alt n-3 0.017

FA conc. ;0.!301

lipids.

Liver
sessonald 1987 1988

Range =-=s-se-c-sco- rTTTTsToTeTam e “sea  sesccsesce-ectsmcesssseccs-cecescoecssos

wt X May June July August  Sept. Jan. March May June Aug.

6 7 5 7 7 7 8 6

5.1 =ewe- 15.2° 13.2 12.5 14.0 16.9 16.0 17.6 12.9 12.6
1.5 ==--- 6.9 6.9 6.9 7.5 6.0 6.8 6.6 6.5 6.7
2.0 ----- 12.8 11.6 12.5 12.7 1.5 12.2 11.4 13.4 13.2
8.0 ----- 24.9 22.0 21.3 22.4 17.1 16.9 18.6 24.4 23.2
3.8 ----- 4.8 6.3 7.2 6.2 3.4 3.4 3.7 5.3 7.2
1.8 =-=-- 5.5 5.8 5.7 6.4 7.2 7.3 6.6 6.1 6.1
0.4 <----- 0.9 1.3 1.2 1.1 1.3 1.3 1.1 1.3 1.3
2.5 -o--- 3.0 4.2 5.2 3.9 2.9 3.0 2.7 3.2 3.4
2.1 =--e- 7.2 6.9 5.9 5.1 6.0 5.5 5.5 6.6 6.8
1.3 ----- 2.0 2.2 1.7 1.2 1.5 1.3 1.2 2.1 2.5
9.2 =-=--- 12.6 15.6 15.1 15.5 1.2 21.8 21.4 13.9 13.0
1.5 =---- 3.9 3.9 4.6 3.5 3.7 3.5 3.1 3.9 3.8
5.2 =---- 22.3 20.3 19.7 22.0 24.2 24.0 24.7 19.7 19.5
9.3 «-ee- 37.8 33.6 33.8 35.0 28.6 29.0 29.9 37.9 36.4
7.6 <e---- 36.0 42.2 42.0 39.5 43.6 43.5 42.3 38.6 40.2
3.2 ceee- 1.3 13.3 16.1 13.7 12.0 12.0 11.4 12.8 14.5
6.8 ----- 24.8 28.9 27.9 25.8 31.6 31.5 30.8 25.8 25.7
5.84 ----- 7.98 6.24 5.48 4.15 2.14 2.15 2.78 6.09 6.05

b - sample sizes are given directly below each sampling date.

¢ - p values show the statistical significance of seasonal variation for each variable as tested using
one-way ANOVA.

d - seasonal range refers to the difference between the highest and lowest monthly mean recorded for that
variable over the fifteen month sampling period.

e - the content
wet weight

of all fatty acids in total lipids was summed and expressed as a percentage of tissue
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Table 111-1. continued... Seasonal changes in the fatty acid couposntion of total lipids in pike tissues.

----------------------------------------------------------------------------------------------------------

Muscle
seasonald 1987 1988

Fatty P RBNEGE = ~scsceocccecccencccccccnccasscnacanase  socsseccmcsccccaccesetasacctancentocoae.
Acid value® wt X May Jmeb July August Sept. Jan. March May June Aug.

5 ) 6 7 é é 7 7 7 [
16:0 <0.001 2.4 15.0% 17.1 16.9 15.8 15.3 15.4 14.7 15.5 15.7 16.1
18:0 <0.001 0.7 6.3 6.8 6.7 6.1 6.5 6.2 6.2 6.2 6.8 6.6
16:1n7 0.020 2.6 11.8 9.6 9.5 1.2 10.9 11.2 12.1 11.0 11.7 1.9
18:1n9 0.161 2.4 16.1 14.8 13.9 15.0 14.3 14.8 15.2 13.7 15.4 14.6
18:2né 0.066 0.9 4.9 4.4 4.1 4.9 4.8 4.5 4.4 4.2 4.2 S.0
20:4n6 0.036 0.9 5.6 6.1 5.8 5.3 5.5 5.7 5.8 6.2 5.8 5.7
22:5n6 0.013 0.2 1.4 1.4 1.6 1.4 1.6 1.6 1.6 1.6 1.5 1.5
18:3n3 0.006 1.1 4.7 3.9 3.8 4.9 4.6 4.6 4.7 4.2 3.8 3.9
20:5n3  0.099 0.7 6.5 6.7 7.0 6.8 6.3 6.6 7.0 6.8 6.6 6.6
22:5n3 0.1%3 0.2 1.9 1.9 2.0 2.0 2.1 2.0 2.0 2.0 2.0 2.1
22:6n3 0.379 3.9 18.6 19.7 22.0 19.7 21.6 20.7 20.3 22.5 20.5 20.0
othergs <0.001 1.5 6.9 7.2 6.4 6.6 6.3 6.4 5.8 5.7 5.8 5.8
SFA <0.001 3.0 21.7 24.3 23.9 22.1 22.1 22.0 21.3 22.1 22.7 22.9
MUFA 0.085 4.5 27.9 26.3 23.4 26.2 5.2 26.0 27.2 26.7 27.1 26.5
PUFA 0.148 4.0 43.5 44,1 46.3 45.0 46.4 45.7 45.7 47.5 44.4 44.7
all n-6 0,286 0.7 11.9 1.9 11.5 11.6 1.9 1.8 11.8 12.0 11.5 12.2
all n-3 0.144 3.7 3.7 32.3 34.8 33.5 34.5 33.9 33.9 35.4 32.9 32.6
FA conc. 0.081 0.43 0.93 0.76 0.7 0.97 1.12 0.83 0.84 0.69 0.78 0.73

% wet wt.®

a - fatty acid composition is expressed as the mean weight X of the indicated fatty acids in tissue total
lipids.

b - sample gizes are given directly below each sampling date.

¢ - p values show the statistical significance of geasonal variation for each variable as tested using
one-way ANOVA.

d - seasonal range refers to the difference between the highest and lowest monthly mean recorded for that
variable over the fifteen month sampling period.

e - the content of all fatty acids in total {ipids was summed and expressed as a percentage of tissue
wet weight
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seasonal® 1987 1988
fatty [ Range -<------ -----B ------------------ seemses  ewsee “seewecemececccsoanonasen e mSnosass
Acid value® wt X May  June July August Sept.  Jan.  March May June Aug.

6 7 7 7 7 7 8 6
16:0 <0.001 3.1 ==--- 15.1° 13.5 13.0 13.0 12.6 12.0 12.3 13.0 13.1
18:0 <0.00t 0.6 ~----- 6.1 5.9 5.6 6.1 5.8 5.6 5.5 5.8 5.8
16:1n?7 <0.001 5.1 =<~ 15.0 15.3 16.1 15.9 18.8 20.1 20.1 18.4 18.8
18:1n9 0.162 2.5 ~=---- 19.5 18.3 17.8 18.2 19.3 18.5 18.9 20.3 18.8
18:2n6 0.047 0.8 ----- 6.1 6.2 6.8 8.7 6.6 6.4 6.8 6.1 6.9
20:4n6 0.106 0.5 ----- 4.5 4.3 4.0 4.2 4.0 41 4.4 4.3 4.2
22:5n5 0.050 0.3 <-<--- 1.0 1.4 1.2 1.3 1.1 1.1 1.1 1.1 1.3
18:3n3 «<0.001 1.8 ~---- 6.0 6.3 7.7 6.8 7.5 7.5 7.1 6.1 5.9
20:5n3  0.043 1.2 c---- 6.8 6.1 6.0 5.6 5.9 6.2 5.9 6.2 5.8
22:5n3 <«0.001 0.8 ----- 1.9 2.1 1.9 2.2 1.6 1.6 1.4 2.0 2.0
22:6n3 <0.001 5.0 ----- 10.4 13.0 12.0 12.4 9.0 8.6 8.0 9.8 10.3
others 0.006 1.6 ----- 7.5 7.7 8.0 7.7 7.7 8.3 8.5 7.1 7.1
SFA <0.001 3.7 ----- 21.3 19.4 18.5 19.1 18.4 17.6 17.8 18.8 18.9
MUFA <0.001 5.4 -=--- 34.5 33.6 33.9 34.1 38.1 38.6 39.0 38.7 37.6
PUFA <0.001 2.9 ----- 36.7 39.3 39.6 39.2 35.8 35.6 34.7 35.5 36.4
all n-6 0.044 0.9 <=---- 1.6 1.9 11.9 12.2 11.8 1.7 12.3 1.5 12.4
all n-3 <0.001 5.3 <«=--- 25.0 27.4 er.7 26.9 24.0 23.9 22.4 24.0 24.0
FA conc. 0.250 16.8 40.2 56.9 57.4 57.4 53.4 57.5 49.2 45.3 62.1 61.4

-------------------------------- PO e L L L L L E L LR LR L Eb kbt ity

a - fatty acid composition is expressed as the mean weight % of the indicated fatty acids in tissue total
lipids.

b - sample sizes are given directly below each sampling date.

¢ - p values show the statistical significance of seasonal variation for each variable as tested using
one-way ANOVA.

d - seasonal range refers to the difference between the highest and lowest monthly mean recorded for that
variable over the fifteen month sempling period.

e - the content of all fatty acids in total lipids was summed and expressed as a percentage of tissue
wet weight
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Figure 111-18. Seasonal changes in the percentages of major fatty acid groups in
the combined NL's, PL's, and TL's of the three somatic tissues. Samples sizes
are given in Tables 111-2,3,8. Other details as in Figure lli-4.



MUFA Wt % SFA Wt %

PUFA Wt %

n-3 Wt %

n-6 Wt %

22

20

18

42

40 |

38

36 |

34

32

40

38

36

34

32

28

26

24 |

22

20
14

12

Somatic plus Ovarian NL

Somatic plus Ovarian PL

97

Somatic plus Ovarian TL

L p < 0.001 28 | p < 0.001 22 |
L 26 | 20 [
I 2¢ | 18 p < 0.001
[ VO T R N N N T 0 DO NS o VOO N N N [U NS NS T NN TN VR VU N S TN VN N [ e | [ W A VAN N TN T N T O N Y O Wy B B |
MJJASONDJFMAMJJA MJJASOND JFMAMUJJA MJJASONDJFMAMJJA
- 22 + 36 |
p < 0.001 p < 0.001 L
- 20 34
b 18 | 32
b 16 | 30
- “ | MI 28 |
- 12 - 26 T L
[EEE WS U [ T N TN U NN O N U S BN SN DO I | | Y I T VA S I VORGSO N O I SR R NN RS N SO N T Y TR N YN N N A A |
MJJASONDJFMAMJJA MJJASONDJFMAMJJA MJJASONDJFMAMJJA
58 46
L | p < 0.001 L
R p<°.°°1 56 |- 44
| i N
- 54 | 2t
o 52 40 -
L 50 38 |
[ W SN I S N G N TR OO SN Y VO N T | [ UK I SN YOO N T Y VR SN I Ry [ T A | PN VOIS S I U U N N NN T T N Yy T I |
MJJASONDJFMAMJJA MJJASONDJFMAMJJA MJJASONDJFMAMJJA
46 34
L 3 p = 0.004
[ p < 0.001 wl p < 0.001 a2 |
L X I
L 42 |- 30
: 40 | 28 +
- 38 26
) O TS VS S A T TN U N O (N S ey | [ S T T T U S N e DR TN U S O N N | |||lllLlllIllllJ
MJJASONDJFMAMJJA MJJASOND JFMAMJJA MJJASONDJFMAMJJA
1“4 1
L p = 0.014 5 p = 0.201 5 p = 0.189
: 2 | H_{/I—i—i—‘*\l 2|
| WO I W OO Y N R O T NS TN NN U T W e | o-lllljllllllllllLl [N TS DA U NS Y VO N NS AN DO Y A N A

MJJASONDJFMAMJJA

MJJASOND JFMAMJJ A

1
MJJASONDJFMAMJJA

Figure I1I-19. Seasonal changes in the percentages of major fatty acid groups in
the combined NL, PL, and TL of the ovarian and somatic tissues of pike. Sample
sizes are given in Tables 1l1-4,5,7. Other details as in Figure lil-4.
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Table I11-2. Seasonal changes in the fatty acid composition of the combined neutral lipids from the three
somatic tissues of female northern pike. Standard errors for these data are given in Appendix 4. Other
details as in Table 1I1-1.

Seasonal 1987 1988

Fatty -] Range s--ccsccicecccccsscocccsccmsenmrrenates  Socm-escsMcssesccccctoosocasenastn s ot.
Acid Value wt X May June July August Sept. Jan. March May June Aug.
6 -] 7 4 6 7 7 7 [
16:0 <0.001 3.1 ~=---- 15.4° 13.7 13.0 12.8 12.9 12.3 12.5 12.9 13.0
18:0 <0.001 0.6 =---- 6.3 6.1 5.7 6.2 5.9 5.9 5.7 5.9 5.9
16:1n7 <0.001 5.2 ----- 14.8 14.8 15.7 15.8 18.2 19.6 20.0 18.0 18.2
18:1n9 0.018 2.8 ----- 21.2 19.0 18.4 18.7 19.7 19.5 19.4 21.1 19.4
18:2n6 0.002 1.1 ----- 5.9 6.2 6.7 6.7 6.5 6.3 6.5 5.9 7.0
20:4n5 0.017 0.5 ==--- 4.5 4.4 4.1 4.2 4.0 4.0 4.2 4.3 4.3
22:5n6 0.002 0.3 ~---- 1.0 1.3 1.2 1.3 1.1 1.1 1.1 1.1 1.2
18:3n3 <0.001 1.8 ~---- 5.5 6.0 7.3 6.5 7.3 7.3 6.9 5.8 5.7
20:5n3 0.131 0.9 ~<--- 6.5 6.3 6.2 5.6 5.8 6.2 6.1 6.3 6.1
22:5n3 <0.001 0.7 ~---- 1.8 2.1 1.9 2.1 1.6 1.6 1.4 2.0 2.1
22:6n3 <0,001 4.3 ----- 9.6 12.5 12.0 12.4 9.0 8.2 7.9 9.8 10.3
others <0.001 1.4 ~----- 7.5 7.5 7.9 7.7 7.9 8.0 8.2 6.8 6.8
SFA <0.001 3.5 «ce-- 21.7 19.8 18.7 19.0 18.8 18.2 18.2 18.9 18.9
MUFA <0.001 5.6 -===-- 36.0 33.8 3.1 34.5 37.9 39.1 39.4 39.1 37.6
PUFA <0.001 5.2 ~e=--- 34.8 38.8 39.3 38.8 35.4 3.7 3. 35.2 36.7
atl n-6 0.002 1.2 ----- 11.4 1.9 12.0 12.2 11.6 11.4 1.9 1.3 12.5
all n-3 <0.001 5.0 <<--- 23.4 27.0 27.3 26.6 23.8 23.4 22.3 23.9 264.1
FA conc. g.241 0.7 ee=-- 1.7 1.2 1.5 1.3 1.2 1.1 1.0 1.6 1.3
X wet wt.

----- PR R I L L LY T T TR D L R L R R R R L R i

a - fatty acid compositions are expressed as the mean weight %X of the indicated fatty acids in the combined
NL's from the three scmatic tissues which were analyzed.

b - the content of all fatty acids in the combined neutral lipids of the three somatic tissues was summed
and expressed as a percentage of tissue wet weight
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Table 111-3. Seasonal changes in the fatty scid composition of the combined polar lipids from the three
somatic tissues of female northern pike. Standard errors for these data are given in Appendix 5. Other

details as in Table 1I1-1.

Seasonal 1987 1988
Fatty P RAnge =-e=-n=-e--eemscsseeeccmancescessesecoon SmesssesooSesasosSosssSssssoEoToToomeees
Acid Value wt X May June July August Sept. Jan. March May June Aug.
6 7 () 6 7 7 8 6
16:0 <0.001 3.0 ~---- 19.4* 19.5 19.5 18.6 17.6 16.7 17.7 18.4 19.7
18:0 <0.001 1.2 ==c-- 7.4 7.2 6.7 7.0 6.2 6.3 6.5 7.4 7.3
16:1n7 <0.001 1.9 ----- 4.3 4.0 4.6 4.8 5.8 5.9 4.8 4.6 4.2
18:1n9 <0.001 1.5 ----- 10.1 9.5 9.8 9.5 10.8 10.2 9.3 9.9 9.5
18:2n6 0.003 0.7 ----- 2.4 2.1 2.5 2.5 2.7 2.6 2.7 2.3 2.8
20:4n6 0.427 0.8 ----- 7.8 7.5 7.1 7.6 7.6 7.9 7.8 7.7 7.6
22:5n6 <0.001 0.5 ----- 1.6 1.9 1.8 1.9 2.0 2.1 2.0 1.9 1.9
18:3n3 <0.001 0.9 ~----- 1.6 1.5 2.1 1.9 2.3 2.2 2.2 1.5 1.4
20:5n3  0.027 0.7 ----- 7.0 7.3 7.6 7.0 7.2 7.2 6.9 6.9 7.0
22:5n3 0.006 0.3 ~e--- 2.0 2.1 2.0 2.1 2.2 2.3 2.2 2.1 2.1
22:6n3 0,266 2.2 ----- 31.2 32.5 .7 32.8 30.9 31.9 33.1 32.5 31.8
others <0.001 0.6 ~---- b.4 4.2 3.9 3.8 4.0 3.8 3.9 4.0 4.1
SFA <0.001 3.8 ----- 7.8 27.4 26.9 26.3 24.7 246.0 25.0 26.5 27.7
MUFA <0.001 3.1 ~-=--- 14.4 13.5 16.3 14.3 16.6 16.1 14.1 14.6 13.6
PUFA 0.003 3.7 ----- 53.4 54.8 54.8 55.6 54.7 56.2 57.1 54.9 54.5
all n-6 0.020 1.2 ===-- 11.8 11.5 11.4 1.9 12.2 12.5 12.6 11.8 12.2
all n-3 0.042 2.9 ~-=-- 41.6 43.3 43.4 43.7 42.5 43.7 44.5 43.1 42.3
FA conc. l<’t'l.001 0.14 <=--- 0.34 0.33 0.36 0.43 0.47 0.46 0.41 0.36 0.33
% wet wt.

a - Fatty acid compositions are expressed es the mean weight X of the indicated fatty acids in the combined
PL's from the three somatic tissues which were analyzed.

b - the content of all fatty acids in the combined neutral lipids of the three somatic tissues was summed
and expressed as a percentage of tissue wet weight
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Table I11-4. Seasonal changes in the fatty acid composition of the combined neutral lipids from the ovarian
and somatic tissues of female northern pike. Standard errors for these data are given in Appendix 6. Other
details as in Table III-1.

Seasonatl 1987 1988
Fatty p Range ~e-----esesccccccccccrecccscocancures sesmescccmosscsossocmscsoces a ---------------
Acid Value wt X May June July August Sept. Jan. March Nay° May June Aug.
6 (-] 7 4 é 7 2 7
16:0 <0.001 3.6 ~e--- 15.4%  13.7 13.0 12.8 12.4 1.8 11.8 12.7 12.9 enee
18:0 <0.001 0.6 ~---- 6.3 6.1 5.7 6.2 6.1 6.1 6.0 5.7 5.9 -.--
16:1n7 <0.001 5.0 ~---- 14.8 1.8 15.7 15.8 18.1 19.4 19.4 19.8 18.0 “ew-
18:1n9 <0.001 4.6 ----- 21.2 19.0 18.4 18.7 21.5 22.3 23.0 19.7 21.1
18:2n6 0.033 0.8 ----- 5.9 6.2 6.7 6.7 6.5 6.3 8.4 6.5 5.9 “e=-
20:4n56 <0.001 0,7 -==-- 4.5 4.4 4.1 4.2 3.8 3.8 4.1 4.2 4.3 --=-
22:5n6 <0.001 0.3 -e--- 1.0 1.3 1.2 1.3 1.0 1.0 1.0 1.1 1.1 cmn-
18:3n3 <0.001 1.7 -=--- 5.5 6.0 7.2 6.4 6.9 6.6 6.3 6.6 5.8
20:5n3 <0.001 1,1 -=--- 6.5 6.3 6.2 5.6 5.4 5.5 5.4 6.0 6.3
22:5n3 <0.001 0.8 -e--- 1.8 2.1 1.9 2.1 1.5 1.5 1.3 1.4 2.0 cea-
22:6n3 <0.001 4.4 ----- 9.6 12.6 12.0 12.6 9.4 8.9 8.6 8.2 9.9
others 0.015 1.4 ~---- 7.5 7.5 7.8 7.6 7.2 6.9 6.7 8.1 6.8 .o
SFA <0.001 3.9 ----- 1.7 19.8 18.7 19.0 18.5 17.9 17.8 18.4 18.9 “ea-
MUFA <0.001 8.5 ----- 36.0 33.8 34.1 34.5 39.7 41.6 42.3 39.5 391 esee
PUFA <0.001 6.2 ----- 3.8 38.8 39.4 38.9 34.6 33.6 33.2 34.0 35.2 “ee-
alt n-6 0.014 1.2 -<--- 1.4 11.9 12.0 12.2 11.4 11.0 1.5 1.8 1.3 “ew-
all n-3 <0.001 5.6 ~=--- 23.4 27.0 27.3 26.7 23.2 22.6 21.7 22.2 23.9 vee-
FA conc. 2.285 1.0 -<--- 1.7 1.2 1.5 1.2 1.2 1.1 0.7 1.0 1.5 ~-e-

X wet wt.

s - Fatty acid compositions are expressed as the mean weight X of the indicated fatty acids in the combined
NL's from the ovarian and somatic tissues which were analyzed.

b - the content of all fatty acids in the combined neutral lipids of the three somatic tissues was summed
and expressed as a percentage of tissue wet weight

c - data for pike which had not spawned and still contained mature eggs

d - data for pike which had spawned all their eggs
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Table 111-5. Seasonal changes in the fatty acid composition of the combined polar lipids from the ovarian
and somatic tissues of female northern pike. standard errors for these data are given in Appendix 7. Other

details as in Table III-1.

Seasonal 1987 1988

Fatty p Range <=--e---c-=--secscsccces sscscemcscanca  escecmcscsssscecnoss E ------- a ---------------
Acid Value wt X May June July August Sept. Jan. March May May June Aug.
é ] 7 6 6 7 2 4 8
16:0 <0.001 1.6 --=-- 19.4"  19.5 19.5 19.0 18.5 18.3 18.9 17.9 18.4 ----
18:0 <0.001 2.1 ===-- 7.4 7.2 6.8 6.9 5.4 5.4 5.3 6.7 7.4 ceae
16:1n7 <0.001 4.5 ----- 4.3 4.1 4.7 5.4 7.8 8.6 8.0 5.0 4.7 so=e
18:1n9 <0.001 2.9 ~-=-~-- 10.1 9.6 10.0 10.0 12.5 12.2 11.5 9.7 10.0 een-
18:2n6 <0.001 0.6 --=-- 2.4 2.1 2.5 2.4 2.7 2.6 2.6 2.6 2.3 --ee
20:4n5 0.558 0.6 ~--=-- 7.8 7.6 7.3 7.9 7.6 7.6 7.8 7.8 7.7 ----
22:5n6 0.002 0.4 --=-- 1.6 1.9 1.7 1.8 1.8 1.7 1.6 2.0 1.9 aee-
18:3n3 <0.001 0.9 ----- 1.6 1.5 2.1 1.8 2.4 2.4 2.4 2.1 1.5 cen-
20:5n3 0.002 0.9 ~----- 7.0 7.3 7.7 7.1 7.3 7.3 7.1 6.8 6.9 cew-
22:5n3  0.056 0.3 ----- 2.0 2.0 2.0 2.0 2.0 2.1 2.1 2.3 2.1 cese
22:6n3 <0.001 5.6 ----- 31.0 32.2 31.2 31.2 27.0 26.9 27.6 32.5 32.3 ae-
others <0.001 0.6 ----- 4.6 4.2 3.9 3.8 4.0 3.8 3.8 3.8 4.0 ceen
SFA <0.001 2.9 ~----- 27.8 27.5 27.0 26.6 5.0 24.9 25.3 25.5 26.6 e=e=
MUFA <0.001 7.0 ce=-- 14.5 13.7 14.7 15.4 20.3 20.7 19.5 146.7 14.6 cen-
PUFA <0.001 5.4 c-=-- 53.3 54.6 5¢.3 54.3 50.7 50.6 51.4 56.0 54.8 cea-
all n-6 0.201 0.9 =-=-- 11.9 11.6 11.5 12.1 12.1 12.0 12.1 12.4 11.9 ~e=-
all n-3 <0.001 5.0 =-==-- 41.5 43.0 42.8 42.2 38.6 38.6 39.3 43.6 42.9 ee=-
FA conc. ;0.001 0.64 ~==-- 0.34 0.33 0.37 0.50 0.82 0.97 0.82 0.41 0.36 ~----
X wet wt.

a - Fatty scid compositions are expressed as the mean weight X of the indicated fatty acids in the combined
PL's from the ovarian and somatic tissues which were snalyzed.

b - the content of all fatty acids in the combined neutral lipids of the three somatic tissues was summed
and expressed as a percentage of tissue wet weight

c - dsta for pike which had not spawned and still contained mature eggs

d - data for pike which had spawned all their eggs
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Table 111-6. Seasonal changes in the fatty acid composition of the combined total lipids of the three
somatic tissues of female northern pike. Standard errors for these data sre given in Appendix 8. Other
details as in Table J11-1.

-----------------------------------------------------------------------------------------------------------

Seasonal 1987 1988
Fatty p RBNGE ~~<~--cccccmce-cecccecccccccnctocttees ceesessesesccccesccccasasosacecanatanae.
Acid value wt X May June July August Sept. Jan. March May June Aug.
4 6 7 7 4 6
16:0 <).00 2.1 ----- 15.8°2 15.1 1%6.4 146.3 146.2 13.7 14.3 14.0 14.4
18:0 <0.001 0.6 ~----- 6.5 6.4 5.9 6.4 6.0 6.0 6.0 6.2 6.2
16:1n7 <0.001 3.2 ----- 12.9 12.3 13.4 12.8 14.6 15.5 15.0 15.4 15.3
18:1n9 0.015 3.0 ----- 18.7 16.8 16.6 16.1 171 16.7 16.0 19.0 17.3
18:2n6 0.002 0.9 ----- 5.4 5.2 5.8 5.5 5.4 5.2 5.2 5.2 6.1
20:4n6 0.270 0.7 ----- 5.2 5.2 4.7 5.1 5.0 5.2 5.4 5.0 5.0
22:5n6 0.017 0.6  ----- 1.1 1.6 1.3 1.5 1.3 1.4 1.4 1.3 1.4
18:3n3 «<0.001 1.4 ----- 4.9 4.9 6.2 5.2 5.9 5.8 5.4 4.9 4.8
20:5n3 0.107 0.7 =----- 6.7 6.6 6.5 6.0 6.2 6.5 6.4 6.4 6.3
22:5n3 <0.001 0.4 ----- 1.8 2.1 1.9 2.1 1.8 1.8 1.7 2.0 2.1
22:6n3 0.067 4.5 ----- 13.7 17.2 16.0 18.2 15.4 15.4 16.2 14.3 14.9
others 0.027 0.9 ----- 7.1 6.7 7.0 6.6 6.7 6.7 6.8 6.2 6.2
SFA <0.001 2.6 ----- 22.5 21.6 20.4 20.8 20.5 19.¢ 20.6 20.4 20.8
MUFA 0.003 5.4 ----- 3.5 29.1 30.0 28.9 31.8 32.2 31.0 34.3 32.5
PUFA 0.011 4.7 ----- 38.9 42.6 42.5 43.6 41.0 41.2 41.8 39.1 40.4
all n-6 0.0146 1.1 -ee-- 1.7 11.8 11.9 12.1 11.8 11.7 12.1 1.4 12.5
alt n-3 0.004 4.3 ----- 27.2 30.9 30.6 31.5 29.2 29.5 29.7 27.6 28.0
FA conc. g.sos 0.50 ----- 1.87 1.56 1.87 1.68 1.67 1.57 1.42 1.92 1.64
X wet wt.

a - Fatty acid compositions are expressed as the mean weight X of the indicated fatty acids in the combined
total Lipids of the three somatic tissues which were analyzed.

b - the content of all fatty acids in the combined total lipids of the three somatic tissues was summed
and expressed as a percentage of tissue wet weight
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Table 111-7. Seasonal changes in the fatty acid composition of the combined total Lipids of the ovarian and
somatic tissues of female northern pike. Standard errors for these data are given in Appendix 9. Other

details as in Table 1I1-1.

Seasonal 1987 1988

Fatty P Range ~---es-=wesscccececcocs wes=sesccaneos ssessessecccncs sememgTTTTeet g T
Acid Value wt X May June July August Sept. Jan. March May May June Aug.
H 6 7 4 6 7 2 4 7
16:0 «0.000 1.8 ----- 15.8" 15.1 14.4 14.5 14.9 14.8 15.7 146.4 164.0 see-
18:0 <0.001 0.9 <---- 8.5 6.4 6.0 6.4 5.8 5.8 5.6 6.0 6.2 cee-
16:1n7 <0.001 3.1 ----- 12.9 12.3 13.4 12.7 13.9 1.3 13.2 14.9 15.4 cees
18:1n% 0.031 2.9 ----- 18.6 16.8 16.6 16.0 17.8 17.5 16.7 16.4 18.9 cee-
18:2n6 <0.001 1.4 -=--- 5.4 5.2 5.8 5.4 4.9 4.6 4.4 5.1 5.2 .---
20:4n6 0.085 1.3 eoe-- 5.2 5.2 4.8 5.3 5.4 5.6 6.1 5.4 5.0 ----
22:5n6 0.017 0.4 -~---- 1.1 1.4 1.3 1.5 1.3 1.3 1.3 1.6 1.3 ----
18:3n3 0.003 1.9 ----- 4.9 4.9 6.1 5.0 5.1 4.7 4.2 5.2 4.9 cew-
20:5n3  0.151 0.6 ----- 6.7 6.6 6.5 6.1 6.2 6.3 6.3 6.3 6.4 ----
22:5n3 <0.001 0.4 ----- 1.8 2.1 1.9 2.1 1.7 1.8 1.7 1.7 2.0 .ee-
22:6n3 0.018 5.3 -=--- 13.7 17.2 16.0 18.4 16.6 17.3 19.0 16.1 14.3 .---
others <0.001 2.0 ~----- 7.1 6.7 7.0 6.4 5.9 5.5 5.1 6.7 6.2 eme=
SFA «<0.001 2.1 ===--- 22.5 21.7 20.5 21.1 21.2 21.2 21.9 20.7 20.4 mee-
MUFA 0.003 5.6 ----- 31.5 29.0 30.0 28.7 3.7 3.9 29.9 31.3 34.3 cees
PUFA 0.009 4.8 «---- 38.9 42.6 42.5 4.7 41.2 41.5 43.1 £1.3 39.1 -.--
all n-6 0.189 0.7 ----- 1.8 11.8 11.9 12.2 1.7 1.5 1.8 12.0 11.5 .e--
sll n-3 0.006 4.6 ----- 27.2 30.8 30.6 31.6 29.6 30.0 31.3 29.4 27.6 cee-
FA conc. b0.343 0.66 ----- 1.86 1.55 1.86 1.1 2.01 2.10 1.53 1.44 1.9 -ee-
X wet wt.

a - Fatty scid compositions are expressed as the mean weight X of the indicated fatty acids in the combined
total lipids of the ovarisn and somatic tissues which were analyzed.

b - the content of all fatty acids in the combined total Lipids of the ovarian and somatic tissues was
summed and expressed as a percentage of tissue wet weight

c - data for pike which had not spawned and still contained moture eggs

d - data for pike which had spawned all their eggs
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Table 111-8. Seasonal changes in the content (g / kg carcass weight) of major fatty acid groups in various
lipid compartments of female northern pike. Standard errors for these data are given in Appendix 10. Other
details as in Table III-1,

1987 1988
Fatty P  =cce-=-eccsccscsscssscccmcscssssosensroaseans | seasmmeseecsseccsccscccccccescncoscccccooas
Acid Value May June July August Sept. Jan. Rarch May June Aug.
Somatic Tissue Neutral Lipids
€6) (6) (¥p] (%) (6) ¥p) 4p) €9 €6)
SFA  0.085  ~---- 2.137 1.403 1.621 1.31 1.345 1.192 1.061 1.680 1.616
MUFA 0.348 ---- 3.506 2.399 2.935 2.478 2.701 2.560 2.297 3.518 2.802
PUFA 0.186 ---- 3.269 2.695 3.376 2.808 2.513 2.2M 1.978 3.136 2.737
n-3 0.138 ~--- 2.195 1.875 2.342 1.920 1.688 1.526 1.310 2.125 1.802
n-6 0.288 ---- 1.075 0.821 1.034 0.887 0.825 0.745 0.669 1.011 0.935
Somatic Tissue Polar Lipids
6) ()] (&5} 6) 6 ) N (8) 6)
SFA <«<0.001 ---- 0.543 0.51 0.550 0.654 0.680 0.641 0.590 0.542 0.521

MUFA <0.001  =--- 0.283 0.251 0.294 0.355 0.458 0.431 0.334 0.297  0.257
PUFA <0.001  ---- 1.045 1.024 1.124 1.389 1.508 1.502 1.349 1.124 1.025
n-3 <0.001 ---- 0.815 0.809 0.890 1.091 1.172 1.167 1.052 0.881 0.795
n-6 <0.001 ---- 0.230 0.215 0.234 0.297 0.337 0.336 0.297 0.242 0.230

Somatic Tissue Total Lipids

5 6) 7 (%) 6) 49 (48] qp 6)
SFA  0.442 ---- 2.417 1.914 2.1M 2.001 2.025 1.833 1.650 2.225 1.937
MUFA 0.568  ---- 3.427 2.650 3.229 2.820 3.159 2.991 2.630 3.810 3.059
PUFA 0.570 ---- 4.1013 3.720 4.500 4.160 4.022 3.773 3.328 4.266 3.762
n-3 0.466 ---- 2.856 2.684 3.232 2.991 2.860 2.693 2.362 3.012 2.597
n-6 0,682 ---- 1.246 1.036 1.268 1.169 1.162 1.080 0.966 1.254 1.165
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Table 111-8 cont... Seasonal changes in the content (9 / kg carcass weight) of major fatty acid groups in
various lipid compartments of female northern pike. standard errors for these data are given in Appendix

10. Other details as in Table 111-1.

1987 1988
Fatty P meesecesssesmcecccssccceomasscccsccoscss SemssssoessossRessnett b e
Acid Value May June July August Sept. Jan. March May' May June Aug
Ovary Neutral Lipids
(6) 6) (49 (¢4} €] €8] (2) ) 8
SFA  <0.001 ---- 0.001 6.002 0.007 0.041 0.209 0.329 0.324 0.003 0.002 ---
MUFA <0.001 ---- 0.002 0.003 0.011 0.080 0.627 0.970 0.912 0.006 0.002 ---
PUFA <0.001 ---- 0.002 0.003 0.017 0.087 0.366 0.582 0.597 0.006 0.003 ---
n-3 <0.001 --=-- 0.002 0.002 0.013 0.061 0.240 0.387 0.395 0.004 0.002 ~---
n-6 <0.001 ---- 0.001 0.001 0.004 0.027 0.125 0.195 0.203 0.002 0.001 ~---
Ovary Polar Lipids
%) (¥p) 6) (49 7 (€8] 48] (2) ) (8)

SFA <0.001 0.016 0.007  0.01% 0.029  0.141 0.790 1.173 1.089 0.017  0.008 ---
MUFA <0.001 0.012 0.005 0.008 0.021 0.103 0.738 1.084 0.973 0.014 0.005 ---
PUFA <0.001 0.024 0.010 0.014 0.042 0.233 1.443 2.170 2.013 0.027  0.011 ---
n-3 <0.001 0.014 0.006 0.009 0.029 0.168 1.073 1.633 1.529 0.017  0.007 ---
n-6 <0.001 0.010 0.004 0.005 0.013  0.065 0.371 0.537  0.484 0.010 0.004 ---

All Tissues Co~bined - Neutral Lipids

6) 6) 7 €4) 6) (€] 2> %) &)
SFA  0.315 ~eve 2.139 1.405 1.628 1.404 1.540 1.521 1.002 1.122 1.682 ---
MUFA 0,343 aeee 3.508 2.401 2.946 2.538 3.290 3.529 2.37% 2.400 3.520 ---
PUFA 0.57% -ee= 3.272  2.69%9  3.392  2.881 2.862  2.853 1.861 2.049  3.138  ---
n-3  0.520 .ee- 2.196 1.877  2.355 1.972 1.920 1.913 1.219 1.364 2.127  ---
n-6 0.623 ceen 1.075 0.822 1.038  0.909  0.943 0.940 0.642 0.685 1.011  ---

All Tissues Combined - Polar Lipids

(6) 6) N 6) 6) N (€3] %) (¢:)]
SFA  <0.001% eee= 0.550 0.522 0.579  0.806 1.422 1.814 1.667  0.612 0.550 ---
MUFA <0.001 eeee 0.288 0.259 0.315 0.466 1.159 1.515 1.287  0.353 0.303 ~---
PUFA <0.001 eee 1.055 1.039 1.167 1.639 2,868 3.672  3.380 1.349 1.136  ---
n-3 <0.001 aeen 0.821 0.818  0.919 1.272  2.182  2.800 2.583 1.051 0.888 ---
n-6 <0.001 meee 0.234 0.220 0.247 0.367 0.686 0.873 0.797 0.298 0.246 ~---

All Tissues Combined - Total Lipids

5 6) 42 %) () N 2 %) (€p]
SFA  0.002 .--- 2.426 1.927 2,207  2.145 2.962  3.335 2.669 1.734 2.234  ---
MUFA 0.008 —-e- 3,636 2.660  3.261 2.963 4,449  5.045 3.661 2.753 3.818 ---
PUFA <0.001 .-e- 4116 3.737 4.559 4422 5.730 6.525 5.240 3.397 4.279  ---
n-3 <0.001 --e- 2.863 2.695 3.274 3.178  4.10M 4,713  3.802 2.414 3.020 ---
n-6 0.003 ceee 1.250 1.042 1.285 1.264 1.629 1.812 1.439 0.983 1.259 ---

a - data for pike which still contained mature egge b - data for pike which had spawned all their eggs
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Chapter IV
A ’'natural experiment’ to determine the effect of ovarian
recrudescence on the fatty acid composition of northern pike
(E30x lucius L.).
Introduction
Female northern pike undergo seasonal changes in fatty
acid composition which are thought to be related to cycles
of reproduction, dietary intake, and temperature (chapter
III). However, the relative influence of these factors on
tissue fatty acid composition of wild fish has not been
clearly defined.

Populations of fish in the arctic provide an ideal
'natural experiment’ with which to separate the
physiological effects of ovarian recrudescence from those of
other factors such as diet and temperature. Many fish
species in the arctic appear to spawn only once every two or
three years, apparently because they are unable to obtain or
assimilate sufficient quantities of nutrients to grow mature
ovaries each year (Miller and Kennedy 1948; Kennedy
1953,1954; Geen et al. 1966). Thus, at any given time such
populations contain individual fish which are undergoing
active ovarian recrudescence in preparation for the next
spawning season and individuals whose ovaries remain in a
pre-vitellogenic state for at least one spawning cycle.

The influence of ovarian maturation on fatty acid
composition and metabolism is particularly large in the

liver because this organ must incorporate the large amounts
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of lipid and other nutrients into vitellogenin, a plasma
lipoprotein which is the major precursor of oocyte yolk (van
Bohemen et al. 1981,1982; Ng and Idler 1983; Ng et al. 1984;
Sheridan et al. 1985; Mommsen and Walsh 1988).

Ovarian recrudescence may also influence lipid and fatty
acid metabolism in non-hepatic tissues. For example, if
lipids required for ovarian growth cannot be obtained in
sufficient quantities from the diet, many fish appear to
transfer lipids from reserves in muscle or adipose tissue to
the growing ovary (Wood 1958; Newsome and Leduc 1975; Nelson
and McPherson 1986; Henderson and Almatar 1989; Jansen and
Mackay 1989; Tanasichuk and Mackay 1989) . Evidence suggests
that certain fatty acids may be preferentially transferred
from somatic to ovarian tissues (Henderson et al. 1984;
Takama et al. 1985; Henderson and Almatar 1989). Even in
those fish that do not deplete somatic lipid reserves during
ovarian recrudescence, the large amounts of n-3 and n-6
essential fatty acids (EFAs) required by the ovary may
reduce the quantities of dietary EFAs which are available
for incorporation into somatic tissues and thereby alter
their fatty acid composition.

The present chapter reports a comparison of fatty acid
composition between female pike which either were or were
not undergoing ovarian recrudescence in Campbell Lake,
Northwest Territories. This comparison will indicate the
role of ovarian recrudescence on tissue fatty acid

composition while minimizing the seasonal effects of diet
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and temperature.
Materials and Methods

Adult female northern pike were collected from Campbell
Lake (68° 12’N, 133° 25'E), N.W.T., using gill nets on three
occasions from September 2 to 5’ 1988. Gill nets were set
overnight and the catch was immediately transported to the
Science Laboratory in Inuvik for further processing. Water
temperature in Campbell Lake at the time of fish capture was
5 to 6 °C. In Inuvik, female pike were classified as either
actively undergoing ovarian recrudescence or not undergoing
ovarian recrudescence. Henceforth, these pike are referred
to as recrudescing and non-recrudescing pike respectively.
Criteria for designating pike as non-recrudescing were
ovaries having a relatively translucent appearance and
weighing between 0.3 and 0.7 % of total body weight. These
features characterize pike ovaries which have not begun to
recrudesce. Pike designated as recrudescing possessed
ovaries which weighed more than 1.5 % of body weight and had
the opaque, grainy appearance associated with the early
stages of follicular development.

Five recrudescing and six non-recrudescing pike were
selected for analysis; the selections were made so as to
minimize differences in body weight between the two groups.
Nevertheless, average body weight and standard length of the
non~-recrudescing fish (336 +* 265 g, 48.4 * 5.0 cm) (mean %
SD) were significantly (p<0.05) smaller than those of the

recrudescing fish (1447 * 314 g, 54.7 * 4.8 cm) (mean £ SD).
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Although the exact size at which pike in the Inuvik area
become sexually mature and capable of developing eggs is
unknown, the smallest female pike we captured which was
developing eggs weighed only 434 g and had a standard length
of 38.2 cm. Since the smallest pike selected for fatty acid
analysis weighed 654 g and measured 42.3 cm in standard
length it is likely that all the non-recrudescing fish used
in this study were sexually mature and capable of developing
eggs and were not immature fish.

Tissues sampled for fatty acid analysis were ovary,
liver, adipopancreatic (AP) tissue, and white muscle.
Samples of these tissues were excised from each selected
pike within 2 to 3 hours after their removal from the gill
nets. Tissue samples were kept frozen in dry ice until the
following day when lipid extraction was done by homogenizing
exactly 2 g of frozen tissue in 40 ml of 2:1
chloroform/methanol (Folch et al. 1957) which contained BHT
at approximately 0.1 % of total lipid concentration (Johnson
1971) . Lipid extracts were filtered through Watman # 1
filter paper, bubbled with nitrogen, and stored in
completely filled glass vials which were packed in dry ice
until they had been transported back to Edmonton. Removal of
non-lipids from chloroform/methanol extracts, separation of
neutral and polar lipids, and fatty acid analysis were done
in Edmonton as described in chapter III.

Differences between recrudescing and non-recrudescing

pike were assessed using a t-test for unbalanced designs and
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are considered significant at p<0.01.
Results

Organ weights and total fatty acid comtent

A comparison of organ weights and fatty acid content
between pike from Campbell Lake and those from Lac Ste. Anne
is given in Table IV-1l. These comparisons help in assessing
whether conclusions about the influence of ovarian
recrudescence on tissue fatty acid composition drawn from
arctic pike also apply to better studied pike populations in
Alberta. Data for the Lac Ste. Anne pike are given for two
dates, July and September, at which these fish had ovary
weights similar to those of the non-recrudescing and
recrudescing pike from Campbell Lake. Ovaries of
recrudescing Campbell Lake pike contained proportions of
polar lipid fatty acids (PLFAs) and neutral lipid fatty
acids (NLFAs) (70 % PLFAs and 30 % NLFAs by weight)
identical to those found in recrudescing ovaries of Lac Ste.
Anne pike (Table IV-1). Allowing for the lower ovary weight
and earlier sampling of recrudescing pike from Campbell Lake
{Sept. 2-5) than from Lac Ste. Anne (Sept. 22-24), it as
apparent that increases in the concentration and content of
NLFAs and PLFAs in ovaries during the early stages of
ovarian recrudescence in Campbell Lake pike are of
approximately similar magnitude to those of Lac Ste. Anne
pike (Table IV-1). Differences in average liver weight
between recrudescing and non-recrudescing pike from Campbell

Lake were not significant but did resemble the increase in
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liver weight which occurs between July and September in Lac
Ste. Anne pike (Table IV-1). Recrudescing and non-
recrudescing pike from Campbell Lake did not differ
significantly in their weight of AP tissue, but the non-
recrudescing pike had only about half as much AP tissue (3.5
g/kg carcass wt) as pike from Lac Ste. Anne (6.4 to 8 g/kg
carcass wt; Table IV-1 and Fig. II-1).

Concentrations and total amounts of NLFAs in liver,
muscle, and AP tissue did not differ significantly between
recrudescing and non-recrudescing pike from Campbell Lake.
However, both groups of Campbell Lake pike had much smaller
tota) somatic NLFA reserves (0.7 g/kg carcass wt in non-
recrudescing pike and 2.9 g/kg carcass wt in recrudescing
pike; Table IV-1) compared to pike in Lac Ste. Anne (5.3 to
8.9 g/kg carcass wt; Fig. II-4).

There were no significant differences between
recrudescing and non-recrudescing pike from Campbell Lake in
the PLFA concentrations of the three somatic tissues or the
PLFA content of muscle and AP tissue (Table IV-1l). The
recrudescing pike did possess greater total quantities of
PLFAs in their liver compared to non-recrudescing pike, and
this trend accompanied ovarian recrudescence in Lac Ste.
Anne pike as well (Table IV-1; Fig. II-3). It is also worth
noting that concentrations of PLFAs in muscle of Campbell

Lake pike were somewhat lower than those found in Lac Ste.

Anne pike in September (Table IV-1).
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Fatty acid compositions

Recrudescing and non-recrudescing Campbell Lake pike
differed significantly in tissue fatty acid composition.
Ovarian recrudescence in Campbell Lake pike involved
significant declines in the percentage of SFAs and increases
in the percentage of MUFAs in ovarian NLs (Fig. IV-1l). Liver
NLs of recrudescing pike contained percentages of MUFAs that
were 11 wt % higher and percentages of n-3 fatty acids 13 wt
% lower than in liver NLs of non-recrudescing pike (Fig. IV-
1) . Percentages of the major fatty acid groups in NLs of
muscle and AP tissue did not differ significantly between
recrudescing and non-recrudescing pike (Fig. IV-1).

Ovarian PLs contained significantly lower percentages of
MUFAs and higher percentages of n-3 fatty acids in
recrudescing than in non-recrudescing pike (Fig. IV-2).
Recrudescing pike contained significantly lower percentages
of total PUFAs and n-3 fatty acids and higher percentages of
n-6 fatty acids in their liver PLs compared to non-
recrudescing pike (Fig. IV-2). The largest differences in
PLFA composition between the two groups of Campbell Lake
pike occurred in muscle; percentages of n-3 fatty acids were
6 wt % lower and percentages of n-6 fatty acids were 4 wt %
higher in recrudescing thah in non-recrudescing pike (Fig.
IV-2) . Differences between recrudescing and non-recrudescing
pike in the fatty acid composition of AP tissue PLs were not
statistically significant but were qualitatively similar to

the differences in PLFA composition of muscle (Fig. IV-2).
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Percentages of 16:0 in ovarian NLs were significantly
lower in recrudescing than in non-recrudescing pike (Table
IV-2) . Among individual fatty acids in ovarian NLs, 18:1n9
showed the greatest differences in percent composition
between the two pike groups and largely accounted for the
higher percentage of MUFAs in NLs of recrudescing ovaries
than non-recrudescing ones (Table IV-2). Although
recrudescing pike contained higher percentages of 18:2n6 and
18:3n3 in their ovarian NLs compared to non-recrudescing
pike, they had lower percentages of 20:4n6, 22:5n6, and
20:5n3 (Table IV-2), so that the total percentages of n-3
and n-6 fatty acids did not differ significantly between the
two pike groups (Fig. IV-1).

Differences between recrudescing and non-recrudescing
pike in the percentages of MUFAs and n-3 fatty acids in
liver NLs (Fig. IV-1) were due largely to higher proportions
of 18:1n9 and lower percentages of 22:6n3 in the
recrudescing pike (Table IV-2). Other fatty acids whose
percent composition in liver NLs differed significantly
between the two pike groups were 16:1n7, 18:2n6, and 18:3n3
which represented higher percentages in recrudescing pike,
and 22:5n6 and 22:5n3 which were present in lower
percentages in recrudescing than in non-recrudescing pike
(Table IV-2). There were no significant differences between
recrudescing and non-recrudescing pike in the percent
composition of individual fatty acids in NLs of muscle and

AP tissue (Table 1IV-2).
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Although the total percentage of SFAs in ovarian and
liver PLs did not differ between recrudescing and non-
recrudescing pike (Fig. IV-2), the recrudescing fish had
significantly higher percentages of 16:0 in PLs of both
liver and ovary which were offset by lower parcentages of
14:0 and 18:0 (Table IV-3). Ovarian recrudescence resulted
in increased percentages of 18:2n6 on PLs of ovary and
liver, and increased percentages of 20:4n6 in liver PLs
(Table IV-3). Percentages of 20:5n3 in liver PLs were
significantly lower in recrudescing than in non-recrudescing
pike. The recrudescing pike possessed a significantly higher
percentage of 22:6n3 in ovarian PLs (Table IV-3), which
meant that the percentage of total n-3 fatty acids in
ovarian PLs was also significantly higher than in non-
recrudescing pike (Fig. IV-2).

Differences between the two pike groups in the
percentages of n-3 and n-6 fatty acids in muscle PLs (Fig.
IV-2) were due primarily to higher levels of 20:4n6 and
lower percentages of 22:6n3 in the recrudescing pike (Table
IV~3) . Percentages of 18:2n6 showed smaller but significant
differences between the two pike groups. In PLs of AP
tissue, percentages of 18:2n6 were higher and those of
22:6n3 lower in recrudescing than in non-recrudescing pike
(Table IV-3), but these and other differences in fatty acid
composition were not significant at the p < 0.01 level
(Table IV-3).

Because the recrudescing and non-recrudescing pike
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differed in average body weight, the possibility of
correlations between body weight and the physiological
variables measured was examined. None of the fatty acid
classes whose percent composition differed between the two
pike groups exhibited a consistent correlation with body
weight. For example, the percentage of n-3 fatty acids in
muscle PLs appeared to decrease with increasing body weight
in the non-recrudescing pike, but appeared to follow the
opposite trend in the recrudescing pike. Furthermore, when
individual fish of similar body weight are compared,
differences in the percentage of n-3 fatty acids between
recrudescing and non-recrudescing fish are still apparent.
On this basis, differences in tissue fatty acid composition
between recrudescing and non-recrudescing pike are judged to
be due primarily to reproductive status and not body size.

Discussion

Differences in fatty acid content and percent
composition between recrudescing and non-recrudescing pike
in Campbell Lake shouid help in determining which of the
seasonal changes observed in the somatic tissues of Lac Ste.
Anne pike (chapters II and III) may be related to ovarian
recrudescence. This assumes that the weighc and fatty acid
content and composition of pike tissues, and the effects of
ovarian recrudescence on these parameters, are similar in
Campbell Lake and Lac Ste. Anne.

For the most part, the wet weight, total NLFA and PLFA

content, and fatty acid composition of tissues from
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recrudescing Campbell Lake pike were very similar to those
of pike in Lac Ste. Anne in September (compare Tables IV-
1,2,3, with Figs. III-4 to 15). The only exceptions to this
are the total quantities of NLFAs in muscle and AP tissue
(Table IV-1) and the fatty acid composition of muscle NLs.
Reasons for these differences between Campbell Lake and Lac
Ste. Anne pike will be discussed later.

Pike in Campbell Lake and those in Lac Ste. Anne
exhibited very similar changes in the weight and fatty acid
content and composition of the ovaries during the early part
of recrudescence which suggests that these changes may be
characteristic of pike as a species. Table IV~-1l shows that
increases in the weight and NLFA and PLFA content of pike
ovaries during late August and early September are of
similar magnitude in the two lakes when allowances are made
for the earlier sampling of pike from Campbell Lake than
from Lac Ste. Anne. Additionally, the ratios of PLFAs to
NLFAs (70 % PLFAs : 30 % NLFAs) in the recrudescing ovaries
are also very similar in Campbell Lake and Lac Ste. Anne
pike (Table IV-1; Fig. II-2a,b). In both populations, the
early part of ovarian recrudescence involved decreases in
the percentage of SFAs and increases in the percentage of
MUFAs in ovary NLs, while in ovary PLs the percentage of
MUFAs decreased and n-3 PUFAs increased (compare Figs. IV-
1,2 and Figs. III-4,6). The ovaries of Campbell Lake pike
even exhibited the same reciprocal changes in 18:2n6 and

18:3n3 versus long chain PUFAs in NLs, and in 18:2n6 versus
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long chain n-6 PUFAs in PLs, which occurred in Lac Ste. Anne
pike (Tables IV-2,3).

A few changes in ovary fatty acid composition observed
in Lac Ste. Anne pike from July to September, namely changes
in n-3 PUFAs in NLs and decreases in SFAs and n-6 PUFAs in
PLs (Figs. III-4,6) were not observed in Campbell Lake pike
(Figs. IV-1,2). It is not known whether this reflects real
differences in ovary fatty acid composition between
geographic locations or merely indicates that the Campbell
Lake fish were sampled too early, before such differences in
fatty acid composition could develop.

Overall, a high degree of similarity exists between
Campbell Lake and Lac Ste. Anne pike in the fatty acid
content and composition of somatic tissues and in changes in
these parameters in the ovaries during recrudescence. This
suggests that conclusions drawn from Campbell Lake pike
about the influence of ovarian recrudescence on the fatty
acid composition of somatic tissues may also apply to pike
in Lac Ste. Anne.

Ovarian recrudescence in pike in Campbell Lake involved
increases in liver weight and in liver PLFA concentration
and content, although only the increase in liver PLFA
content was statistically significant (Table IV-1). This
suggests that significant increases in liver weight and in
liver PLFA concentration and content which occur in Lac Ste.
Anne pike from July to September (Figs. II-1,2,3) are at

least partly associated with ovarian recrudescence.
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Recrudescing Campbell Lake pike did not have lower liver
NLFA concentrations or contents compared to non-recrudescing
pike (Table IV-1l). Therefore, the large decline in liver
NLFA content which was observed in Lac Ste. Anne pike
throughout the summer and winter of 1987 was probably not
associlated with ovarian recrudescence, but perhaps with
other factors such as changes in the rate of food intake.

Increases in the percentage of MUFAs, decreases in the
percentage of total n-3 fatty acids, and reciprocal changes
in 18:2n6 and 18:3n3 versus long chain PUFAs in liver NLs of
Lac Ste. Anne pike during late summer and early winter
(Figs. III-4,9) were probably due to ovarian recrudescence
because changes of similar direction and magnitude were
observed in Campbell Lake pike (Fig. IV-1l; Table IV-2). Data
obtained from Campbell Lake pike also indicate that
decreases in the percentage of n-3 PUFAs in liver PLs of
pike in Lac Ste. Anne during early winter (Fig. III-6) are
probably due to ovarian recrudescence (Fig. IV-2). These
changes in the fatty acid composition of liver NLs and PLs
may reflect the synthesis of vitellogenin in liver in
response to estrogen hormones released from the recrudescing
ovary (van Bohemen et al. 1982; Ng et al. 1984; Mommsen and
Walsh 1988).

Decreases in the percentage of SFAs and increases in
MUFAs in liver PLs occurred during late summer in Lac Ste.
Anne pike (Fig. III-6), but were not associated with ovarian

recrudescence in Campbell Lake pike (Fig. IV-2). Perhaps
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these changes serve primarily to increase the unsaturation
of liver PLs during cold acclimation and are not directly
attributable to ovarian recrudescence.

Female pike in Lac Ste. Anne exhibited highly
significant decreases in the percentage of n-3 PUFAs and
increases in MUFAs in NLs of muscle and AP tissue between
September and January (Fig. III-5). It was hypothesized that
this may reflect adaptations to divert dietary n-3 PUFAs
away from somatic NLs and thereby conserve these EFAs for
use in ovary growth and temperature induced membrane PL
restructuring. Ovarian recrudescence in Campbell Lake pike
also appeared to involve decreases in the amount of n-3
PUFAs and increases in MUFAs in muscle and AP tissue NLs
although these changes were not statistically significant
(Fig. IV-1). However, that such changes occurred in NLs of
both muscle and AP tissue of Campbell Lake pike suggests
that they may be real responses to ovarian recrudescence and
provides some support for the above hypothesis.

Ovarian recrudescence in Campbell Lake pike appears to
significantly reduce the percentage of n-3 fatty acids and
increase the percentage of n—6 PUFAs in muscle PLs of pike
(Fig. IV-2). However, pike undergoing ovarian recrudescence
from August to March in Lac Ste. Anne experience significant
increases in the percentage of n-3 PUFAs in muscle and AP
tissue PLs, with no change in the percentage of n—6 PUFAs
(Fig. III-7). It is difficult to explain why ovarian

recrudescence should be associated with reduced percentages
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of n—-3 PUFAs and elevated percentages of n-6 PUFAs in muscle
PLs of pike in Campbell Lake but not in Lac Ste. Anne. The
only studies which contain information on the relationship
between body size and the fatty acid composition of fish
muscle have examined only total lipids and yielded
conflicting results (Jangaard et al. 1967; Tidwell and
Robinete 1990).

The explanation for differences in muscle PL fatty acid
composition between recrudescing and non-recrudescing pike
in Campbell Lake may lie in the previous history of these
fish. The pike designated as non-recrudescing in September
were probably undergoing ovarian growth during the previous
winter. If Campbell Lake pike catabolize somatic tissues
during the last stages of ovarian recrudescence (ie: after
March) as do pike in Lac Ste. Anne, then higher percentages
of n-3 PUFAs in muscle PLs of non-recrudescing Campbell lake
pike may reflect the effects of starvation. Laboratory
studies nave shown that starvation in fish may actually
increase percentages of n-3 PUFAs in tissue PLs, apparently
because n-3 PUFAs are preferentially conserved as the total
PL pool decreases in size (Casteldine and Buckley 1980;
Jezierska et al. 1982).

Both recrudescing and non-recrudescing pike in Campbell
Lake had much lower reserves of NL in their muscle and AP
tissue compared to Lac Ste. Anne pike (Table IV-1). This
supports the suspicion that the slow growth rate and 2 or 3

year spawning cycles of fish in extreme northern latitudes
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result from energy or nutrient limitations due to lower
average temperatures, shorter growing seasons, and perhaps

lower food availability (Mackay 1989).
Campbell Lake pike exhibited higher percentages of SFAs

and lower percentages of MUFAs in muscle NLs compared to
pike from Lac Ste. Anne. These differences may be related to
diet or to the large differences in total NLFA content of
muscle between the two pike populations. Percentages of n-3
PUFAs in muscle PLs were also somewhat lower in recrudescing
Campbell Lake pike (41.4 %) than in Lac Ste. Anne pike in
September (44.9 % - Fig. III-7) but are not low enough to
indicate significant deficiencies of n-3 fatty acids in
arctic pike (Castell et al. 1972; Yu et al. 1977).

From Auqust to March, a 1 kg carcass weight pike in Lac
Ste. Anne accumulates in its ovaries a total of about 6.3 g
of fatty acids, of which 2.7 g are n-3 and n-6 PUFAs (Fig.
ZI-3 and Table III-8). If such large quantities of fatty
acids also accumulate in the ovaries of Campbell Lake pike,
then quantities «f total fatty acids (2.9 g/kg carcass wt)
and PUFAs (1.0 g/kg carcass wt) in the NLs of the three
somatic tissues of these fish (calculated from Table IV-1
and Fig. IV-1) would be totally inadequate to meet the needs
of ovarian recrudescence. It is highly likely that pike in
Campbell Lake, like those in Lac Ste. Anne, must rely
largely on food eaten over winter to supply the nutrients

required for ovarian recrudescence.



Teble 1v-1. Organ weights and fatty acid content of female pike from Campbell Lake, N.W.T., and
Lac Ste. Anne, Alberta. Data sre given as means ¢ S.E., with n values in parentheses.
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a - the weight and fatty acid content of organs and tissues are expressed as grams / kg carcass wt.

b - fatty acid concentrations are expressed as X of tissue wet wt.

¢ - results of t-test (for unbalanced designs) for significance of differences between recrudescing and

non-recrudescing pike
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Figure IV-1. Percentages of major fatty acid groups in tissue
neutral lipids (NL) of recrudescing and non-recrudescing female
pike from Campbell Lake. Means and 95 % C.l.'s are shown.

n values are given in Table IV-2. P values refer to the significance

of differences between recrudescing and non-recrudescing pike
(t-test for unbalanced designs).
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Figure IV-2. Percentages of major fatty acid groups in tissue
polar lipids (PL) of recrudescing and non-recrudescing female
pike from Campbell Lake. Means and 95 % C.l.'s are shown.

n values are given in Table IV-3. P values refer to the significance
of differences between recrudescing and non-recrudescing pike
{t-test for unbalanced designs).
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Table IV-2. Neutral lipid fatty acid compositions of tissues from recrudescing and non-recrudescing female

pike from Campbell Lake. Data are given as mean : SE.
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a - fatty scid compositions are expressed as the mean weight X of the indicated fatty aci

in tissue NL's

b - indicates the absolute value of the difference in the indicated varieble between recrudescing and

non-recrudescing pike.

¢ - results of t-test (for unbalanced designs) for significance of differences between recrudescing and

non-recrudescing pike
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Table IV-2 continued... Neutral lipid fatty acid compositions of tissues from recrudescing and non-

recrudescing female pike from Ceampbell Lake. Data are given as mean z SE.
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Table IV-3. Polar lipid fatty acid compositions of tissues from recrudescing and non-recrudescing female pike

from Campbell Lake. Data are given as mean : SE.
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Chapter V
How closely does the fatty acid composition of female

northern pike (Esox lucius L.) resemble that of their diet ?

Introduction

The role of diet in the seasonal cycles of tissue fatty
acid composition in northern pike (chapter III) is difficult
to evaluate unless the fatty acid composition of the pike’s
diet is known. To date, the fatty acid compositions of the
natural foods of wild fish have not been well characterized
(Henderson and Tocher 1987; Sargent et al. 1989).

The available evidence suggests that in aquatic systems
phytoplankton and other plants synthesize and accumulate n-3
and n-6 fatty acids, predominantly those with chain lengths
cf 16 or 18 carbon atoms (Sargent and Whittle 1981; Morris
1985; Fraser et al. 1989). Invertebrates such as zooplankton
and aquatic insects appear to perform most of the chain
elongation and further desaturation of these EFAs to 20:4né
and 20:5n3 (Hanson et al. 1985). However, freshwater aquatic
insects do not appear to accumulate significant quantities
of 22:6n3 (Hanson 1985), which is the dominant n-3
polyunsaturated fatty acid (PUFA) in freshwater fish
(Henderson and Tocher 1987). Thus, phytoplankton contain
lower percentages of all long chain PUFAs, and aquatic
insects contain lower percentages of 22:6n3, compared to the
lipids of fish consuming these foods (Sargent et al. 1989).

Accordingly, fish such as rainbow trout which feed heavily
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on aquatic insects have a relatively good ability to chain
elongate and desaturate EFAs and their EFA requirements can
be satisfied entirely by 18:2n6 and 18:3n3 (Owen et al.
1975; Sellner and Hazel 1982; Watanabe 1982; Christiansen
1984; Bell et al. 1986; Hagve et al. 1986). On the other
hand, marine piscivorous fish such as Plaice and Turbot have
a poor ability to chain elongate and desaturate n-3 and n-6
PUFAs of 18 carbon chain length, presumably because they
normally obtain adequate amounts of these fatty acids, and
of 20:4n6, 20:5n3, and 22:6n3 in their diet (Owen et al.
1972,1975). Such fish have been found to require specific
individual PUFAs, notably 20:5n3 and 22:6n3 at certain
minimum levels ir their diet to meet their EFA requirements
(Owen et al. 1972,1975).

The impact of seasonal changes in dietary fatty acid
composition is likely to be greatest in piscivorous fish
because they have relatively poor abilities to modify
dietary EFAs. The dietary fatty acid composition of
piscivorous fish can change considerably depending on the
representation of different prey species in the diet. The
fatty acid composition of prey species is expected to differ
because proportions of NLs (poor in PUFAs) and PLs (rich in
PUFAs) vary markedly between different fish species
(Henderson and Tocher 1987).

The present study compares the fatty acid composition of
female pike with that of their principle prey species to

facilitate evaluation of the role of diet in the seasonal
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fatty acid dynamics of pike.
Materials and Methods
Adult pike in Lac Ste. Anne are entirely piscivorous and
their diet consists predominantly of yellow perch (Perca

flavescens), white sucker (Catostomus commersoni), burbot

(Lota lota), and spottail shiner (Notropis hudsonius), which
together comprise 94 % of total dietary caloric content
(Diana 1979). Whitefish (Coregonus clupeaformis), walleye
(Stizostedion vitreum), and other pike comprise the
remainder of the pikes diet (Diana 1979). For the present
study, adult female pike and their principle prey species
were sampled from Lac Ste. Anne in June and August 1989.
Attempts to capture prey species using gill nets were also
made in January 1989 but only pike and adult female yellow
perch were caught at this time. In June and August, pike,
white sucker, and whitefish were collected using gill nets
whereas juvenile perch, spottail shiner and burbot were
collected by seining or dip netting in shallow water along
shore. A description of the pike and prey species collected
and the tissues analyzed for fatty acid content is given in
Table V-1. In the case of small prey items such as juvenile
perch, spottail shiner and burbot, lipids were extracted
from the whole fish. For each pike, and prey item too large
to homogenize whole, the major organs and tissues were
sampled and whole body fatty acid composition was calculated
after summing the content of each fatty acid in all organs

and tissues analyzed.
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Fish collected using gill nets were kept in a freezer (-
20°C) prior to lipid extraction from tissues which was
completed within 4 to 5 hours after removal of fish from the
nets. Smaller prey species were kept alive in lake water
until lipid extraction. Lipid extraction was done by
homogenizing whole fish or tissue samples with 40 volumes of
chloroform/methanol (Folch et al. 1957) containing BHT at
levels of approximately 0.1 % of the lipid content of the
extract. Lipid extracts were cleared of particulate matter
by filtering through Whatman 4 1 filter paper, bubbled with
nitrogen, and stored in completely filled glass vials (at -
30°C) prior to further processing. The washing procedure of
Folch et al. 1957 (using 0.58 % NaCl) was used to remove
non-lipids from the chloroform-methanol extracts.

Fatty acid analyses were performed separately on the
neutral and polar lipid fractions of muscle from pike
collected in January and August. Procedures used to separate
neutral and polar lipids and the use of internal standards
to quantify fatty acids in these fractions are described in
chapter III. In all other tissues, fatty acid analysis was
performed on total lipids. A known weight of tri-O-
tridecanoylglycerol was added to the washed lipid extract to
serve as an internal standard for quantifying fatty acids in
total tissue lipids. Saponification of lipids, methylation
of fatty acids and gas chromatographic determination of
tissue fatty acid content and percent composition were

performed as described in chapter III. Quantities of 14:0
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could not be accurately measured because this fatty acid co-
eluted with BHT during gas chromatography.

The prey species composition of the diet of female pike
in Lac Ste. Anne during June and August are given by Diana
(1979) and were used to estimate diet fatty acid
composition. Diana (1979) gives data on the percentage of
the pike’s caloric intake contributed by different prey
species and each prey species’ caloric equivalent (cal/g dry
wt) and dry wt:wet wt ratio. These data were used to
calculate the percentage contribution of each prey species
to the pike’s diet on a wet wt basis (Table V-2). The fatty
acid concentration (% wet wt) of each prey species and its
contribution to diet wet wt were used to calculate each prey
species’ contribution to diet fatty acid content (Table V-
2) . Finally, diet fatty acid composition was calculated by
weighting each prey species’ fatty acid composition
according to that species’ contribution to diet fatty acid
content.

Results

The various prey species eaten by pike differed
considerably in fatty acid content. Therefore, the
contribution of each prey species to the fatty acid content
of the pike’s diet differed somewhat from its contribution
to the diet calculated on the basis of weight. This was most
evident for white sucker, which contributed relatively less
to diet fatty acid content than to diet weight, and for

yellow perch, which in August contributed relatively more to
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diet fatty acid content than to diet weight (Table V-2).

In January, pike lipids contained percentages of MUFAs
which were 10 wt % higher and percentages of n-3 and n-6
fatty acids which were 6 wt % and 3 wt % respectively, lower
than those in lipids of adult perch (Fig. V-1). The
individual fatty acids which contributed most (> 3 wt %) to

the differences in fatty acid composition between pike and

perch wa - -1 and 18:1n9, which had higher percentages
in pike, 4.6, 20:5n3, and 22:6n3, which were
relati--1. - . abundant in perch (Table V-3). However, when

used to compare the f.tty acid composition of pike and their
diet, these data collected in January must be interpreted
with caution because pike feed more on juvenile perch than
on adults, and because the fatty acid composition of perch
pertains only to somatic lipids of females.

The fatty acid composition of the pike’s diet was much
more accurately described in June and August when a variety
of prey species, of the size eaten by pike, could be
collected. Calculation of dietary fatty acid composition
from the average fatty acid composition of each prey species
(weighted according to each species’ contribution to diet
fatty acid content) gave only a single estimate for dietary
fatty acid composition at each collection period. This meant
that the amount of variability in dietary fatty acid
composition was unknown and statistical tests based on this
variability could not be performed. However, some indication

of the reliability of comparisons between the fatty acid
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composition of pike and that of their diet can be gained by
comparing the data obtained in June and August (Fig. V-1;
Tables V-4,5).

In both June and August, pike contained percentages of
SFAs which were lower (by 3.2 to 4.3 wt %) and percentages
of MUFAs which were higher (by 2.1 to 3.8 wt %) than those
in dietary lipids (Fig. V-1). Percentages of n-3,n-6, and
total PUFAs in pike lipids were nearly identical to those in
dietary lipids (Fig. V-1).

The various prey species which were collected differed
considerably in fatty acid composition, especially in the
percentages of 18:1n9 and 22:6n3. For example, 18:1n9 varied
from 10.1 wt % in sucker to 22.6 wt % in burbot (Table V-4)
and 22:6n3 varied from 7.8 wt % in spottail shiner (Table V-
5) to 24.1 wt % in sucker (Table V-4).

Individual fatty acids whose percentages in pike and
dietary lipids differed by more than 2 wt % were, 16:0
(August only), 18:0 (both months), 16:1n7 (June only),
20:5n3 (both months), and 22:6n3 (both months) (Tables V-
4,5). Comparison of Tables V-4 and V-5 shows that
differences in the percent composition of individual fatty
acids between pike and dietary lipids in June were
qualitatively and quantitatively similar to the differences
which existed in August. In both months, pike lipids
contained lower proportions of 16:0 and 18:0 and higher
percentages of 16:1n7 and 18:1n9 compared to dietary lipids

(Tables V-4,5). Percentages of 18:2n6 were greater in pike
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than in their diet and were offset by similarly large but
opposite differences in the percentage of 20:4n6 (Tables V-
4,5). Compared to dietary lipids, pike contained higher
percentages of 18:3n3 and 22:6n3 which were offset by
reductions of similar magnitude in the percentage of 20:5n3
(Tables V-4,5).

Discussion

In June and August, when the most complete data were
collected, female northern pike had a fatty acid composition
which closely resembled that of their diet. The only
differences among the major fatty acid classes were 3.2 to
4.3 wt % lower percentages of SFAs &and 2.2 to 3.8 wt %
higher percentages of MUFAs in pike compared to dietary
lipids (Fig. V-1). Percentages of total n-3 and total n-6
PUFAs in pike were nearly ident:cal to those of the diet
(Fig. V-1). Among individual fatty acids the largest
differences occurred in 20:5n3 which was 4.1 wt % lower and
22:6n3 which was 4.1 wt % higher in pike than in dietary
lipids in June (Table V-4).

The differences in fatty acid composition between pike
and their diet are quite small relative to other published
comparisons of fatty acid composition between fish and their
diet (Linko et al. 1985; Schauer and Simpson 1985; Muje et
al. 1989). The variable degree of similarity in fatty acid
composition between freshwater fish and their diet indicates
that the ability to modify the fatty acid composition of

dietary lipids during assimilation may vary considerably



148
between freshwater fish species and not just between
freshwater and marine fish as has been implied in the
literature (Sargent et al. 1989).

The similarity in fatty acid composition between pike
and their diet suggests that pike may not need to, or may
not have the ability to, significantly modify the fatty acid
composition of dietary lipids during their assimilation.
Certainly, lower percentages of 20:4n6 anc 20:5n3 in pike
than in dietary lipids (Tables V-4,5) provide no evidence of
significant elongation and desaturation of 18:2n6 or 18:3n3
by pike. Although percentages of 22:6n3 are higher in pike
than in their diet (Tables V-4,5), this is not sufficient to
indicate that pike are actively elongating and desaturating
20:5n3 to 22:6n3. Because the gross dietary conversion
efficiency of pike is about 30 % (Diana 1982), pike probably
consume considerably more 22:6n3 (and other nutrients) than
they accumulate in their tissues. Therefore, higher
percentages of 22:6n3 in pike compared to their diet can be
due to selective retention of this fatty acid and does not
imply that pike are synthesizing 22:6n3 from 20:5n3.

Quantities of n-3 PUFAs present in the pike’s diet equal
or exceed the maximum dietary requirements for these
essential fatty acids which have been established
experimentally in better studied species such as rainbow
trout. Assuming the water cortent of the pike’s diet to be
similar to that of yellow ipexch (78 % of wet wt; Tanasichuk

and Mackay 1989), then the total n-3 PUFA content of the
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pike’s diet is about 1.4 % of dry weight. This falls within
the dietary n—2 PUFA requirements (0.8 to 1.7 % of dry wt)
established experimentally in rainbow trout (Castell et al.
1972; Watanabe et al. 1074) . However, the EFA requirements
of fish vary according to the quantity of lipid and the type
of fatty acid (ie: 18 carbon vs long chain PUFA) supplied in
the diet. Accordingly, the n-3 PUFA requirements of raianbow
trout have also been expressed as 20 % of dietary fatty
acids if supplied as 18:3n3 and as 10 % of dietary fatty
acids if supplied as 20:5n3 plus 22:6n3 (Takeuchi and
Watanabe 1977). Percentages of total n-3 PUFAs (29.1 to
40.1; Tables V-3,4,5) in the pike’s diet exceed the
requirements of rainbow trout expressed as 18:3n3.
Percentages of 20 and 22 carbon n-3 PUFAs in the pike’s diet
(25.5 to 38.3; Tables v-3,4,5) are double or triple the
requirements established for trout. Although quantities of
n-3 PUFAs four times in excess of dietary requirements
suppress growth in trout (Takeuchi and Watanabe 1979), the
nigh percentage of n-3 PUFAs in the diet of pike does not
appear to be detrimental because pike in Lac Ste. Anne
exhibit normal growth rates (Mackay 1989) and otherwise
appear healthy. This may indicate that dietary requirements
for lcng chain n-3 PUFAs are higher in pike than in rainbow
trout. On the whole, there is good agreement between the n-3
PUFA content of the pike’s natural diet and experimentally
derived n-3 requirements of freshwater fish. This suggests

that natural foods can be useful indicators of the optimal
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composition of fish diets.

Total fatty acid content and percent composition
exhibited considerable variation between different prey
species and temporal variation within a single species
(Tables V-4,5). The potential exists for pike to experience
similarly large temporal variations in diet composition if
they feed exclusively on a single prey species or if they
switch from eating predominantl:r juvenile yellow perch to
eating one of the other prey species. However, the strategy
of feeding on several prey species may allow pike to reduce
the amount of temporal variation in diet fatty acid
copposition they have to deal with.

It has been suggested that north-temperate fish may be
able to increase their dietary lipid intake in winter, and
thus help satisfy the requirements of fatty acids for ovary
growth by feeding on adult individuals, especially females,
of prey species which also undergo gonad maturation over
winter. However, lipids of mature ovaries of yellow perch
anc burbot consist predominantly of wax esters which are
considerably less digestible than triacylglycerols and polar
lipids (Henderson and Tocher 1987). The low digestibility of
wax esters, together wit: tne low farty acid content (0.56 %
wet wt; Table V-3) of somatic tissues of yellow perch,
suggests that female perch with mature ovaries may not
provide greatly increased quantities of fatty acids to pike
over winter.

In summary, it appears that pike in Lac Ste. Anne have



151

acquired a fatty acid composition which closely resembles
that of dietary lipide. This suggests that pike may resemble
marine piscivorous fish and terrestrial carnivores such as
the cat (Davidson et al. 1990) in having relatively poor
abilities to elongate and desaturate dietary EFAs and i
requiring specific 1ag chain n-3 and n-6 PUFAs in th: diet.
Therefore, seasonal changes in dietary fatty acia
composition can be expected to significantly influence the
fatty acid composition of pike. Interestingly, in a few
Alberta lakes adult pike have been found to feed mostly on
aquatic invertebrates such as dragonfly nymphs and
freshwater shrimp (Chapman and Mackay 1990). In these waters
pike may need to convert dietary 20:5n3 to 22:6n3, and if

unable tc¢ do so, may experience a deficiency of 22:6n3.
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Table V-1. Characteristics of pike and prey items sampled for fatty acid analysis.

---------------------------------------------------------------------------------------------

.............................................................................................

January
28-3111989

June
13-16'1989

August
1-8' 1989

female
pike
white
sucker

burbot

spottail
shiner

juvenile
perch

pike
white-
fish
burbot

spottail
shiner

juvenile

3

1,155 ¢ 208

133 ¢ 24

1,290 £ 456

88 to 368

12 to 72

2.6 £ 0.5

2.7 £ 0.5

789 ¢ 209

214 ¢ 21

1.7 £ 0.4

2.8+ 1.1

49.1 ¢

18.9 ¢

52.3 ¢

17.1 to 26.3

43.9 ¢

26.3 ¢

3.0

1.1

6.0

4.1

ovary, liver, white muscle,
adipopancreatic tissue

liver, white muscle,

viscera (includes digestive tract,
adipose tissue, spleen, pancreas,
but not ovary )

liver, white muscle,
adipopancreatic tissue

white muscle, viscera (inciudes
gonads, liver, adipose tissue, and
digestive tract)

white muscle, viscera (includes
gonads, liver, adipose tissue, and
digestive tract)

whole fish
whole fish
liver, white muscie

adipopancreatic tissue

liver, white muscle, viscera (includes
gonads, adipose tissue, digestive tract)

whole fish

whole :ish

whole fish

...................................................................................................

a - ovarisn tipids of perch are predominsntly wax esters which prectuded fatty acid analysis

b - to obtain enough tissue for analysis, the six smaliest burbot were homogenized in pairs, giving
a total of six replicates.
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Table V-2. Contribution of various prey species to the wet weight and fatty acid content of

------------------------------------------------------------------------------------------------------

Prey Sampl ing Date
species June August
FA conc.” X of dietb X of dietary° FA conc.? % of dietb % of dietary°
% wet wt wet wt FA content % wet wt wet wt FA content
(mean & SE) (mean & SE)
Yellow 1.09 £ 0.13 51.1 51.1 1.42 £ 0.12 £7.7 71.0
Perch
White 0.66 £ 0.04 22.1 13.4 23.9 13,84
Sucker
Spottail 1.45 ¢ 0.16 12.7 16.9 2.49 ¢ 0.34 0 0
shiner
Burbot 1.54 ¢ 0.61 11.9 16.8 0.98 ¢ 0.01 11.8 10.1
whitefish 2.2 1.89 0.89 ¢ 0.08 6.6 5.1
Total 100.0 100.0 100.0 100.0

-----------------------------------------------------------------------------------

a - total fatty acid concentration of each prey species

b - the contribution of each prey species to the pike's diet, expressed as a percentage of
diet wet weight and calculated from data given by Diana (1979). In August, walleye and pike
together comprised about 6 X of the pike's diet (Diana 1979), but were not included in the

present analysis.

¢ - the contribution of each prey species to the pike's total dietary intake of fatty acids was
calculated from the fatty acid concentration of each prey species and that species' percentage
contribution to diet wet weight

d - calculated using the fatty acid concentration of sucker in June and that of whitefish in August
bacause these were the only dates on which sucker and whitefish were caught
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Pike and perch fatty acid composition in January
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Figure V~-1. Fatty acid composition of pike and their diet. Quantities of fatty
acids (ie: wt %) are expressed as a percentage of the total weight of fatty
acids in dietary lipids or in the total lipids of pike tissues. Sample sizes are
given in Tables V-3 to V-5. Vertical bars represent 95 % C.L.'s. In June and
August C.L.'s could not be calculated for diet data.
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Table V-3. Fatty acid compositions of pike and yellow
perch in January.® Data are given as mean * SE

Fatty Acid Pike (n=5) Yellow perch (—=6)
16:0 16.2 + 0.18° 17.0 * 0.39
18:0 5.5 + 0.06 6.7 £+ 0.10
16:1n7 10.4 * 0.37 5.8 + 0.38
18:1n9 16.3 *+ 0.18 9.8 + 0.56
18:2n6 5.0 + 0.22 2.4 + 0.17
20:4n6 6.3 + 0.17 10.5 * 0.36
22:5n6 1.6 + 0.04 3.1 + 0.17
18:3n3 3.4 + 0.17 1.9 + 0.14
20:5n3 5.8 + 0.05 8.8 + 0.40
22:5n3 1.9 + 0.04 2.6 + 0.26
22:6n3 22.2 + 0.64 26.9 + 0.62
others 5.4 + 0.10 4.7 + 0.24
SFA 21.7 + 0.21 23.7 + 0.36
MUFA 26.7 * 0.50 15.5 + 0.94
PUFA 46.3 * 0.49 56.1 + 0.63
all n-6 12.9 *+ 0.08 16.0 + 0.35
all n-3 33.3 + 0.51 40.1 + 0.64
FA conc. 1.31 + 0.064 0.56 + 0.021
% wet wt

a - fatty acid compositions of pike and perch were
estimated from weighted averages of the compositions
of the individual organs and tissues identified in

Table V-1.

b - fatty acid compositions are expressed as the mean
weight % of the indicated fatty acids in total
lipids of pike and perch
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Shiner
(n=6)

Burbot
(n=3)

Sucker
(n=3)

(n=8)

Pike dietb Yellow perch

Pike

(n=6)
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Table v-4. Fatty acid compositions of pike, the pike's diet, and prey species in June.?

Data are given as mean t SE.
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1.45 ¢ 0.164

1.54 ¢ 0.607

0.66 ¢ 0.

1.09 £ 0.125

1.09

0.93 ¢+ 0.084
the pike's dietary fatty acid intake as indicated in Table v-2.

of the individual organs and tissues identified in Table v-1.

b - the fatty acid composition of the pike's diet was calculated from the contribution of each prey species to
pike's diet, and prey species

a - fatty acid compositions of pike and prey species were estimated from weighted averages of the compositions
¢ - fatty acid compositions are the mean weight X of the indicated fatty acids in total lipids of pike, the

FA conc.
X wet wt
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. fae § a
Table V-5. Fatty acid compositions of pike, the pike's diet, and prey species in August.

Data are given as mean t SE.
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0.89 ¢ 0.083

2.49 £ 0.342

0.98 ¢ 0.013

1.42 £ 0.120

1.15

1.39 2 0.100

FA conc.

% wet wt

estimated from weigi.ied averages of the compositions

dentified in Table v-1.

acid compositions of pike and prey species were

of the individual organgs and tissues i

a - fatty

's diet was calculated from the contributio' of each prey species to
ndicated in Table V-2,

the pike's dietary fatty acid intake as i

b - the fatty acid composition of the pike

c - fatty acid compositions are the mean weight X of the indicated fatty acids in total lipids of pike, the
pike's diet, end prey species
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Chapter VI
The effect of acclimation temperature on fatty acid
composition of liver and white muscle in northern pike
(Esox lucius L.).
Introduction

The seasonal effects of temperature on tissue fatty acid
composition in north-temperate fish are not well understood.
There are several reasons for this. First, previous studies
have interpreted temperature related changes in tissue fatty
acid composition of fish primarily as adaptations to
maintain the proper physical state of membrane and storage
lipids (Cossins et al. 1977; Cossins and Prosser 1982; Hazel
1979%a,b,1984,1989) . However, the indirect effects of
temperature on tissue fatty acid composition through changes
in fish growth rate, food intake, and in the fatty acid
composition of prey species has not been examined. Second,
north-temperate fish experience seasonal cycles in ovarian
recrudescence, food intake, and diet composition
independently of temperature (Medford and Mackay 1978; Diana
1979; Diana and Mackay 1979; Love 1980; Chapman and Mackay
1990) and these may modify the changes in tissue fatty acid
composition which occur in response to temperature cycles.
Consequently, it is not known whether wild fish respond to
seasonal temperature cycles with the same changes in fatty
acid composition which they exhibit in response to
temperature acclimation in the laboratory.

Previous chapters have described the timing and
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magnitude of seasonal changes in the tissue fatty acid
composition of female northern pike (chapters II and III)
and the role of ovarian recrudescence in these cycles
(chapter IV). The present chapter examines the role oi
temperature in the seasonal fatty acid dynamics of pike. The
experiment was designed so that the effects of temperature
on tissue fatty acid composition could be expressed not only
in terms of the homeoviscous adaptation response but also
through changes in the pike’s growth rate, food intake, and
diet fatty acid composition.

Materials and Methods

Young of the year (YOY) pike were used in this study
because adult pike do not readily feed and grow in
captivity. The 14 YQY pike used for this study were
collected by seining from Baptist Lake (54° 45’ N, 113° 33/
E), Alberta in late September 1988 and transported within
two days to the University of Alberta aquatic facilities
where they were held in 400 L tanks. For the first two weeks
of captivity all pike were held at ketween 12 and 14°C. Pike
were then weighed and seven indivicdvals z2llocated to each of
a warm (21°C) and a cold (6°C) acclimation group. Pike were
allowed to acclimate to these tempueratures for 49 days. One
of the warm acclimating pike died from unknown causes during
this period. At the start of temperature acclimation, the
two groups of pike did not differ signiiicantly (t-test, p <
0.05) in body weight which averaged 81 * 14 g (mean % SD,

n=6) in the warm acclimation group and 90 * 17 g (mean * SD,
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n=7) in the cold acclimation group. Thw photoperiod regime
was 12 h light: 12 h dark during the entire experimental
period.

Both groups of pike had continual access to food in the
form of juvenile yellow perch (Eerca flavescens) which had
peen collected from Lac Ste. Anne and housed together with
the pike and thus also underwent temperature acclimation.
Active feeding of both groups of pike wa- confirmed by
visual observation and the presence of perch in pike
stomachs at the end of the accliﬁation period.

At the end of the acclimation period, pike were
sacrificed, weighed again, and a 2 g strip of epaxial white
muscle and the entire _iver were excisec from each pike ani
frozen in dry ice for later fatty ac. | analysis. Extraction
of lipids from frozen whole liver and muscle samples and
removal of non-lipids were done using the me. 0d of Folch et
al. (1957). Separation of neutral and polar lipids was
achieved using the u:ilicic acid chromatography method of
Rouser et al. 1967. The method of Bannon et al. (1982) was
used to saponify the purified lipids and methylate fatty
acids. Fatty acid analysis was done with gas chromatography
using authentic standards (MaxEpa oil) to identify
individual fatty acids.

The liver NLs of these pike contained considerable
quantities of unidentified compounds (prokably furan fatty
acids - Glass et al. 1974 which co-eluted with many of the

PUFAs. Quantification of PUFAs in liver neutral lipids
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required separation of these fatty acids from the
unidentified compounds which was achieved using the
argentation chromatography procedure of Glass et al. (1977).
A complete description of the methods used in this study for
extraction and purification of lipids, and quantification of
fat . zcids is given in chapter III.

Results

Over the seven week experiment, warm acclimating pike
y 3w in body weight by 30 % whereas the average weight of
the cold acclimating pike remained cor.stant (Fig. Vi-1). At
the end of the experiment, liver weights (expressed relative
tc carcass weight) were about 25 % greater in cold
acclimated pike than in warm acclimated ones (Fig. VI-1).
Warm and cold acclimateu pike had concentrations of NLFAs in
their muscle (about 0.027 % of tissue wet wt) which were
very low compared to those of adult wild pike in central
Alberta (0.4 to 0.7 %; Fig. II-2) but similar to those of
adult pike in the arctic ((.04 %; Table IV-1). Waen
sacrificed, cold acclimated pike had concentrations and
total amounts of NLFAs in their liver w~hich were only 24 »
and 28 % respectively of the levels found in warm acclimated
pike (Fig. VI-1l). Both the concentration and content of
PLFAs in pike white muscle were s.gni...cantly increased as a
result of cold acclimation (Fig. VI-1l). Acclimation
temperature had no effect on the P77\ ccncerntration of
liver, but because of their relatively larger livers,; cold

acclimated pike contained about 20 % more PLFAs in their
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livers ccmpared to warm acclimated pike (Fig. vIi-1l).

Chanres in the fatty acid composition of liver NLs which
resulted from cold acclimation included a 4 wt % decrease in
the percentage of SFAs, an 7 wt % increase in MUFAs, and a
trend towa:d lower percentages of n-3 fatty acids (Fig. VI-
2). Due to the presence of unidentified compoun<s,
quantities of 20:4n6, 18:3n3, and 20:5n3 in muscle NLs could
not be measured. Purcentaces of the major fatty acid groups,
calculated from those fatty acids which were quantified in
muscle NLs, did not differ scioniiicantly between warm and
cold acclimated pike /(Tiy. viwd).

Cold acclimation significantly reduced th¢ percentage of
SFAs in PLs of both muscle and liver (Fig. VI-2). In liver
PLs, increased unsaturation at low tlamperature resulted from
about equally large increases in the percentages of MUFAas
and n-3 fatcy acids. Increased unsaturation of muscle PLs at
low temperature resulted solely from increases in thu
percentage of n-3 fatty arids -hich were sufficiently laxge
to m¢.ve than offset a significant decline in the percentage
of .. » fatty acids (Fig. VI-2).

Of t.ie two major SFAs in liver NLs, cnly the percentage
of 16:0 declined significantly as a result of cold
acclimation (Table VI-1). Cold acclimation produced
significant and approximately equal elevations in the
percentages of 16:1n7 and 18:1n9 in liver NLs (Table VI-1).
Among the PUFAs in liver NLs, the percentages of 18:2n6 and

18:3n3 increased significantly during cold acclimation,
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whereas percentages of most of the others (20:°a6, 20:5n3,
22:5n3, and 22:6n3) decreased. None of the individual fatty
acids in muscle NLs exhibited large and significant
differences in % compositi~n hetween cold and warm
- .climated pike (Table VI-":.

Cold induced reductions in the p=2rcentage of total SFAs
in liver PLs (Fig. VI-2) were primarily due to changes in
the percentage of 16:0 (Table VI-2). In muscle PLs,
percentages of 16:0 and 18:0 exhibited approximately equal
reductions with cold acclimation, but only the change in
18:0 was statistically significant. Percentages of 16:1n7
increased with cold acclimation in PLs of both liver and
muscle, but this producec sigai.icant changes in the
percentage of MUFAs only in liver PLs (Table VI-2).

Due to the presence of unidentified compounds, the
percent~ge cf 18:3n3 in liver PLs could not be quantified.
Of the PUFAs which were quantified in liver PLs, only the
percentages of 20:5n3 and 22:5n3 were significantly
influenced by temperature acclimation and were higher in
cold acclimated than in warm acclimated pike (Table VI-2).
In muscle PIlLs, cold acclimation elevated the percentage of
18:2n6, but because 9f larger recuctions in the percentage
of 20:4n6 (Table VI-2), the total percentage of n-6 fatty
acids was also significantly lower in cold acclimated pike
(Fig. VI-2). Higher total percentages of n-3 fatty acids in
muscle PLs of cold acclimated pike than in warm acclimated

ones were due to changes in 18:3n3 and 22:6n3 (Table VI-2).
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Discussion

Juvenile pike were used for this experiment so that the
seasonal effects of temperature on growth rate and dietary
fatty acid composition could be simulated. This would be
difficult to do with adult pike. Accordingly, the 50 %
increase in body weight exhibited by the warm acclimated
pike during the experiment is similar to the amount of
growth experienced during summer (May to September) by adult
pike in Lac Ste. Anne (Billard et al. 1983). Lack of
significant growth by the cold acclimated pike resembles the
condition of wild female pike during winter because the
latter fish grow by only about 5 % in somatic wt from
September to March (Bi.iard et ¢l. 1983).

Concentratjor.s of NLFAs and PLFAs in liver and PLFAs in
muscle of juvenile pike were also similar to those of .74
pike. However, concentrations ot NLFAs in muscle were ..uch
lower in both groups of juvenile pike than in adult Lac Ste.
Anne pike. This difference may be related to age because
young, actively growing animals usually direct more
nutrients to body growth and less to energy storage compared
to older animals (Love 1880).

An increase ir liver weight during cold acclimation
appears to be a general phenomenon in fish, being observed
in pike in this study and in other fish species (Hazel
1979b; Prosser 1986). Because larger livers can perform a
greater total quantity of metabolic work, an increased

hepatosomatic index in the cold may be part of the
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temperature adaptation response (Holeton 1974; Hochachka and
Somero 1973) whereby fish attempt to compensate for the
reduced metabolic rate imposed on them by low temperature.
The results obtained in chapter IV, together with studies on
the effects of erst'rogen hormones in fish (van Bohemen et al.
1982; Ng et al. 1984; Mommsen and Walsh 1988), sugy~.t that
ovarian recrudescence may also increase liver weight in
fish. The purpose of this response would be to increase
vitellogenin production in the liver. Thus, the increase in
liver weight which occurs in pike during late summer and
early winter in Lac Ste. anne (Fig. II-1) likely results
from the combined effects of declining temperature and
ovarian recrudescence.

Ccld acclimation greatly decreased NLFA concentrations
in liver and significantly increased FLFA concentrations in
muscle (Fig. VI-1). As shows in chapter IV, ovarian
recrudescence does not appear to affect either of these
parameters. This suggests that the significant declines in
liver NLFA concentrations which occur from June to January
and increases in muscle PLFA concentrations between July and
September in wild pike (Fig. II-2) are primarily responses
to temperature, or some factor (food intake, growth rate,
diet fatty acid composition) correlated with temperature.

The influence of temperature on liver NLFA
concentrations in the laboratory (this chapter) and in the
11id {chapter II) is probwlly an indirect one resulting from

changes in the rate of food intake. At high temperatures,
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and during spriny and summer, pike feed actively (Diana
1979) with the result that lipids absorbed from the gut may
need to be temporarily stored in the liver before they can
be incorporated into the appropriate plasma lipoproteins feor
export to other tissues. Increased concentrations of PLFAs
in pike musecle with cold acclimation probably reflect a
proliferation of mitochondrial and sarcoplasmic reticulum
membranes. The physiological advan:age of mitochondrial
proliferation in the cold is thought to be a reduced
intracellular diffusion distance for oxygen (Tyler and
Sidell 1984; Egginton and Sidell 1989). A proliferation ¢ *
sarcoplasmic reticulum membranes is thought to facilitate
calciurs diffusion to the contractile proteins (Penny and
Goldspink 1980).

The effects of temperature on organelle proliferation is
the most likely explanation for the seasonal changes in
muscle PLFA content observed in Lac Ste. Anne pike because
ovarian recrudescence does not influeice muscle FLFA content
(chapter IV) and because there appears to be no reason why
other factors such as food intake, diet composition or
growth rate should influence this parameter. Therefore, it
is noteworthy that Lac Ste. Anne pike completed their
seasonal increases in muscle PLFA concentrations by
September (Fig. II-2), long before winter water temperatures
were attained. This suggests that in the wild, pike may use
factors other than temperature, probably photoperiod, as an

environmental cue to anticipate, and initiate membrane
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proliferation in advance of, declining temperature.

In liver NLs, cold acclimation significantly increased
the percentaga of MUFAs, decreased the percentage of n-3
PUFAs (although less convincingly), and caused reciprocal
changes in 18:2n6 and 18:3n3 versus long chair PUFAs (Fig.
VI-2; Table VI-1l). Very similar changes accompanied ovarian
recrudescence in arctic pike (chapter IV). These results
suggest that the increases in MUFAs, decreases in n-3 PUFAs,
and reciprocal changes in 18 carbon versus long chain PUFAs
which occur in liver NLs of wild pike during late summer and
early winter (Figs. II1I-4,9) are due to the combined effects
of cold acclimation and ovarian recrudescence. Cold
acclimation als® reduced the percentage of SFAs in liv«y NLs
of juvenile p -. ‘¥ig. VI-2), but this change was not
produced by ovarian recrudescence (chapter IV), ncr did it
occur seasohally in wild adult pike (chapter III). This may
reflect a difference in the way juvenile and adult pike
respond to temperature change or may indicate that in wild
pike declines in the percentage of SFAs in liver NLs during
cold acclimation are masked by the effects of ovarian
recrudescence or dietary changes.

Seasonal changes which wild pike experience in the fatty
acid composition of liver PLs include increases in the
percentage of MUFAs, and decreases in the percentage of SFAs
and n-3 PUFAs during early winter (Fig. III-6). Similar
changes in the percentage of SFAs and MUFAs in liver PLs of

pike can be induced by cold acclimation (Fig. VI-2) but not
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by ovarian recrudescence (Fig. IV-2). Hence, seasonal
changes in the percentage of SFAs and MUFAs in liver PLs of
wild pike are probably due primarily to temperature, perhaps
as a homeoviscous adaptation response. However, decreases in
the percentage of n—3 PUFAs in liver PLs of wild pike during
early winter are probably due mainly to ovarian
recrudescence (Fig. IV-2), because cold acclimation
increases, rather than decreases, the percentage of n-3
PUFAs (Fig. VI-2).

Cold acclimation and ovarian recrudescence also had
largely opposite effects on the fatty acid composition of
muscle PLs. Cold acclimation increased the percentage of n-3
PUFAs, and decreased percentages of SFAs and n-6 PUFAs (Fig.
VI-2). Ovarian recrudescence appeared to decrease the
percentage of n-3 PUFAs, increase the percentage of n-6
PUFAs, and had no effect on percentages of SFAs (Fig. Iv-2).
In Lac Ste. Anne pike, seasonal changes in the fatty acid
composition of muscle PLs more closely resemble the effects
of temperature change than cvarian recrudescence: during
early winter percentages of SFAs decrease while percentages
of n-3 PUFAs increase (Fig. III-7).

In the muscle PLs of adult wild pike, 16:0 undergoes the
largest and most clearly defined seasonal changes of any
fatty acid (Fig. III-14). However, in juvenile pike, 18:0,
20:4n6, and 22:6n3 also undergo relatively large changes in
percent composition in response to cold acclimation (Table

VI-2). Again, it is tempting to speculate that in wild fish
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the effec*s of ovarian recrudes-.nce may alter the changes
in fatty acid composition which vihe fish would otherwise
show in response to temperature acclimation.

From the results presented in this chapter, many of the
seasonal changes in fatty acid content and percent
composition of liver and muscle of wild pike resemble, and
perhaps can be attributed to, the direct and indirect
effects of temperate change. Some of the effects of cold
acclimation, particularly changes in liver wt and liver NL
fatty acid composition resemble the effects of ovarian
recrudescence. Hence in wild pike, cold acclimation and
ovarian recrudescence may act synergistically on some
physiological parameters. Other effects of cold acclimation,
such as changes in he fatty id composition of muscle PLs
and in the percents~>» ¢ n-3 PUFAs in liver PLs, a2pprear to
be opposite to the effects of ovarian recrudescerce. Future
studies on the effects of environmental and physiological
factors on fish fatty acid composition should consider these
types of interactions when describing the significance of

experimental findings to natural populations.



grams

percent wet wt

mg / 100 g carcass wt

160
140
120
100
80

€0

2.8
2.4
2.0
1.6
1.2
0.8
0.4

40 f

30

20

10

173

‘ — 21°C acclimated pike

l D- 5° C acclimated pike

PLFA concentration

S 2.1
- at start "';‘
i E-:::::‘ o 19
L of exp. g 1.7
Q
- g 1.5
S
= -~ 13
o
S E S E 11
Body wt
NLFA concentration
0.04
p < 0.001
L L p = 0.187
i 0.03+
n 7
i R I
] 0.02} /
, 0.01 L
Liver Muscle
NLFA content
17
p < 0.001 p = 0.187
16 -
i Vv,
15 |- %
% 14 + /
I / + 13 F %
Liver Muscle

7
HSI
1.8
p = 0.194
12 L
i
L A
1.4 L /
IR B
Liver
30
p = 0.025
26 '
22 | l
%
18 a

0.47

0.43

0.39

T

p < 0.001 l

e

/.

Muscle

PLFA content

Liver

260

240

220

200

p < 0.001

/

Muscle

Figure VI-1. Effect of acclimation temperature on the body weight, hepatosomatic

index (HS), and tissue fatty acid content of pike. Means and 95 % C.l.'s are
shown. Samples size is 6 for warm acclimated pike and 7 for cold acclimated
pike. P values indicate the significance of differences between warm and cold

acclimated pike (t-test for unbalanced designs).



26
X
P 22
=
<
(/5]
14
54
X
— 50
2
< 48
[T
>
> 42
38
36
S
"; 32
X s
>
o
24
22
X
'§' 18
™
| 14
c
10
°\° 16
i
3 12
?
c 8

Liver NL Muscle NL
p = 0.015 26 i p = 0.187
B 22 | |
I I |
- 18 |
_ 7
1.t Z
| p =0.002 2 | p=00934
SR
- 18 | l
I
| LD
p=0098|  [p=oize |
- 24 | | |
- - !
2 ﬁ 20 | %
I pa 16 ) %
| p =0.024 22 L P=0278
: ol 1A
- /‘*_I 14 :
2 L7
I |p=‘o.ezz 8 [ p=o0.183
_ %' PR S
i é/ T 7

)- 21° C acclimated pike

30

28

22
26

22

18

14

10
60

58

52

48

48

44

40

36
16

12

174

Liver PL Muscle PL

34
p = 0.001 p = 0.004

30 |-

Nn
\\\¥_
T

26 |-

22

28
. p < 0.001 . p=0.6
I~ 22 -

8

2111,
% ,

: o LU
80 oo ]
| p = 0.162 A ‘ T
L se | (A
Lty
_ W[ 7
vilMl
7 48 A _J
~ p =0.003 w [T |
P i
- 44
: —T 40 :
| ] %
2 a6 | é
p = 0.185 16
- L p < 0.001
- 12 /%
- u ——
2 | Lo

[]- 5°C acclimated pike

Figure VI-2. Effect of acclimation temperature on the percentages of major fatty
acid groups in the neutral lipids (NL) and polar lipids (PL) of pike liver and
muscle. Other details as in Figure Vi-1.



175

(n=7)

6°C (D)

(n=6)

21% ()

Muscle

p value® :c-o}b

6% (8
(n=7)

Liver
21% (n)
(n=8)

Table VI-1. Effect of acclimation temperature on the fatty acid composition of neutral lipids
p value® }A-B}b

in pike white muscle and liver. Dats are given as mean t SE.

fecceescscesecmseeNamwecesmEeesher T ANt esTee e AT SeeteS e e anaY ansanse e

Fatty
Acid

oo N [7a)
ARAQC- 8 8%
« 5 e 8 e . (R
OOOOOAOAAOOaI
HHHHHTHTZTZHHN
- OO0 0 N 2
« o 8 o 8 . )
NOOMN - - N0
- - - M
=X}
coo~o o oo
< < <

HHAHHTHZTZTHHA
SO0 In ~ o0 o
o s e o . « s
MO N L od (=20 < N7, ]
- - -—
MmN e N - ] MmN
R ] * e s
- OO0 O0O0 o (== ]
wnn Mmoo [\'] N~y e
un [ [=1 - M
- 0 © 0 o O 2
¢ & 8 8 8 . " s
[~ XN~ N1 o (-~ -]

NV VONYOO
MmN z.zamw.c.k mwnmmu

cocooococacdgoo

HHHANAANAEANHAH

VNROQmNMOIMNN
o

785ﬁ84132]66

fﬂ“zz .
33702%Wﬂ .W

100100000010
HoHHMH YA ANHA
‘80670‘70 139

272“56115..‘03

VIO IMONY— DM
] . e es

[7a) [ g — g O ON -
[=4 [~3 [~ N [=] N O
eMS8S8améan S8

0.03 ¢ 0.001

(L 0.03 ¢ 0.001

0.187

0.47 = 6.055

2.0 2 0.23

1.53

< 0.001
.ndicates the absolute value of the difference in the indicated variable between warm and cold

~climated pike
acclinated pixe

FA conc.

X wet Wt

a ~ fatty acid composition: are the weight % of the indicated fatty acids in tissue ncutral lipids
c - resuits of t-test (for unbalanced designs) for significance of differences bLetween warm and cold

b



176

6% (D)
(n=7)

(n=6)

Muscle
21% o

P R N L L L L L L L T R I P Y

p value® IC-D}b

6°c (8)
(n=7)

(n=6)

L L L L L L L T T T e e L L L Lk L i R

Liver
21 (A)

p value® 1a-gi®

e L L R T R R L L L T L R e L L L

Table V1-2. Effect of acclimation temperature on the fatty acid composition of polar lipids

in pike white muscle and liver. Data are given as mean 2 SE.

Fatty
Acid

NWNOOe—=AhNOINO 2O 6
0 ’-0.0.‘ 0 1.0 0 1 0

o 0.0 0 0 o 0 O 0 n 0 0 0
HoH M HHHHHHH AN HH
6 7.7.1.‘—1.1.0,411-9~CJ=J
066‘926127273

NDINOMOVDINONONMWO
OMOr~-NOrrONOIWN™

" 5 s s o s+ s+ 9 s s ® & &
CO0OCO0OO0O0OO0OO0OODOO0OODOOO
HHHHHHRHAHAHHAHA
!2.5 ‘u’ldlno.b nu:Jﬁﬁal Q’EJ
o_f 7.luﬂv1.7.’_1.7.7~uﬁld

O N LOMINT O 0O
s e s o % s o 8 s o e s
QOO0 O~0O0O0OONO

" s e e .
COO0O0OO0OO0OO0OCCO nUAUnU.U
HHHHHANHNH
Avﬂvoyﬁ.o.nv7-ld lﬂﬂ&-’.&
06772282 n e M e

NA

._125
Ss82-R8R2 I¥8%¢e
« o 5 s s e o o

nUCIAUnUAUnU ﬂvnv o000
HHHAHANAA
71711-‘-1-&-R-‘ N MO
° ® .

AUAV RURJ.‘ 1.0.54 & - 0N -

NA

dlvln‘ O.Ava‘ - nn.) [« =]
.

omMmoeroo~oc oococ

w0 e ey N
Mw00269 o2
ONO—OO (=~
QNG S99y g8n¢
0OO0OO0OOOCOOOC [~ = = ]
v v

0.38 ¢+ 0.006 0.45 £ 0.008

0.07

1.6 £ 0.06 1.5 : 0.05 < 0.001

0.1

0.195

acc! imated pike

c - results of t-test (for unbalanced designs) for significance of differences between warm and cold
acclimated pike

b ~ indicates the absolute value of the difference in the indicated variable between warm and cold

a - fatty acid compositions are the weight X of the indicated fatty acids in tissue polar lipids

FA conc.
X wet wt



177
Literature Cited

Bannon, C.D., Craske, J.D., Hai, N.T., Harper, N.L., and
O’Rourke, K.L. 1982. Analysis of fatty acid methyl esters
with high accuracy and reliability II. Methylation of fats
and oils with boron trifluoride-methanol. J. Chromat.
247:63-69.

Billard, R., Mackay, W.C., and Marcel, J. 1983. Progression
of gametogenesis and of corporal and gonadal weight during
the reproductive cycle of the pike, Esox lucius. In Le
Brochet: gestion dans le milieu naturel et elevage. Edited
by R. Billard. INRA Publ., Paris. pp. 53-61.

Chapman, L.J., and Mackay, W.C. 1990. Ecological correlates
of feeding flexibility in northern pike (Esox lucius).
Journal of Freshwater Ecology. 5:313-322.

Cossins, A.R., Friedlander, M.J., and Prosser, C.L. 1977,
Correlations between behavioral temperaturc adaptations of
goldfish and the viscosity and fatty acid composition of
their synaptic membranes. J. Comp. Physiol. 120:109-121.

Cossins, A.R., and Prosser, C.L. 1982. Variable homeoviscous
responses of different train membranes of thermally
~acclimated goldfish. Biochimica et Biophysica Acta.
687:303-309.

Diana, J.S. 1979. The feeding pattern and daily ration of a
top carnivore, the northern pike (Esox lucius). Can. J.
Zool. 57:2121-2127.

Diana, J.S., and Mackay, W.C. 1979. Timing and magnitude of
energy deposition and loss in the body, liver, and gonads
of northern pike (Esox lucius L.). J. Fish. Res. Bd. Can.
36:481-487.

Egginton, S., and Sidell, B.D. 1989. Thermal acclimation
induces adaptive changes in subcellular structure of fish
skeletal muscle. Am. J. Physiol. 256:R1-R9.

Folch, J., Lees, M., and Sloane Stanley, G.H. 1957. A simple
method for the isolation and purification of total lipides
from animal tissues. J. Biol. Chem. 226:497-509.



178

Glass, R.L., Krick, T.P., and Eckhardt, A.E. 1974. New
series of fatty acids in northern pike (Esox lucius).
Lipids. 9:1004-1008.

Glass, R.L., Krick, T.P., Olson, D.L., and Thorson, R.L.
1977. The occurrence and distribution of furan fatty acids
in spawning male freshwater fish. Lipids. 12:828-836.

Hazel, J.R. 1979%9a. Influence of thermal acclimation on
membrane lipid composition of rainbow trout liver.
Am. J. Physiol. 236:R91-R101.

Hazel, J.R. 1979b. The influence of temperature adaptation
on the composition of the neutral lipid fraction of
rainbow trout (Salmo gairdneri) liver. J. Exp. Zool.
207:33-42.

Hazel, J.R. 1984. Effects of temperature on the structure
and metabolism of cell membranes in fish. Am. J. Physiol.
246:R460-R470.

Hazel, J.R. 1989. Cold adaptaion in ectotherms: regulation
of membrane function and cellular metabolism. In Advances
in Comparative and Environmental Physiology Vol. 4. Edited
by L.C.H. Wang, Springer-Verlag

Hochachka, P.W., and Somero, G.N. 1973. Strategies of
biochemical adaptation. W.B. Saunders Company. pp. 212-261

Holeton, G.F. 1974. Metabolic cold adaptation of polar fish:
Fact or artefact ? Physiol. Z2o0l. 47:137-152.

Love, R.M. 1980. The chemical biology of fishes, Vol. 2.
Academic Press, London 943 pgs.

Medford, B.A., and Mackay, W.C. 1978. Protein and lipid
content of gonads, liver, and muscle of northern pike
(Esox lucius) in relation to gonad growth. J. Fish. Res.
Bd. Can. 35:213-219.



179

Mommsen, T.P., and Walsh, P.J. 1988, Vitellogenesis and
oocyte assembly. In Fish Physiology, Vol. 11A. Edited by
W.S. Hoar and D.J. Randall. Acacemic Press, New York.
pPp. 347-405.

Ng, T.B., Woo, N.Y.S., Tam, P.P.L., and Au, C.Y.W. 1984,
Changes in metabolism and hepatic ultrastructure induced
by estradiol and testosterone in immature female
Epinephelus akaara (Teleostei, Serranidae). Cell. Tissue
Res. 236:651-659.

Penny, R.K., and Goldspink, G. 1980. Temperature adaptation
of sarcoplasmic reticulum of fish muscle. J. Therm. Biol.
5:63-67.

Prosser, C.L. 1986. Adaptational Biology. John Wiley and
Sons. pp. 298-299.

Rouser, G., Kritchevsky, G., Simon, G., and Nelson, G.J.
1967. Quantitative analysis of brain and spinach leaf
lipids employing silicic acid column chromatography and
acetone for elution of glycolipids. Lipids. 2:37-39.

Tyler, S., and Sidell, B.D. 1984. Changes in mitochondrial
distribution and diffusion distances in muscle of goldfish
upon acclimation to warm and cold temperatures. J. Exp.
Zool. 232:1-9.

van Bohemen, C.G., Lambert, J.G.D., and van Oordt, P.G.W.J.
1982. Vitellogenin induction by estradiol in estrone-
primed rainbow trout, Salmo gairdneri. Gen. Comp.
Endocrinol. 46:136-139.



180

Chapter VII
General Discussion

This thesis provides the most thorough examination of
the timing and adaptive significance of seasonal fatty acid
cycles yet available for any north-temperate freshwater fish
species. The major experimental findings from the thesis are
summarized ir Fig. VII-1, and will be briefly reviewed.
Vitellogenesis in pike begins in August (Fig. II-la), and by
the following March the maturing ovaries contain 6.5 g of
fatty acids per kg carcass weight (Fig. IT-3a,b) which
represents a large portion of whole body fatty acid content
because the major somatic lipid depots contain only about 10
g of fatty acids per kg carcass weight (Fig. II-4e). The
liver weight of pike doubles from August to January (Fig.
II-1b) and may be a response to both cold acclimation
(chapter VI) and to hormonal changes accompanying ovarian
recrudescence (Ng and Idler 1983). Quantities of NLFAs in
the liver decline greatly during early winter (Fig. II-3c),
possibly due to reductions in food intake (chapter VI),
while the content of PLFAs in the liver increases (Fig. II-
3d), as a result of greater liver weight and probably also
due to a proliferation of membrane bound organelles in
association with vitellogenesis (Ng et al. 1984; Mommsen and
Walsh 1988). The significant increase in muscle PLFA content
during late summer (Fig. II-2h) appears to be a response to
cold acclimation (chapter VI) but begins well in advance of

declining water temperature. Fatty acids required for ovary
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growth appear to originate directly from food eaten during
winter because the major somatic NLFA depots, muscle and AP
tissue, are not significantly depleted during ovarian
recrudescence, at least not before March (Figs. II-2g,3e;
Table III-8).

The dominant seasonal changes in tissue fatty acid
composition of Lac Ste. Anne pike are also shown in Fig.
VII-1. Seasonal changes in fatty acid composition which, on
the bases of chapters IV and VI, appear to be associated
with ovarian recrudescence and temperature acclimation are
indicated as such in Fig. VII-1l. Ovarian recrudescence in
arctic pike appeared to produce reciprocal changes in the
percentage of MUFAs and n-3 PUFAs in NLs of both muscle and
AP tissue (Fig. IV-1), similar to the changes which occur
during fall in Lac Ste. Anne (Fig. III-5). However, Juestion
marks beside these responses in Fig. VII-1 indicate there is
some uncertainty about whether these changes are real
features of ovarian recrudescence because changes in the
percentage of MUFAs and n-3 PUFAs of muscle and AP tissue
NLs of arctic pike were not statistically significant (Fig.
IV-1) . Similarlv, cold acclimation appeared to produce
reciprocal changes in the percentage of MUFAs and n-3 PUFAs
in liver NLs, but only the change in MUFAs was significant
(Fig. VI-2).

This work makes several important contributions to our
knowledge of the seasonal effects of environmental factors

on fish fatty acid composition. First, the data presented
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indicate that several environmental and physiclogical
factors contribute to seasonal fatty acid cycles in pike.
Therefore, laboratory experiments designed to identify the
influence of a single factor (eg: diet or temperature) on
fatty acid metabolism may not indicate accurately or
completely the effects this factor has in wild fish
populations. Temperature acclimation is perhaps the best
factor to illustrate this. Cold acclimation in pike produced
significant declines in the percentage of SFAs in liver NLs
and increases in the percentage of n-3 PUFAs in liver PLs
(Fig. VI-2). Cther studies have reported an increase in the
percentage of n-3 and n-6 PUFAs in liver NLs of fish during
cold acclimation (Hazel 1979). However, none of these
changes accompany winter acclimatization in wild pike (Fig.
III-4).

Even when temperature acclimation produces responses
similar to those observed in wild fish, such responses must
be interpreted with caution. For example, winter
acclimatization in wild pike (Figs. II-1,3, III-4) and cold
acclimation under laboratory conditions (Figs. VI-1,2) were
both associated with increases in liver weight, liver PLFA
content, and reciprocal changes in the percentages of MUFAs
and n-3 PUFAs in liver NLs. However, the changes observed in
wild pike may not be solely, or even predominantly,
responses to temperature because ovarian recrudescence may
also increase liver weight, liver PLFA content, and produce

reciprocal changes in the percentages of MUFAs and n-3 PUFAs
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in liver NLs (Table IV-1l, Fig. IV-1).

Laboratory studies on the effects of temperature on fish
fatty acid metabolism generally do not consider how the
physiological responses elicited by temperature change might
be modified in wild fish by the effects of ovarian
recrudescence, and changes in food intake and diet
composition (Hazel 1979%a,b, 1990). This thesis suggests that
studies of environmental influences on fish fatty ac.d
metabolism will be more valuable if they include data from
natural populations as a reference for assessing the
adaptive significance of laboratory findings.

Data presented in this thesis also suggest that the
availability of EFAs, especially the n-3 PUFAs, may impose
certain physiological restrictions on fish. The reason fish
and other animals do not synthesize n-3 or n-6 EFAs is
presumably because the diet normally provides sufficient
quantities of these compounds. Chapter V showed that the
relative proportions of the various long chain EFAs in pike
lipids were approximately the same as in dietary lipids.
This suggests that pike, like other strict carnivores (Owen
et al. 1975; Davidson et al. 1990), may not chain elongate
and further desaturate dietary EFAs to any great extent.
Such a strategy saves the animal the expense of synthesizing
enzymes and expending energy to interconvert dietary fatty
acids. However, the animal may experience physiological
consequences if its dietary intake of EFAs should decline

for any reason.
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It was earlier hypothesized that during winter north-
temperate fish may experience physiological consequences
related to EFA availability due to the combined effects of
reduced EFA intake and increased EFA requirements for ovary
growth and PL restructuring. Pike in Lac Ste. Anne obviously
do not experience significant EFA deficiency over winter
because they are able to maintain levels of EFAs in PLs and
otherwise appear to thrive in this environment. However, the
percentage of n-3 PUFAs declines significantly over winter
in the NLs of all four tissues examined (Figs. III-4,5). The
most plausible explanation for this phenomenon is that it
conserves dietary EFAs for incorporation into tissue PLs,
wherein the content of n-3 PUFAs increases significantly
over winter (Table III-8). Therefore, a reduced dietary
availability of n-3 PUFAs over winter may have exerted
selection pressure on pike in the past and initiated the
evolution of mechanisms to conserve n-3 PUFAs in these fish.
For these reasons, it is worthwhile to look for more serious
physiological consequences related to EFA availability in
fish populations inhabiting more extreme environments such
as those at the boundaries of a species geographic range and

in fish populatiocns feeding on unusual foods (Chapman and

Mackay 1990).
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Appe 1lices

Footnotes to appendices 1 to 10.

a - fatty acid composition is expressed as the mean weight %
of the indicated fatty acids in tissue lipids.

b - sample sizes are given directly below each sampling
date.

¢ - p values show the statistical 51gn1f1cance of seasonal
variation for each variable as tested using ona-way
ANOVA.

d - seasonal range refers to the difference between the
highest and lowest monthly mean recorded for that
variable over the fifteen month sampling period.

e - data for pike which had not spawned and still contained
mature eggs.

f - data for pike which had spawned all their eggs.
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neutral lipids from pike tissues. Mean & SE
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Appendix 1. cont... Seasonal changes in the fatty acid composition of neutral lipids from pike tissues.
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Seasonal changes in the fatty acid composition of combined neutral lipids in

somatic tissues of pike. Mean 2 SE
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Appendix 7. Seasonal changes in the fatty acid compc.ition of combined polar lipids in

ovarian and somatic tissues of pike. Mean t SE
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Appendix 8. Seasonal changes in the fatty acid composition of combined total lipids in somatic tissues
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Appendix 9. Seasonal changes in the fatty acid composition of combined total lipids in

ovarian and somatic tissues of pike.
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Appendix 10. seasonal changes in the content (g / kg carcass weight) of major fatty acid groups in various

lipid compartments of female northern pike.

----------------------------------------------------------------

amve

1987 1988
Fatty R Y ; """" ; """"""""
Acid value® May June July August Sept. Jan. March May May June
b ovary Neutral Lipids
({)) (6) &p) N 4p) 4p] 2) () (8)
SFA  <0.001 ---- 0.001* 0.002 0.007 0.041 0.209 0.329 0.324 0.003 0.002
+ 0.0002 ¢ 0.0003 ¢ 0.0006 ¢ 0.0095 2 0.0266 ¢ 0.0312 ¢ 0.0054 ¢ 0.0002 2 0.0001
MUFA <0.001 ---- 0.002 0.003 0.011 0.080 0.627 0.970 0.912 0.006 0.002
+ 0.0003 ¢ 0.0005 ¢ 0.0010 ¢ 0.0215 ¢ 0.0803 & 0.0914 & 0.0216 ¢ 0.0006 2 0.0002
PUFA <0.001 ---- 0.002 0.003 0.017 0.087 0.366 0.582 0.597 0.006 0.003
+ 0.0003 & 0.0007 ¢ 0.0021 2 0.0137 ¢ 0.0401 £ 0.0459 ¢ 0.0328 & 0.0002 ¢ 0.0003
n-3 <«<0.001 ---- 0.002 0.002 0.013 0.061 0.240 0.387 0.395 0.004 0.002
+ 0.0002 ¢ 0.0005 ¢ 0.0016 ¢ 0.0083 ¢ 0.0249 ¢ 0.0298 ¢ 0.0196 & 0.0002 + 0.0002
n-6 <0.001 ~---- 0.001 0.001 0.004 0.027 0.125 0.195 0.203 0.002 0.001
+ 0.0001 & 0.0002 ¢+ 0.0005 + 0.0056 & 0.0155 & 0.0162 ¢ 0.0132 £ 0.0001 £ 0.0001
Ovary Polar Lipids
(%) M 6) N 49 ¥p) (€8] 2) %) (8
SFA <0.001 0.016 0.007 0.011 0.029 0.141 0.790 1.173 1.089 0.017 0.008
+ 0.003% & 0.0004 ¢ 0.0015 £ 0.0019 z 0.0307 2 0.1051 £ 0.1044 ¢ 0.0333 ¢ 0.0009 + 0.0006
MUFA <0.001 0.012 0.005 0.008 0.021 0.103 0.738 1.084 0.973 0.014 0.005
+ 0.0025 ¢ 0.0003 2 0.0010 ¢ 0.0014 & 0.0218 ¢ 0.0943 ¢ 0.1014 & 0.0363 & 0.00U6 + 0.0004
PUFA <0.001 0.024 0.010 0.014 0.042 0.233 1.4643 2.170 2.013 0.027 0.01
+ 0.0050 ¢ 0.0006 ¢ 0.0020 £ 0.0030 & 0.0489 ¢ 0.1828 £ 0.1916 ¢ 0.0380 + 0.0016 ¢ 0.0007
n-3 <0.001 0.0 0.006 0.009 0.029 0.168 1.073 1.633 1.529 0.017 0.007
+ 0.0027 & 0.0004 ¢ 0.0013 £ 0.0021 & 0.0360 ¢ 0.1365 ¢ 0.1417 £ 0.0069 & 0.0011 : 0.0005
n-6 <0.001 0.010 0.004 0.005 6.013 0.065 0.371 0.537 0.484 0.010 0.004
+ 0.0023 & 0.0002 ¢+ 0.0007 ¢ 0.0009 + 0.0129 2 0.0463 & 0.0501 £ 0.0311 2 0.0006 + 0.0003
1987 1988
Fatty P eeeeecesssssssssesssescesssssssessssesensse SSSSSeSsmmsmemSmocecnIoIToRSTIoTTITTET T
Acid Value May June July August Sept. Jan. March May June
Liver Neutral Lipids
(¢p] 6) 4p] (5) N (€p) 4p) (8)
SFA <0.001 ---- 0.261 0.107 0.085 0.073 0.023 0.026 0.051 0.113
+ 0.0920 £ 0.0222 2= 0.0108 2 0.0230 2 0.0030 £ 0.0045 & 0.0289 2z 0.0199 2
MUFA 0.002 ---- 0.537 0.228 0.200 0.185 0.063 0.075 0.126 0.297
+ 0.1878 2 0.0456 2 0.0267 & 0.0545 2 0.0093 2 0.0166 ¢ 0.0708 = 0.0599 2
PUFA <0.001 ~=-- 0.269 0.229 0.197 0.123 0.033 0.035 0.054 0.224
+ 0.0514 2 0.0376 2 0.0316 2 0.0373 2 0.0047 ¢ 0.0039 & 0.0236 = 0.0368 =
n-3 <0.001 ---- 0.174 0.152 0.123 0.066 0.020 0.020 0.033 0.143
£ 0.0325 & 0.0254 2 0.0206 2z 0.0206 2 0.0027 ¢ 0.0019 # 0.0152 3 0.0233 2
n-é6 <0.001 ~---- 0.095 0.077 0.074 0.056 0.013 0.015 0.021 0.081
+ 0.0191 2 0.0123 + 0.0111 2 0.0169 # 0.0020 % 0.0021 & 0.0084 2 0.0135 2
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Appendix 10. cont... Seasonal changes in the content (g / kg carcass weight) of major fatty acid groups in

various Lipid compartments of female northern pike.

Fatty p
Acid value® May June

(6)

SFA  <0.001 0.054 0.041
£ 0.0042 £ 0.0011
MUFA <0.00% 0.037  0.023
+ 0.0021 £ 0.0007
PUFA <0.001 0.098  0.071
¢ 0.0044 ¢ 0.0021
n-3  <0.001 0.075  0.054
+ 0.0033 & 0.0018
n-6 <0.001 0.023  0.017
£ 0.0012 + 0.0004

(5) (6)

SFA 0.213 0.643 0.537
+ 0.1135 ¢ 0.1067
MUFA  0.253 1.187  0.824
¢+ 0.2118 ¢ 0.1633
PUFA  0.070 1.215 0.909
¢+ 0.2512 = 0.1738
n-3 0.055 0.823 0.610
¢ 0.1596 & 0.1194
n-6 0.115 0.393 0.299
t 0.0917 ¢ 0.0547

(5) 7

SFA  <0.001 0.461 0.489
+ 0.0367 ¢ 0.0243
MUFA <0.001 0.262 0.252
¢ 0.0240 2 0.0212

PUFA <0.001 1.002 0.943
¢ 0.0575 = 0.0504

n-3 <0.001 0.783 0.740
¢ 0.0504 £ 0.0421

n-é <0.001 0.219 0.203
+ 0.0086 ¢ 0.0091

0.042
+ 0.0022
0.024
+ 0.0013
0.072
+ 0.0042
0.053
¢ 0.0031
0.019
£ 0.0012

(6)

0.473
$ 0.1015
0.720
t 0.1413
0.859
t 0.1715
0.600
t 0.1205
0.259
: 0.0511

6)

0.462
¢ 0.0190
0.222
¢+ 0.0085
0.940
t 0.0463
0.747
¢ 0.0369
0.192
+ 0.0108

4]

0.048
0.0020
0.032
0.0013
0.090
0.0033
0.068
0.0025
0.022
0.0009

€8]

OQOOP-‘O-‘OO

0911

Liver Polar Lipids

€8]

0.077
¢+ 0.0056
0.056
+ 0.003%
0.140
+ 0.0068
0.103
z 0.0046
0.037
+ 0.0022

(¢4

0.139
t 0.0073
0.129
+ 0.0066
0.258
+ 0.0151
0.192
t 0.0114
0.067
¢ 0.0037

H

t

Muscle Neutral Lipids

6)

0.771
+ 0.2225
1.348
+ 0.3987
1.57
t 0.4773
1.085
t 0.3290
0.485
+ 0.1484

6)

0.475
+ 0.0402
0.878
t 0.0724
0.859
t 0.0732
0.581
+ 0.0522
0.277
+ 0.0212

Muscle Polar Lipids

6)

0.565
+ 0.0125
0.289
t 0.0077
1.230
t 0.0519
0.975
t 0.0424
0.255
+ 0.0113

(6)

0.532
+ 0.0046
0.317
t 0.0062
1.233
¢ 0.0147
0.969
t 0.0169
0.264

5]

0.476
0.0647
0.964
0.1224
0.854
0.1137
0.577
0.0793
0.278
0.0348

5

z

S

%

2

z

4

0.068
0.n028
0.046
0.0017
0.127
0.0031
0.097
0.0025
0.030
0.0007

N

0.333
0.0483
0.680
0.0955
0.601
0.0741
0.404
0.0560
0.197
0.0182

7

8

0.043
0.0022
0.027
0.0011
0.077
0.0021
0.056
0.0015
0.021
0.0007

€]

0.479
0.0538
0.918
0.1124
0.851
0.1155
0.578
0.0817
0.273
0.0341

8)

[

[ 4

(6)

0.448
0.0221
0.838
0.0422
0.855
0.0495
0.571
0.0325
0.284
0.0176

(6)

0.470
0.0066
0.224
0.0088
0.934
0.0036
0.730
0.0092
0.204
0.0070
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Appendix 10. cont... seasonal changes in the content (g / kg carcass weight) of major fatty acid groups in
various Lipid compartments of female northern pike.

1987 1988

Fatty p | memmseseeesssesesssssoassseeesssssisosssTIs SSssssssessemmsosoessSITITIITStTTITIOC S

Acid  value® May June July  August Sept. Jan. March May June Aug.
b Adipopancreatic Tissue Neutral Lipids

N ) N (48] 48] ¢p] (¢p]) (¢:)) 6

SFA 0.380 ---- 1.201° 0.823 0.851 0.641 0.873 0.690 0.676 1.005 0.861
+ 0.2776  0.1933 & 0.1342 2 0.0533 3 0.1566 ¢ 0.1038 & 0.1742 2 0.1739 ¢ 0.1756

MUFA 0.564 ---- 1.921 1.451 1.567 1.165 1.79 1.521 1.493 2.114 1.708
+ 0.3957 ¢ 0.3494 & 0.2419 2 0.1129 £ 0.2893 3 0.2182 & 0.3822 & 0.3800 ¢ 0.3221

PUFA 0.689 ---- 1.959 1.607 1.816 1.325 1.656 1.381 1.323 1.903 1.646
+ 0.3827 2 0.3451 1 0.2778 & 0.1230 2 0.26470 & 0.1943 & 0.3479 & 0.3326 t 0.2989

n-3 0.662 ~---- 1.330 1.122 1.269 0.913 1.107 0.929 0.872 1.294 1.087
+ 0.2609 ¢ 0.2426 2 0.1950 & 0.0865 £ 0.1597 & 0.1322 & 0.2375 £ 0.2273 & 0.1946

n-6 0.728 ~---- 0.630 0.485 0.547 0.412 0.549 0.452 0.451 0.610 0.559
+ 0.1236 ¢ 0.1030 % 0.0828 & 0.0369 £ 0.0873 3 0.0627 % 6.1110 & 0.1056 ¢ 0.1053

Adipopancreatic Tissue Polar Lipids

N 6) 4] 49 (€8] (€8] 4p) (¢:)) 6)

SFA <0.001  ---- 0.011 0.008 0.009 0.010 0.012 0.015 0.014 0.011 0.009
+ 0.0016 + 0.0006 ¢ 0.0005 # 0.0010 & 0.0011 2 0.0018 ¢ 0.0013 ¢ 0.0005 & 0.0005

MUFA <0.001  =--- 0.008 0.006 0.007 0.008 0.013 0.016 0.013 0.009 0.007
+ 0.0010 £ 0.0002 ¢ 0.0003 # 0.0008 & 0.0010 = 0.0020 2z 0.0012 # 0.0004 ¢ 0.0004

PUFA <0.001  --=- 0.018 0.012 0.016 0.017 0.026 0.030 0.026 0.017 0.015
+ 0.0027 ¢ 0.0011 + 0.0009 % 0.0019 2 0.0021 % 0.0039 ¢ 0.0025 & 0.0010 & 0.0009

n-3 <0.00% ---- 0.012 0.008 0.011 0.011 0.016 0. 020 0.018 0.011 0.010
+ 0.0018 : 0.0007 & 0.0006 £ 0.0014 % 0.0014 2 0.0026 ¢ 0.0017 1 0.0007 3 0.0006

n-6 <0.001 ---- 0.006 0.004 0.005 0.006 0.007 0.010 0.008 0.006 0.005

+ 0.0009 # 0.0006 # 0.0003 =+ 0.0006 # 0.0007 % 0.0013 & 0.0008 ¢ 0.0004 & 1.0003
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Appendix 10. cont... Seasonal changes in the content (g9 / kg carcass weight) of major fatty acid groups in
various Lipid compartments of female northern pike.

Fatty p
Acid Value

c

-------------------------------------------

SFA  0.085
MUFA 0.348
PUFA 0.186
n-3 0.138
n-6 0.283

SFA <0.001
MUFA <0.001

PUFA <0.001

n-3 <0.001
n-6 <0.001
SFA  0.442
MUFA 0.568
PUFA 0.570
n-3 0.466
n-6 0.682

6)
0.543

+ 0.0295

0.283
0.0254
1.065

¢+ 0.059

0.815

+ 0.0497

0.230
0.0104

(5)

2.417
¢ 0.3494
3.427
+ 0.5202
4.1013
2 0.48464
2.856
+ 0.3344
1.246

1987
July August Sept. Jan. March
Somatic Tissue Neutral Lipids
6 48] %) €6) M
1.403 1.621 1.371 1.345 1.192
0.2414 t 0.2362 £ 0.3357 ¢ 0.1848 2 0.1334
2.399 2.935 2.478 2.701 2.560
0.4217 ¢ 0.4079 ¢t 0.5806 £ 0.3439 2= 0.2724
2.695 3.376 2.808 2.513 2.2
0.4242 ¢ 0.4573 t 0.6962 1z 0.3076 = 0.2405
1.875 2.342 1.920 1.688 1.526
0.2969 ¢ 0.3169 ¢ 0.4711 £ 0.2014 = 0.1595
0.821 1.034 0.887 0.825 0.745
0.1276 2 0.1405 & 0.2252 2 0.1065 = 0.0814
Somatic Tissue Polar Lipids
6) N €6) 6 (¢p]
0.511 0.550 0.654 0.680 0.641
0.0190 & 0.0164 x 0.0175 = 0.0093 & 0.0106
0.251 0.294 0.355 0.458 0.431
0.0086 = 0.0167 t 0.0108 % 0.0127 = 0.0156
1.024 1.124 1.389 1.508 1.502
0.0497 + 0.0426 & 0.0521 = 0.0186 & 0.0288
0.809 0.890 1.091 1.172 1.167
0.0390 2z 0.0346 t 0.0418 = 0.0126 ¢ 0.0210
0.215 0.234 0.297 0.337 0.336
0.0120 : 0.0083 & 0.0125 ¢ 0.0115 = 0.0120
Somatic Tissue Total Lipids
) N €4) () (¢
1.9 2.1 2.001 2.025 1.833
0.2301 2 0.2427 ¢ 0.3313 + 0.1897 t 0.1416
2.650 3.229 2.820 3.159 2.MM
0.4169 % 0.4097 £ 0.5782 = 0.3481 £ 0.2830
3.720 4.500 4.160 4.022 3.773
0.3809 1z 0.4854 £ 0.6267 2 0.3050 = 0.2564
2.684 3.232 2.9 2.860 2.693
0.2655 2 0.3403 & 0.4104 = 0.1949 2 0.1682
1.036 1.268 1.169 1.162 1.080
0.1162 1 0.1457 ¢ 0.2164 2 0.1106 =z 0.0889

t 0.1531

t 0.2197
2 0.4753

¢ 0.4004

+ 0.1240

N

0.590
¢ 0.0067
0.334
t 0.0076
1.349
+ 0.0284
1.052
t 0.0228
0.297
: 0.0090

N

1.650
+ 0.2228
2.630
¢ 0.4820
3.328
+ 0.4001
2.362
¢+ 0.2807
0.966
+ 0.1200

(8)

0.542
¢+ 0.0072
0.297
+ 0.0059
1.124
t 0.0212
0.881
+ 0.0181
0.242
¢ 0.0043

N

2.225
t 0.1969
3.810
2 0.4374
4.266
+ 0.3715
3.012
+ 0.2532
1.254
+ 0.1184

6)

0.521
+ 0.0084
0.257
+ 0.0096
1.025
+ 0.0064
0.795
t+ 0.0105
0.230
¢+ 0.0071

6)

1.937
+ 0.1865
3.059
t 0.3471
3.762
+ 0.3297
2.597
+ 0.2125
1.165
¢+ 0.1186



Appendix 10. cont... Seasonal changes in the content (g / kg carcass weight) of major fatty acid groups in

various lipid compartments of female northern pike.

------------------------------------------------------------------------------------------------------------

1987 1988
Fatty P _ --es-sesssewecsssssessessossssessossetet ©  eesmesssccesssccscccss-sossacses ;-' """""""""
Acid vatue® May June July August Sept. Jan. March May® May June Aug.
b All Tissues Combined - Neutral Lipids
6) (6) €] (¢Y] 6) (¢p] 2 () N
SFA  0.315 see- 2.139%  1.405 1.628 1.404 1.540 1.521 1.002 1.122 1.682 ----
+ 0.3602 &+ 0.2415 ¢ 0.2361 2 0.3339 ¢ 0.2035 + 0.1474 2 0.2057 ¢ 0.3353 z 0.1900
MUFA 0.343 ne-- 3.508 2.401 2.946 2.538 3.290 3.529 2.374 2.400 3.520 ----
+ 0.5378 &+ 0.4218 + 0.4079 & 0.5793 ¢ 0.3950 + 0.3202 2 0.4384 t 0.7069 z 0.4348
PUFA 0.571 ---- 3.272 2.699 3.392 2.881 2.862 2.853 1.861 2.049  3.138  ----
+ 0.3987 & 0.4243 ¢ 0.4572 £ 0.6958 ¢ 0.3396 £ 0.2578 2 0.3427 & 0.5800 : 0.3565
n-3  0.520 ---- 2.196 1.877  2.355 1.972 1.920 1.913 1.219 1.364 2.127  ----
+ 0.2708 + 0.2970 t 0.3169 £ 0.4706 ¢ 0.2220 + 0.1704 t 0.2396 0.4091 ¢ 0.2400
n-6 0.623 evon 1.075 0.822 1.038 0.909 0.943 0.940 0.642 0.685 1.011  ----
+ 0.1303 ¢ 0.1276 ¢ 0.1405 £ 0.2252 ¢ 0.1179 £ 0.0878 2 0.1032 2 0.1713 ¢+ 0.1166
All Tissues Combined - Polar Lipids
(6) (6) ¢p] €6 (%) 49 (2) €4) (8)
SFA <0.001 eeee 0.550 0.522 0.579 0.806 1.422 1.814 1.667 0.612 0.550 ----
+ 0.0295 + 0.0185 £ 0.0167 ¢ 0.0489 ¢ 0.1158 2 0.1101 + 0.0141 ¢ 0.0072 ¢ 0.0072
MUFA <0.001 .--- 0.288 0.259 0.315 0.466 1.159 1.515 1.287 0.353 0.303 ----
+ 0.0254 + 0.0083 ¢+ 0.0173 & 0.0318 ¢ 0.1110 £ 0,1097 ¢ 0.0301 & 0.0094 £ 0.0060
PUFA <0.001 ceen 1.055 1.039 1.167 1.639 2.868 3.672 3.380 1.349 1.136 ----
+ 0.0594 + 0.0497 & 0.0427 ¢ 0.0829 & 0.2048 2 0.2028 & 0.0400 2 0.0452 ¢ 0.0211
n-3 <0.001 seee 0.821 0.818 0.919 1.272 2.182 2.800 2.583 1.051 0.888 ----
+ 0.0498 ¢ 0.0389 2 0.0347 & 0.0614 £ 0.1451 £ 0.1448 ¢ 0.0002 ¢+ 0.0352 ¢ 0.0181
n-6 <0.00% -eee 0.234 0.220 0.247 0.367  0.686 0.873 0.797 0.298 0.266 ----
+ 0.0104 ¢ 0.0122 ¢ 0.0089 & 0.0229 ¢+ 0.0599 + 0.0585 ¢ 0.0398 ¢ 0.0144 * 0.0044
All Tissues Combined - Total Lipids
5) 6) (¢p] %) €6) (49 2 (4) 4P
SFA  0.002 amen 2.426 1.927 2.207 2.145 2.962 3.335 2.669 1.73% 2.236  ----
+ 0.3493 ¢ 0.2296 ¢ 0.2426 ¢ 0.3331 & 0.2963 + 0.2260 £ 0.2199 ¢ 0.3407 ¢ 0.1968
MUFA 0.008 -.-- 3.434 2.6580 3.26% 2.963 4.649 5.045 3.661 2.753 3.818 ----
+ 0.5203 + 0.4166 £ 0.4097 2 0.5780 2 0.4759 2 0.3932 & 0.4684 2 0.7162 ¢ 0.4373
PUFA <0.001 seen 4.1 3.737  4.559  4.422 5.730 6.525 5.240 3.397 4.279 ----
s+ 0.4845 ¢ 0.3800 £ 0.4855  0.6324 £ 0.4806 : 0.4018 + 0.3827 2 0.5684 ¢ 0.3715
n-3 <0.001 ceen 2.883 2.695 3.274 3.178 4101 4.713 3.802 2.414 3.020 ----
+ 0.3345 £ 0.2649 + 0.3404 ¢ 0.4146 ¢ 0.3212 £ 0.2754 & 0.2398 & 0.4068 0.2532
n-6 ©0.003 .--- 1.250 1.042 1.285 1.264 1.629 1.812 1.439 0.983 1.259  ~---
¢ 0.1530 & 0159:01456:02179:01597:01274:01629:01623:01184



