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ABSTRACT:

Over the last 30 years, lipids have been used to study pattems of energy flow and

food s in cold and i . Lused fatty acids (FAS)

and lipid classes to better understand the early survival, nutrtion, habitat use and growth
of age-0 Atlantic and Pacific gadids, both through laboratory and field approaches.

Firstly, I used li i tion of age-0 juvenile Atlantic cod

as they settled in eelgrass (Zostera marina) nursery habitat. Cod reduced lipids per wet
weight at the time of settlement, indicating that energy was directed towards rapid growth

rather intering. Secondly, I used both FA bi

isotopes of FAS t0 shor

entered the diet of juvenil i igher dietary
‘polyunsaturated FAs (PUFA), coupled with low proportions of dietary essential FAs

(EFAS) in the nearshore foodweb, indicated that the functional significance of eelgrass
was refuge, and not elevated nutritional food quality. Thirdly, I conducted a laboratory

i it i Pacific cod (Gad larvae

to compare with for

in larval nutri ily

Gadidae. Pacific cod larvae grew fastest with diets containing high levels of n-3 PUFA,

similarly to Atlantic species. Unlike Atlantic cod, however, Pacific cod larvae did not

with higher di ions of DHA (22:6n-3)
relative to EPA (20:5n-3). Fourthly, T investigated the rate of uptake of two Cis PUFAS in

tissues of ies of Pacific juvenile gadi Gadus d




walleye Pollock, The I examined how both biotic and abi

factors influenced the rate of uptake in liver, flesh and heart tissues. C1s PUFAs showed
high temporal sensitivity, and were evident in fish tissues after only one week of

feeding. The differential uptake of these tissues could t

tool i fish in juvenile fish.
Throughout, this thesis I have shown that lipid classes, FABMs and EFAs can be.
successfully used to indicate critical trophic events during the early lfe history of gadid

fish.
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CHAPTER 1: General Introduction

For over eighty years scientists have searched for rules to explain patterns of energy
flow in food webs (Elton 1927), reflecting the importance of trophic relationships in
explaining patterns of ecosystem structure and function (Odum 1969). In marine
fisheries, trophic ccology has played a central role in illuminating variable recruitment of
‘commercially important species of fish. This was first stated as Hjort’s “critical period
hypothesis”, in which he proposed that the survival of a year class of marine fish was

determined in the early larval stage, shortly after yolk absorption (Hjort 1926). During

this period, i i ion o size-

dependent mortality. Since then, the trophic links to recruitment success have expanded

periods in development, including flexion
settlement, and juvenile overwintering. Al of these critcal periods can oceur within the

itment variability in a

first year of life, yet may account for more than 90% of the recs
fish population (Houde 2008).
Thave studied the trophic ecology of fish from the family Gadidae during two

critical periods in their first year of life: first-feeding and settlement in the nearshore.

First-feeding refers to the period during which larval fish transition from endogenous

yolk reserves to
transition of juvenile fish from a planktonic existence 10 a close association with benthic
habitats (Levin 1994, Methvan & Bajdik 1994) The Family Gadidac, includes
commercially important groups such as cod, haddock, whiting and pollock, with most

species found in temperate waters of the northern hemisphere (Cohen 1998). There is a



long history of commercial exploitation of fish from this family, with the best known

in i morhua) stocks in the

‘western North Atlantic (Rose 2007). Global annual capture rates for Atlantic cod
climaxed in the late 1960s at 4,000,000 tonnes and collapsed in the early 19905 with

‘global values today remaining under ~900,000 tonnes (FAO 2010). Pacific fisheries have

shown the opposi in landings pollock (
Pacific cod (Gadus macrocephalus), which rank 1 and 2* in groundfish biomass and

product value annually (http://www.afsc.noaa.gov/species). Global landings in the 1960

‘were less than 2, species, whereas. pollock and
Pacific cod account for 7,000,000 and 600,000 tonnes, respectively, on an annual basis
(FAO2010).

‘Atlantic cod is a well-studied species, with thousands of publications on aspects
of their biology, ecology, and physiology in refereed scientificliterature. However, there
i still much uncertainty about their trophic ecology during the first year of lfe. Further,
itis uncertain to what degree the physiology and biochemical processes in Atlantic cod
can be compared to their closely related Pacific congeners. Like Atlantic cod, walleye
‘pollock and Pacific cod spawn in the winter-spring and their pelagic larvac remain in the
‘upper depths of the water column (Brodeur & Rugen 1994, Bradbury et al. 2008),

However, the egg istics di i pelagic egg,

pollock = bathypelagic, and Pacific cod = demersal; Laurel et al. 2010) and it is often the

egg stage lipid and fatty acid it i the first-

feeding 1989). Previ ies have shown that po



can affect the faty acid composition of eggs, hatching success and the

first-feeding i 1.1997). Like Atantic
cod, Pacific cod larvae are thought o be transported shoreward to nursery areas (Rugen
& Matarese 1988, Hurst et al. 2009), whereas the bulk of the walleye pollock juvenile

populations likely remain pelagic in the offshore (Brodeur & Wilson 1996). Pelagic

juvenile walleye pollock, as in Atlantic cod, occur in coastal regions in the summer and
fall, where they prefer structural habitats such as kelps (Laminaria spp.) and seagrass
(Zostera marina) beds (Laurel et al. 2007, Stoner et al. 2008). The subsequent behavior
and distribution of older Pacific juvenile cod is unknown, including their use of coastal
‘waters during the fall and subscquent year.

Lipids and fatty acids (FAS) play a vita role in tracing trophic links and
‘understanding critical periods in fishes (Sargent et al. 1989, St. John & Lund 1996,

Koussoroplis etal. 2010). They have a vast diversity in structure (Figures 1 & 2) and

structural apparatus in and inthe

production of of fish (Sargent et al,

1999, Ce etal. 2002, Tocher 2008). Lipi 10 be a limiti

of prey quality for cold-water marine fish (Arts et al. 2001, Dalsgaard et al. 2003, Litzow
etal. 2006) and are particularly limiting to growth and survival at the onset of first-
feeding (Izquierdo 2006).

‘The diversity of lipid classes in marine food webs was reviewed in detal by Parrish

(1988). He ine gadids lly contain only three major igu

1): i (TAG), sterols (ST) and i Copeman & Parrish




2004). TAG is generally the major storage lpid class in lrval and juvenile gadids

‘whereas PL and ST are i i 2008).

that PL is also i larval
fish (Evans et al. 1998, Laurel et a. 2010), although further research is required to

understand lipid ism in low-lipid juvenil Atlantic cod. Rel

ive

(Clupea har d

Alantic cod have previously been attibuted to elevated total lipid (TL), TAG per dry
weight and TAG/ST ratios (Fraser 1989, Lochman et al. 1995).

During the early lfe history of many marine fish, storage of TAG is quite limited
because most energy reserves are invested in growth in order to avoid early size-selective

predation (Sogard 1997). However, around the time of settlement many marine specics

enter estuari habitats and lipid reserves,

presumably in order to increase overwinter survival (Hurst 2007). Settlement in Adlantic

cod cal period, dietary carbon

sources (i.c. marine pelagi ibenthi as foraging

& Brown 1998). Juvenile Pacific and Atlantic gadids settle in nearshore regions where

warm and they can mai i ion, and have
‘access to an abundant food supply (Grant & Brown 1998, Laurel et al. 2003, Laurel et al.
2007). Coastal nursery areas with celgrass are essential to many juvenile fish and

invertebrates, and also maintain bay-scale population structure in Atlantic cod juvenles

(Orth et al. 1984, Bradbury et al. 2008). Despite the importance of this lfe history stage

etal. 2004), litle i trophic ecology and.




ttlement into these ial habitats. Further, although

clgrass habitat is known to play an important role as a refuge from predation (Laurel et

al. 2003), studies on the functional s f biogenic habil hic ecol

of juvenile gadids are lacking.
FAs are the major *building blocks’ of both storage (TAG) and structural (PL)

ids and they play an important role in the early nutrition of marine fishes (Figure 1 &

2). However,fishes and hi limited capacity

essential FAS de novo, which has inspired both nutritional and biomarker studies
(Dalsgaard et al. 2003, Budge et al. 2006). Specifically, the importance of

d (DHA), i ic acid (EPA) and arachidoic acid (AA)

are widely studied i Jation to growth, survival, pigmentation and
etal. 1999, C t al. 2002).

However, much less is k nutrition and trophic ips of gadids in

the wild or from regions outside the Atlantic.

Budge etal. i for FA
ecological trophic studies. Firstly, FABMs within a predator species can indicate
changes in diet on a variety of spatial or temporal scales. Secondly, unique FABM can be

used ing upon a specfic prey indicated by the

presence of a unique FABM). Thirdly, FABMs are useful in quantitative models of

predator

composition based on the FA composition of both predator and prey (Budge
etal. 2006, Iverson 2009). Dalsgaard etal. (2003) stated that despite over 30 years of

research on marine lipids, general application of the FABM approach to food web




relationships was still mostly qualitative and echoed Sargent's (1976) description of FA

analyses as a ‘blunt tool" for describing food web relationships. However, Iverson (2009)
pointed to the uility of FAS as quantitaive determinants of diet; with the caveat that
detailed information is needed on both prey FA composition as well as the effects of
predator metabolism on tissue FA deposition. In order to understand the observed

patterns of FA deposition in pr . detail knowledge of pr

retention of specific FAS, de novo FA synthesis, as well as an understanding of tissue
lipid/FA deposition patterns is required (Iverson 2009, Copeman et al. 2002). This
information is most easily collected through controlled laboratory feeding experiments.
‘Within this thesis, I have taken both laboratory and field approaches to further the
understanding of juvernile gadid critical periods and trophic ecology, using both
qualitative and quantitative FABM approaches.

T outline below, the chapter approach that I ook to exploring the trophic ecology
of age-0 Atlantic and Pacific gadids. | combined field and laboratory studies to look at
the lipid requirements of gadids during two critical periods during the first year of life. 1
‘combined both lipid class and FA applications to investigate fish condition, trophic.

relationships, , and uptake of

FABM in relation to both biotic and abiotic factors. These chapters provide the first
investigations of Pacific gadid carly lipid nutrition as well s the first use of FABM to

in the nearshor

In Chapter 2, I examined lipid i -0 Atlantic cod during their

initial months in eelgrass habitat prior to the onset of winter. To do this, I measured




‘changes in storage of specific i
he changes i i field of eelgrass habitat. Based on limited

from behavioural

studies (¢.g., high sensitivity to predator-risk), I predicted that juvenile cod would

preferentially ize lpi : in reflective of the

in thei ing habitat. 1

In Chapter 3, I examined lipid bi nd

isotopes) in the food web of juvenile cod settling in eelgrass beds during 2002. Tused
‘multiple lipid biomarker techniques to clarify the utilty of £18:30-3 &18:20-2 as an
indicator of terrestrial sourced carbon input into the diet of juvenile cod. I also

e . ot

i i flesh.
me to investigate the dietary sources of organic carbon uilized by juvenile Atlantic cod
during setlement in eclgrass habitat.

In Chapter 4, I designed a laboratory experiment to examine the first-feeding EFA
nutrition of Pacific cod larvae. Specifically, I investigated how changes in DHA to EPA
dietary proportions affected Pacific cod growth and survival. Pacific cod were chosen
because 1) they are highly abundant and play an important functional role in predator-

prey dynamics in the North Pacific (Hunt et al. 2002) and 2) they offer an interesting

parison with thei i Atlanic cod. 1 1

‘whether energetically similar diets comprised of varying levels of EPA and DHA



impacted size-at-age and survival in Pacific cod larvae, and 2) whether the highest levels
of DHAEPA (e.£., 2:1) are optimal for marine fish larvac in the Pacific as has been
shown for Atlantic species. I discuss these experimental results in relation to natural

variation in the lipid/FA composition of prey in the North Pacifi

In Chapter 5, T examined how and whether the uptake rate of nearshore FABMs
(Z18:30-3 & 18:20-6) in Pacific juvenile gadids changed as a function of biotic and

abiotic factors. the effect of the uptake of

FABMs in gadids I fed two different gel food diets to walleye pollock and Pacific cod
juveniles over an 8-wk feeding trail. Diets were identical except that one was enriched
with marine oil (cod liver) whereas the other was enriched with terrestrial plant oil (flax
seed). I tested the following hypotheses: 1) the proportion of FABM in the tissues of

juvenile gadids pecific, 2) i FABM uptake in

gadid tissues, ion of FABM uptake is specific to ype (liver, flesh,
heart) and 4) the ratios of nearshore markers in different tissue types (i.c. % FABM in

liver : % FABM in flesh) show temporal trends that could be applied to field data in order

ncy times in ification of the rate of uptake of these

FAs in laboratory studies on j
of the FABM approach to field studies that aim to assign residency times within the

nearshore,

In Chapter 6, 1 of this work and provide implications f
juvenile gadid feeding ecology and the utility of the FABM approach in elucidating food

web linkages.




THESIS OBJECTIVES

‘The specific thesis objectives were to:

impor
age-0 gadids during two critical periods: sttlement and first-feeding

Examine changes in liid class metabolism in relation o condition of age-0

Atlantic cod during settlement in the nearshore.

Use lipid classes, FAs, and d specific i ine the functional

significance of eclgrass habitat to juvenile Atlantic cod during setlement.

EFA i ival, and

‘condition of first-feeding Pacific cod larvae

Compare the EFA requirements of Pacific cod larvae to better-studied Atlantic.

cod larvae

Investigate the abiotic and biotic factors that affect the rate of uptake of nearshore

FABM in two juvenile Pacific gadids

Explore the use of differential rates of FABM uptake in fish tissues to questions

of residency times within the nearshore.
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CHAPTER 2: Decreased Lipid Storage in Juvenile Atlantic Cod (Gadus morhua)
During Settlement in Cold-Water Eelgrass Habitat.

* A version of this chapter was previously published and formatted for the journal
Marine Biology (Copeman et al. 2008).

ABSTRACT:
1 characterized the prey field and the lipid classes/futty acids (FAS) in the flesh of

age-0 juvenile cod their I arrival and settlement

i ! i prey
demonstrated a high abundance of small zooplankton (Acartia, Microsetella and Oithona
‘sp.) with no larger Calanus sp. prey. Breakpoint analysis showed significant changes in
the accumulation of relative (mg. g wet weight) and absolute (g. fish) amounts of

lipid with standard length at the time of settlement (~60 mim standard length). Settling

d an al ipid utilizati where they

(PL) to a greater i (TAG). FA:
(PUFA) content in cod flesh decreased s fish grew indicating that nearshore zooplankion

quality imal for PL formation. i in cod PL was likely

due to both catabolism of muscle and a lack of dietary PUFA suitable for PL synthesis.

However, juvenile cod continued to grow, leading to decreased lipid stores and

uggesting i i ion pr o
prior to the onset of winter. These data contrast better-studied freshwater and estuarine

systems in which lipi itical for successful




INTRODUCTION:

Stocks of Atlantic cod (Gadus morhua) collapsed off the coast of Canada in the

early d despi ing (Myers etal.
been no significant population recovery (Lilly et al. 2003). In 2003, the Newfoundland

‘and Labrador stock was termed endangered by the Comittee on the Status of

Endangered Wildlife in Canada, i for ing of

(COSEWIC, 2003). Currently
represent the bulk of the remaining cod biomass (Hutchings 1996, Lawson & Rose 2000)
and there has been increased interest in the nursery role of eelgrass habitat (Zostera

‘marina) for this species (Gregory & Anderson 1997, Laurel et al. 2003). Recently, the

‘abundance of juvenil habitat has been the

djacent year cl etal. 2004) have a

been deemed necessary i be ions of cod in

Newfoundland (Bradbury et al. 2008). Therefore, factors affecting the vital rates of

wan recruitment

dynamics in this species.
For juvenile fish living in temperate climates, patters of energy storage are

Prdte e th i ion and predati

(Post & Parkinson 2001, Hurst & Conover 2003). Most of these studies have been based

in freshwater or estuari ignificant increase in lipid prior to

the onset of winter (Griffiths & Kirkwood 1995, Hurst & Conover 2003). This increase

is generally prevent wis on. However, there




is some evidence that juvenile cod begin to reduce their condition and catabolize lipid

prior to winter, i the fal just following settlement (Grant & Brown 1999). Settlement in

flatfish has been shown to correlate with a d in condition (Christ

Korsgaard 1999). However, cod continue to increase in body length at his time (Grant &
Brown 1999), suggesting that predation pressure may be a more important influence on
mortality than the risk of starvation following settlement. Previous work on juvenile cod
in coastal eelgrass habitats has indicated significant levels of predation by both larger
conspecifics and other fish species (Linehan et al. 2001, Laurel et al. 2006).

Adult cod store energy as lipid in the liver (~24% of wet weight) and have low

fat flesh (~0.5% of wet weight). Specifically, the majority of lipid s stored as

triacylglycerols (TAG) in the liver, while lipid in the flesh is mostly phospholipids, PL
(Copeman & Parrish 2004). During times of reduced food availability, adult cod utilize

‘TAG from the liver first and then protein reserves from muscle (Black & Love 1986). In

contrast, wild juvenile cod are generally low in lipid (1.5-2.2 % of wet mass), and

‘approximately 50% of the lipid present is PL, which is usually considered to be
structural. PL along with sterols (ST) form the vitallipid component of cell membranes
(Ackman 1989). However, PL have been shown to be used as metabolic fuel,

particularly in lipid-limiting situations such as during egg or early larval development

(Tocher et al. 1985, Laurel et al. 2010). No detailed lipid class analyses have been
conducted during the time of settlement in juvenile cod. Further, given that juvenile cod

have an intermediate lipid profile, that does not mirror the adult stage, it s likely that they

llocation strategy. Juvenile fish likely utilize PL as




a source of energy which more closely resembles the pattem found in larval/egg stages of

development.

Marine fish generally ize long-cha UF.
from shorter chain precursors and therefore must rely on dietary input for normal

physiological function especially in cold temperatures (Sargent 1995). PUFASs are

formed in primar they move
throughout the food web (Copeman & Parrish 2003, Budge et al. 2001). Specifically the
long chain PUFA, 22:6n-3 (DHA) has been found to be essential for marine fish larvae
(Copeman et al. 2002, Bell et al. 2003) and is found in high levels in the PLs of Adlantic

cod (Jangaard et al. 1967). Conversely, elevated dietary levels of shorter chain PUFAs

such as 18:3n-3 and 18:20-6 i i th and

survival in marine larvae (Sargent et al. 1999). These shorter chain PUFAs are.

terrestrial plant oils and can compete with 22:6n-3
and acylases that esterify FAs onto PL backbones. High relative levels of short chain

PUFA have previously been reported in the near shore (Budge et al. 2001) and they may

b tive impact on food q tlement

‘The purpose of this study was to qualitatively examine lipid metabolism in age-0

Adantic cod during their ini it pr of winter, To

do this, 1 hanges in storage of specific lipid

characterizing the changes in the surrounding prey field of eelgrass habitat. Based on the

limited ing of cod physiology and juvenile cod: onships from

behavioural studies (i.c., high sensitivity to predator-risk), I predicted that juvenile cod



would preferentially metabolize lipids to maximize growth in a manner reflective of the

available resources in their surrounding habitat. Results are discussed in the context of

available.

MATERIALS & METHODS:
Field collections

‘Samples of fish and zooplankton were collected at two eelgrass sites during four
sampling periods in the late summer and fall of 2002 (Table 1, Figure 1). In November,

more extensive sampling included animals from both inner and outer sound locations

(Table 1), sampling of fish in November istically as
‘part of a larger study on the effects of diet quality on juvenile cod condition.
Sampling for this study was conducted in Newman Sound, a small protected fjord

located in Bonavista Bay off the NE coast of Newfoundland. Age-0 pelagic juvenile cod

in Newman Sound as a series of recui starting in late

July and ending in November (Gregory et al. 2004, Grant & Brown, 1998b). Juvenile cod

this period using a i 55m from
shore using a small boat (Table 1). Net hauls were retrieved by two people standing
along the shoreline 16 m apart. Fish were unloaded into plastic tubs filled with seawater
and were identified, enumerated and measured. Juvenile cod were considered ‘pre-
settled” at less than 60 mm and *post-settled” at greater than 60 mm as established by
Methven & Bajdik (1994) and Laurel et al. (2003). Fish were placed on ice immediately

and frozen within 3 hr of sampling.



Zooplankton samples adepthof 1 m lgr
canopy using a Jabsco Vane Puppy Reversible 12 Volt Pump (Model 18680) to examine

lankt ition. Sam overa 2.0 minute period and

an average f 27.2 L of seawater lected and di mesh
sieve and backwashed into collection jars. Duplicate samples were collected at Dockside
‘and Mistaken Cove sites in Newman Sound during the four sampling periods. Samples

‘were preserved in 5% formalin in seawater, buffered with borax. Identification of whole

‘samples was made using di for the

Sciences Centre, Memorial University of Newfoundland.

Lipid analyses

Prior to I ing, standard length (= 0.1 mm), pth (+ 0.1 mm), and

‘wet wei Fish intestinal nd fish were
‘washed with filtered seawater, blotted dry, weighed and stored in chloroform under
‘nitrogen until extraction. A condition index — Fulton's K — was calculated using, K=
100W/L’, where K was the condition factor, W was the mass (¢), and L was the length
(mmSL) (Ricker 1975, Grant & Brown 1999). A comparison of condition indices based

on hepatosomatic index, dry eviscerated, and ash free dry eviscerated body weight have

been sh i based on wet wei & Brown, 1999).

dly (102 food intak
‘Condition based on wet weight of pre-frozen fishis susceptible to water loss during the

sampling procedure and are less sensitive. However, this index has been found to be



biologically meaningful for both juvenile (Grant & Brown, 1999) and adult cod (Lambert
& Duti, 1997). Here I was required to use a wet weight condition factor because of my

lipid extraction protocol.

Lipids were extracted in chloroform/methanol according to Parrish (1987) using
amodified Folch procedure (Folch et al. 1957). Lipid classes were determined using thin
layer chromatography with flame fonisation detection (TLC/FID) with a MARK V
Tatroscan (latron Labratories, Tokyo, Japan) as described by Parrish (1987). Extracts

were spotted on silica gel coated Chromarods and a three stage development system was

used ) 7 isted of 20-mi in

99:1:0.05 i ther:fe id. The second i isted of a 40-min

development in 80:20:1 i ther:fo id. The last

of 15-mil

developments in 100 % acetone followed by 10-min developments in 5:4:1

the rods the3

bined using T-dats Inc., Bemis, TN, USA).

‘The signal d ted in mil tified using lij i St. Louis,
MO, USA). Lipid classes were expressed both in relative (mg.g” wet weight) and
absolute amounts (pig.animal ™).

TL was analysed for FA composition. FA methyl esters (FAME) were prepared
by transesterification with 10% BF; in methanol at 85°C for one hour (Morrison & Smith
1964, Budge 1999). A Varian model 3400 GC equipped with a Varian 8100 autosampler

was used for FA analysis (Varian, CA, USA). The column was an Omegawax 320

column, 30 m, 0.32 mm ., 0.25 pm film thickness (Supelco, Bellefonte, PA, USA).




Hydrogen was used as the carrier gas and the flow rate was set at 2 ml min", The column
temperature profile was: 65°C for 0.5 min, hold at 195°C for 15 min after ramping at
40°C min", and hold at 220°C for 0.75 min after ramping at 2°C min, The injector
temperature increased from 150 to 250°C at 200°C min'. Peaks were detected by flame

ionisation with the detector held at 260°C. FA peaks were integrated using Varian Star

[ 4.02) and identification was made with reference o

known standards (PUFA 1 and 37 Component FAME Mix, Supelco Canada, ON).

Data Analysis
Tused linear regression approaches to describe the relationships between fish

length and lipid composition. In addition to linear relationships, I examined the data for

evidence of i istics by fiting bi-phasic regressions.
used a piece-wise nonlinear fitting algorithm to test the
betweenll ition and length was plained by two linear segments rather

than a single linear relationship (Statistica™ non-linear regression; Post & Parkinson
2001). This analysis provided best fit estimates of the slopes and intercept plus the value

i e e i

The following model was used to test the null hypothesis that by

Lipid ter = by + (by *length) (bo)is

the intercept, (by) s the slope before break, and (b;) is the change in slope after break.

Thi hether a single I ionship the data and if

there is a signifi “Break’ is the




point is a chang the scaling of lipid ition with length;

with larger fish. When the break-

point model did not fit the data I used a simple linear regression in Minitab version 10.1

0 determine the ther lipid length.

RESULTS:

Figure 2 g

sites in the inner Newman Sound (Dockside and Mistaken Cove) during the late summer
and fall of 2002. Acartia sp., bivalve veligers, Microsetella sp. and Oithona sp. made up

at least ~80% of pl identified in pumped samples at

during August, September, and October. In November, a greater proportion of the
sample (23-37%) consisted of Temora sp. and no calanoid copepods were identified in
any of the samples.

‘The length frequency distribution of juvenile cod captured in Newman Sound

throughout 2002 i i ‘were present in shall -
age-0, 1, and 2 year old fish based on established length-at-age data (Gregory et al.

2004). The fish collected for lipid analysis were restricted to 40 -84 mmSL during the late
summer and fall, ensuring all fish analyzed were the age-0 cod. However, the continued

arrival of age-0 fish throughout the season did not restrict the sampling of small ish to

(Figure 3). Pre-settled juveniles were present on all sampling d
throughout the period, but settled individuals greater than 60 mmSL were only present

later in October and November. 1 did not observe any increase in the size of juveniles



that were sampled for lipid analyses between August and September indicating that the

first recruitment pulse of juvenile fish in 2002 was only sampled in August, and probably
failed to contribute substantively to subsequent age groups, compared to subsequent
recruitment pulses that year (Figure 3)

An analysis of the change in Condition (Fulton’s K) with standard length (mm) of

juvenile fish ibed by the following li gression: Conditi s K) =
0.814 +0.00238*SL (mm), p<0.05, #=0.07, n=80. Although a significant relationship
existed between condition factor and length, a very low value of the coefficient of
determination was found (=0.07). Therefore, this relationship was not considered to be
biologically meaningful (Lloret & Ratz 2000). The assumption of isometric growth

associated with the use of Fulton’s K was respected, as the slope of the regression

between log wei log length (mm) (3.15; log weight =
-5.29+3.15 log length, p<0.0001, *=0.97, n=80).

‘The relationship between absolute lipids per animal (ug.animal') and length
(mmSL) was variable, and depended on lipid class (Figure 4). Results from breakpoint
‘analysis indicated that STs (61.9, p<0.01), PLs (60.4, p<0.001) and TLs (6.2, p<0.001)
showed significant breakpoints (Figure 4, Table 2). However, TAG was better described
by the following linear regression:

18 TAG individual” = - 17197 + 439* length mm (p<0.0001, *=0.60)

‘The change in mass of lipids per wet weight with standard length showed a

variable pattern depending on lipid class (Figure 5). Both TL and TAG showed a

significant biphasic relationship with length (Table 3). A significant breakpoint was




found at 59 mm for TL while a significant breakpoint of 64 mm was found for TAG.

After the breakpoint, a significant decrease in the slope (-30 for TAG and -.53 for TL)
was observed indicating that in larger fish, the relative amount of TL and TAG decreased

with size. This biphasic relationship for TL was likely driven by the observed relationship

for TAG as a biphasic relationship was not observed for ST or PL. Rather the decrease in
the concentration of these lipid classes with size was better described using a simple
linear regression (Figure 5, Table 4).

I examined the relationship between Ci PUFA and longer chain 22:6n-3 with

length. These FA were ch they are k

used in esterification of FA onto PL backbones. PL are essential to normal membrane

structure and function. The regression of short chain Cys PUFA (18:

6+18:3n-3+18:4n-
3) and the long chain PUFA (22:6n-3, DHA) and length showed opposite relationships.

Proportions of C1y PUFA increased with length (* =0.40, p<0.01) while levels of 22:6n-3

showed a decrease with length (©* =0.22, p<0.01, Figure 6).

DISCUSSION:

Previous studies on lipid dynamics in juvenile fsh have mostly investigated

Fullerton et al. 2000), which highe

in lipid and may face different constraints than low-fat marine species. The post-

i cod, like other marine fishes, represents a period of high

wd 1997).

traints on where and. fish will have ac and can




subsequently feed upon. In this study, I interpret the changes in lipid composition of

Juvenile cod to be reflective of the trad h dation avoidance), prey

availability and overwintering success

Small juvenile fish in north i i for
energy usage prior to the onset of winter (Hurst 2007). In both freshwater and marine
systems, juvenile fish generally have a higher metabolic rate than larger conspecifics and

are also faced with high rates of piscivory. In freshwater fish and estuarine systems,

studies have shown that the form of lipid:
to reduce susceptibility to over-winter starvation mortality (Thompson et al. 1991, Pangle
etal. 2004). However, in my study, I found that juenile cod did not increase in
condition or relative amounts of lipid during the late summer and early fall as would be

predicted from these freshwater/estuarine studies. Instead juvenile cod: 1) grew after

settlement wit increase in f lipid; the
both neutral and polar lipi during this period; and 3)
decreased f long chain PU i P

Tinterpret these patterns as the result of decreased late-summer food quality (discussed
below) coupled with high selection pressure for growth.
‘The zooplankton community at my sites in Newman Sound was typical of shallow

‘odastal e Newman Sound was

dominated by Acartia sp. bivalve veligers, Oithona sp.
at least ~80% of the zooplankton identified in pumped samples. In November, a greater

proportion of the samples (23-37%) were Temora sp., which is in agreement with



previ i in & Brown 19984). Grant

and igni i i Temora'sp.
in the diet of cod during the late fall with levels increasing to 48% of identified prey
items in December. Interestingly, no Calanus sp. were identified in any of the samples

el T in this study.

diet of juvenile cod have previously been noted by Grant & Brown (1998a), although, the
Calanus copepods were only present in the diet of juvenile cod in October (21.5%

November (5.8%) i . Calanus

copepods rge ised of neutral

digested and provide high amounts of energy for juvenile fish (Sargent 1999). Evjemo et

al i ipi it i for feeding
larval fish. In that study, the relative lipid composition (% dry mass) of Calanus (~10%
in April t0 a high to > 20% in June and July) was higher than both Eurytemora sp.
(~10%) and Temora (~10%). Net tows in Newman Sound showed that small

‘zooplankton (80-220um) had a lipid composition of only 1.8-3.8% dry mass while larger

2.9-4.5% (Chapter 3, C etal. 2009). Grant and Brown

(1999) also noted a decrease in condition when larger Calanus sp. disappeared from the
diet. Together, these data suggest that food quality in Newman Sound during 2002 could
have been sub-optimal.

Generally, body condition in cod (ic., Fulton's K in this case) reflects the storage

2y i e s Sl oo ion i ge

“replete food conditions" (Love 1970, Lambert & Dutil 1997). Previous studies indicate



adult 1 pattern of growth and condition (Jangaard et al

1966). Here I found that juvenile age-0 cod had a Fulton’s Cor

jon Index that ranged
from alow of ~0.7 to a high of ~1.2 with an average of 0.95 £ 0.1. These results are

within the range previously reported for Trinity Bay juveniles (~0.95 to 1.05) during the

fall and are well lethal limit (~0.63, Grant &
Brown 1999).
At~60 mm (ie., ‘settlement’), there was a significant shift in the deposition of
PL, ST and TL. Juveniles <60 mm increased with length in the absolute amount

(ng:fish") of all lipid cl ined, but the rate of I ion either stopped

or decreased after this size. However, absolute TAG deposition continued to trend

pe SL (Figure 4, Table
2). Still, despite the analysis’s inability to detect a significant breakpoint between TAG
(uganimal") and fish size, the same analysis on a log-log scale indicated that the rate of

TAG deposition was less than isometric. Further, when this relationship was expressed

per wet weight TAG beitto @
much lesser extent than PL.

Although liver and flesh were not analyzed separately, it is probable that the bulk
of the decrease in PL, ST, and TL after 60 mm was due to a reduction in lipid in the
muscle, while the continued increase in absolute amounts of TAG was likely in the liver.
Prior examination of lipid classes in adult cod muscle and liver have shown that the
majority of the lipid in the liver is TAG (69% of TLs) while the bulk of the lipid in the

muscle is PL (55%); ST account for 13% and 3% of the lipids in the muscle and liver,




respectively (Copeman & Parrish, 2004). Therefore, ST and PL are generally considered

10 be structural components of the muscle with TAG viewed s a storage component in
the liver. Based on this understanding and the findings from this study, it appears that PL
was being utilized more quickly than TAG and this catabolism was likely due t0 a
reduction in membrane density during protein and PL utilization in the muscle.

‘This low. TAG with a d in of PL can

likely be explained by previously noted changes in food qualty late in the fall. The
relationship between fish size and FAS in the flesh of juvenile cod were negative with

DHA but positive with shorter chain Cys PUFA (18:20-6 + 18:3n-3 + 18:4n-3). Previous

studies on organisms living at a range of latitudes have found that fish and bivalves living

in cold- i i levels of highly FAs in their flesh

(Dunstan et al. 1999, Hall and Parrish 2000). This level of membrane specificity for
DHA in lean fish is necessary so that they can maintain cell membrane fluidity and
function at cold temperatures. Further, the neutral and polar lipids in larval and juvenile
fish have been shown to maintain high levels of DHA in the polar lipids even when fed a
diet of lower nutritional quality (Copeman et al. 2002). Therefore, the counter-ntuitive

pattern of TAG storage and PL reduction after settlement likely reflects both food quality

which is unsuitable for PL formation, and a reduction in absolute amounts of polar lipid

associated with catabolism of muscle.



CCONCLUSIONS:

Th don of lipid juvenile Atlantic cod
led storage that i iton factor based
on wet weight i d fish size-

dependent. TAG in juvenil
breakpoint at settlement (i.¢., 60 mm SL) like other lipid classes, but, reduced deposition
Of TAG was evident on a relative scale following this period. Further, the log-log

lationshi all lipid classes with that storage was

less than isometric after settlement, indicating that the water content of the muscle was

increasing. This increase led to a reduction in the relative amounts of al lipid classes in

TAG and proportions
of DHA indicate thatthe nutritional quality in eelgrass was likely not optimal. Increased
size with decreased energetic reserves aftr settlement, suggest that pscivory could be a

factor driving energy allocation in juvenile cod. Further, decreased nutritional condition

the functional signi jgrass habitat is

not elevated food quality but rather increased refuge.
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Table 1: Sampling location and dat Terma
Nova National Park, Bonavista Bay, Newfoundland Canada, 2002.
Date Tocation #Zooplankton ID | # Fish Samples

August 291031, ckside a 7
2002 Mistaken (MC) 2 5
September 1010 12, | _Dockside (DS) 2 8
2002 Mistaken (MC) 2 3
October 03 10 04, | _Dockside (DS) 10
2002 Mistaken (MC) 10
November 011008, | Dockside (DS) 2
2002 Mistaken (MC) i3

South Broad Cove 2

SB)
Newbridge (NB) 0 5
Little south Broad 0 7
Cove (LSB)
Minchin'’s Cove 0 7
MI
Heffern's Cove O 3
Vit Stanford (MS) [ T




‘Table 2: Results of

(ug /fish) of () ST, (b) PL and (c) TL on length of age-0 Atlantic cod from Newman
Sound during the late summer and fall of 2002. A breakpoint model could not be fit to
the relationship between TAG and length.

Model: Lipi b+ (bi*lengt g

ST PL T

Estimate | P-value | Estimate | p-value | Estimate | p-value
Tntereept (bg) 29665 | <001 | -14322.6 | 0.1 | -44762.2] <0.0001
Slnp: before break | 9670 | <0.0001 | 4763 | 0.004 | 1297.8 | <0.0001
Chmg: inslope afier | -98.30 | <0.0001 | 65732 | <0.001 | -1359.0 | 0.0002
Segmemz:lepe 16 | 18102 612 5

-.k 61.87 | <0.0001 | 6037 | <0001 | 662 | <0.0001

Variance Explained . % 5%
by the model r'.




Table 3: Results

of pi
(mglg wet weight)of 8 TAGS, 5) TLs on lengthof age-0 Atlanic s from Newman

Sound during the late summer and fall

the relationship between PLs and STs with length.

Model: Lipid parameter = by + (b *length) + ((by*(length-break))* length>break))

£ 2002.” A breakpoint model could not be fit to

TAGs L
Estimate | p-value | Estimate | p-value
Tntercept (b) 41 | 009 | 147 | 0009
Slope before break 016 | 005 | 008 | 045
Change inslope afier | 030 | <009 | 060 | <0001
break (b;)
Segment 2 slope Eary - 052 -
(Calculated ch:
Break. 6238 | <0001 | 5900 | <0001 |
Variance Explained 02 043
by the model 7,

2



Table d: Results from linear regression of ST and PL (mg/g wet weight) with length in
ge-0 Atlantic cod from Newman Sound during the late summer and fall of 2002.

R p
[054 [<0.001
[054 <0001




FIGURE CAPTIONS:

Figure of Newman Sound in Terra Nova National Park showing sampling sites
phopiitndrbos; ‘zooplankton in 2002

Figure 2: Percentage abundance of zooplankton at two eelgrass sites
in Terra Nova National Park during the late Summer and fall of 2002

Flgun 3 Sundnnd length (mmSL) of age-0. Atllrmc (_od caplmed by beach seine in
Sound, Bonavista Bay in Newfoundland. are both size ranges of total

muml.ls copapd <530}t wll s fhcwe e ¢ Ilpxd analysis in this study (n-sz) Pl

P2,P3i iods of the sequential

Nemam St oy g oo of e easss 1 T G 508 i the s

‘which juvenile cod are considered settled i.¢., >60 mm SL.

Figure 4: Relullenshlp between the absolute amount (ug/g fish) al'(n) TAG (5)ST(©)PL
and (d) TL with standard length in age-0 Atlantic cod (Gadus mor]
during. Ime ‘summer and fall of 2002.

Figure 5: Relati the rel et weight) ur(-) TAG )
ST (¢) PL and (d) TL with standard length in age-0 Atlantic cod (Gadus mor}
during late summer and fall of 2002. Statistics in Table 3.

Figur : Relaocsip between the poporion o 2:60-3 end C PUFA (18203 +

18:30-3 +18:4n-3) in the whole juvenile cod and standard length (mm) during the
summer und fall of 2002.
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CHAPTER 3: Fatty Acid Biomarkers in Cold Water Eelgrass Meadows: Elevated
i Web of Age-0 7

PR : y . i
Marine Ecology Progress Series (Copeman et al. 2009).

ABSTRACT:

Lipid classes, fatty acids (FAS), and stable carbon isotopes of FAs were used to

investigate dietary sources of organic carbon for juvenile Atlantic cod (Gadus morhua)

‘zooplankton, and August to November

eclgrass in Bonavista Bay, Newfoundland, Canada. Lipid data indicated that zooplankton

pn iated with rgani , whil 80 um) had high
levels of bacterial FA and non-acyl lipids, typical of sedimentary material. Zooplankton,

‘mysid i in22:6n3

increase in the ubiquitous terrestrial indicators 18:2n-3 and 18:3n-3. Based on essential

FA ition of prey, there i of ilable to juvenile

fish from August until November. Earlier (August) pelagic juveniles had higher levels of

ireed FA (22:60-3) ths ivers. Further, in October and

i terrestrial FA bi

pelagic cod, indicating an increased dietary terrestrial input at settlement. Isotopic.

carbon and supported multivariate FA analysis, confirming that celgrass was not
incorporated into the food web of juvenile cod. Increased terrestrial input of organic
carbon, coupled with low proportions of dietary essential FAs indicate that the functional

significance of this habitat is refuge and not nutrition.




INTRODUCTION:

lonial marine ¢ in
shallow soft sediments. It is globally distributed in coastal waters and is among some of
the most productive marine habitat, forming vital nursery areas for both juvenile fish and
invertebrates (Duarte 1989, Sogard & Able 1991, Matila et al. 1999). Newfoundland
eelgrass meadows, found in sheltered coastal bays, represent an important nursery arca
for many species of juvenile fish, including Atlantic cod (Gadus morhua, Laurel et al.

2003b). Juvenile fish i factors

including increased refuge, high food levels, and reduced physical exposure (Orth et al.

1984, Goteeitas et al. 1995, 1997, Parker et al. 2001).

tocks of Atlanti in the early 1990s and i |

fishing moratorium (Myers et al. 1996) there has been no population recovery (Lilly et al.

2003). Litte s k ive input of different

of juvenile Atlantic cod, or if these contributions change following cod settlement.

dietary i ion of critical habitat for

juvenile Adantic cod to i ial buffer ining i beds.

A number of constraints to the traditional gut analysis methodology has lead
investigators to use alternative methods to resolve nearshore foodweb linkages; these

include lipid biomarker, isotope and d

(Canuel et al. 1997, Kharlamenko et al. 2001, Jaschinski et al. 2008). The small size of

t of pr make the use of

toi . 2001).




Lipids play a fundamental role in fish as a source of energy, as important
structural components for cell membranes and as precursors for biologically active

compounds (Sargent et al. 1989, Arts et al. 2001). Fatty acids (FAS) provide information

on dietary intake and food constituents leading to lipid a
long period of time (St. John & Lund 1996, Auel et al. 2002). Cyo and Cz»
‘polyunsaturated FAs (PUFA) are particularly important in cold water marine systems
allowing animals to maintain cell membrane fluidity (Cossin & Lee 1985, Cossin et l.

1997). Marine fish generally cannot synthesize adequate quantities of long chain PUFA

from i i  therefore rely
on dietary input for normal physiological function. PUFA are formed in primary.

prody d i the food web

(Ants etal. 2001, Budge etal. 2001, Copeman & Parrish 2003). Other sources of PUFA
in the nearshore marine environment include shorter chain Cis PUFA from terrestrial
sources, however, these are of lower nutritional value than longer chain PUFA (Sargent

1987, Sargent etal. 1989).

Lipid bi that can
of a species, groups of organisms, or environmental processes (Parrish et l. 2000). FA

biomark ized at low trophic levels and ideally remain unchanged

‘when transferred through food webs (Reuss & Poulsen 2002, Dalsgaard et al. 2003).

‘They have been used for i terrestrial and

‘well as to assess health of ecosystems (Colombo et al. 1997, Budge & Parrish 1998).

Specific FAS have been correlated with various sources of primary production such as




diatoms, bacteria, di

flagellates and terrestrial run-off both in plankton and sediments
(Budge & Parrish 1999, Fraser & Sargent 1989, Mayzaud et al. 1989, Maziane &
‘Tsuchiya 2000, Parrish et al. 2000).

Bulk stable carbon isotopes have previously been widely used in food web studies

dietary primary don in different trophic levels (Fry &

Sherr 1984). Here I isotopes of FAS in select primary p
secondary consumers, and juvenile Atlantic cod to elucidate food web linkages. Previous
analyses of eelgrass for bulk carbon-isotope composition has shown that eelgrass has

‘much higher values (-1 than other sources of primary pr in the

2001, Cloem et al. 2002, Jaschinski et al. 2008). Further,

little change in the "*C/C ratio occurs with each successive trophic level, making it

possible to esti i f organi 10 secondary
consumers (DeNiro & Epstein 1978). The use of cither FA or bulk "*C/**C ratios alone

can have limited power for deducing linkages, but the combination of multiple:

a powerful approach to clari ph
relationships (Canuel et al. 1997, Parrish et al. 2000, Ramos et al. 2003). Using this
approach, T investigated temporal changes in the dietary composition of juvenile Atlantic
cod during settlement into nearshore elgrass. These data will be important in expanding

the definition of critical habitat for juvenile Atlantic cod.



MATERIALS AND METHODS:

Study Site

All samples were collected in Newman Sound, Terra Nova National Park,
Newfoundland during late summer and fall, 2002. Newman Sound is a sheltered fjord
(45 k) located on the northeast coast of Newfoundland (53.93°W, 48.58°N) and

surrounded by Terra Nova National Park (Fig. 1). Within the shallow littoral zone (3-10

‘m) there is an abundance of sand interspersed wi
g2 be H ) i thern and westem
facing shores while north facing sh haracterized i hal

(Cote etal. 2003, Laurel et al. 2003b).
Field Collections

‘Thirty six horizontal surface net tows were taken over shallow sites (10 m) in

(Table 1). Sampling two eelgrass
and Mistaken Cove), except in late November when additional celgrass locations were
added. Triplicate tows were taken at each station using 10 um mesh plankton net over a
640 m distance. Plankton was collected in a cod end (meshed collection pouch) and
samples were backwashed into clean plastic vials and kept on ice until filtration (within 7
). Prior to filtration, three size fractions were separated, >220 um, 220-80 um, and 10-

80 um, and samples were collected for lipid and weight determinations. Identification

sub-samples fror i plankton (100 ml) were pr by adding 1 ml of

Lugol's iodine and 1 ml of 10% buffered formaldehyde. Plankton samples used for

weight and I inati llected on pr d pre-weighed glass fiber




filters (Whatman GF/C). Filters were washed with 5 ml of 3% ammonium formate to

remove salt,dried at 75°C for 24 hr, weighed and then ashed at 450°C 24 hr and re-
weighed. Lipid samples were placed in lipid clean glass vials and immersed in

chloroform in the lab and stored under nitrogen at -20°C until extraction.

ing were
also collected below 2 m depth along the waterline. Samples were placed in clean bags

of seawater and kept on ice unti Iab. Samples of g

washed with fltered seawater. Eelgrass samples were scraped clean with a blunt metal
spatula and their epiphytes (n=9) filtered onto clean GF/C filters for lipid analyss.
Macroalgae and clean eelgrass blades were blotted dry, weighed and stored in chloroform
under nitrogen unil extraction.

)and

stenolepis), were taken at beach seine sites during fish sampling (Table 1). Amphipods

by dragging the nets along the bottom at a depth of <2 m.

‘while mysids were by-catch from seine hauls. Animals were placed in clean plastic bags

filled with filtered seawater and stored at 4°C for 24 hr to depurate. Animals were then

washed in filtered placed in lipid clean tubes and nitrogen

at-20°C unti on. The number of individual the

progressed: fewer individuals of a larger size were required for liid analysis. These
numbers ranged from a high of 25 amphipods per sample in August (0.5-1.5 mg wet

wtind”) 10 a low of 12 in November (0.8-22.9 mg wet wt.ind"). Similarly, numbers of




‘mysids per sample decrease from 20 in August (5.2-12.3 mg wet wt.ind") to 6 in
November (16.5 to 27.2 mg wet wt.ind™).

Juvenilg i in Newman using a 25 m demersal

seine net which was deployed 50 m from shore using a small boat (Table 1). Hauls were
retrieved by people standing along the shoreline 16 m apart. Fish were unloaded into

plastic tubs filled wi identified, ted and measured. Juvenile cod

and led & Bajvik
1994, Laurel et al. 2003b). Fish were placed on ice immediately and frozen within 3 hr
of sampling. During lipid sampling, standard length, body depth, and wet weight were
recorded. Fis and animals were washed

blotted dry,
Lipid & Isotope Analysis
Lipids were extracted in chloroform/methanol according to Parrish (1988) using a

modified . 1957). Lipid

layer chromatography with flame onisation detection (TLC/FID) with a Mark V'

Laboratories, Tok ibed by Parrish (1987). Extracts

| Clircunarods and was

d classes. After each separation, rods were scanned and the 3

ined usi Inc., Bemis, TN, USA).

‘The signal was quantified using lipid standards (Sigma, St. Louis, MO, USA).

FA from total lipi

with 10% BFs s at 85°C for one hour & Smith




1964, Budge 1999). FAME were injected in a Varian 3400 GC equipped with a 8100
autosampler (Varian, CA, USA) and an Omegawax 320 column, 30 m, 0.32 mm i.d., 0.25

pm film thi Bellefonte, PA, USA). gen er gas and th

flow rate was 2 ml min”. The column temperature profile was: 65°C for 0.5 min, hold at
195°C for 15 min after ramping at 40°C min”, and hold at 220°C for 0.75 min after
ramping at 2°C min'". The injector temperature increased from 150 o 250°C at 200°C

min”. Peaks were detected by flame ionisation with the detector held at 260°. FA peaks

ing Varian Star C]
identification was made with reference to standards (PUFA 1 and 37 Component FAME
Mix, Supelco Canada, ON).

‘The FAME carbon isotope ratios (%e) were determined, relative to the Vienna

PDB standard, ion at 8S0EC, i inuous

spectrometer (Finnigan MAT 252: Veefkind 2003). FAME were separated on a Supelco

SPB-PUFA column (30 m X 0.25 mm i.d. X 0.2 :m film) in a Varian 3400 GC with the

composition for esters is:

8" Cuampie = 1000 H{(*C/*Caampss*C/*Cron) - 1}

AIIFA 8°C data for the ibution made by
'BFy/CH;0H, whose ratio, determined by bulk isotope ratio mass spectrometry (Finnigan

Delta Plus XL Thermo Quest) was, on average, -38.23%.




Statistieal Analysis

FAsi pibenthic prey, and fish, were

compared between months or (for fish) pelagic versus setled using a one-way analysis of

(OVA) with Tukey's pairwis isons. Residuals versus fitted values

for normaliy and icity and cerai data were

in order to meet

Principal components anal

is (PCA) was used to simplify multivariate FA and

lipid class d i ables i of uncorrelated principal
‘components (Minitab, version 10.5, Meglen 1992). This technique was employed using

1010 12 highi

previ PCA analysis)

from net tows, epibenthic prey, and cod samples. The first two principal components
accounted for 5410 72% of the variance among samples, which allowed a display of the

‘major trends within the data set without significant loss of the total riginal vari

PCA lipid loadi i defined i i he

original lipid variables and the PCA axis. PCA scores are defined as the position of the
original variables along the new PCA axes (Meglen1992). Lipid variables were chosen
based on biological significance and the degree of variance explained by a given lipid

class or FA. Addition of other lipid

indicating that the models were robust.



RESULTS & DISCUSSION:

Net Tows

‘The net tow sampling locations and dates are shown in Table 1 & Figure 1. At
ach sampling, two net tows from each size class were examined microscopically in order
to determine zooplankton availability for settling juvenile cod. The smallest plankton

(10-80 pm) had over ~80% of the field-of-view covered with an amorphous matrix and

Fecal pellets and. and
‘microscopically these samples resembled re-suspended sedimentary “fluf”. Therefore,
the smallest fraction is referred to as seston rather than plankton.

Enumeration of the two larger size fractions of net tow collected zooplankton

showed a variable species abundance, but Acartia sp., Oithona sp., Temora sp.,

. i p inall
samples (Figure 2). Averaged over the whole sampling period, the largest size fraction

(>220 ) had high levels of ), copepod nauplii

Oithona (12:12%). The medium size fraction (80-220 um) had increasing numbers of
Temora later in the fall with an average of 36422% present over the whole sampling
period. Seasonally averaged levels of Microsetella and Oithona were 24:21% and
19:418% respectively (Fig. 2).

f zooplankion i other

fall in nearshore is 1982, Grant & Brown

1998). Grant and Brown found a shiftin prey abundance in juvenile cod diets from high

lipid Calanus sp. in summer to smaller low lipid prey items such as Temora sp. in late




autumn. Davis also observed a reduction in the size of copepods and a shift in species.

abundance to higher levels of smaller copepods.
No Calanus sp. were identified in any of the samples taken from Newman Sound
during 2002. Grant and Brown (19984) previously found Calanus to be important to the

diet of juvenile cod. This prey item was only present in their diet in October (21.5%

d November (5.8%) and was not found in either Sept

December. Calanus form large globules of wax ester that are easily digested by juvenile
fish and provide high amounts of energy (Sargent 1989). Previously, a decrease in
juvenile cod condition has been noted when larger Calanus sp. disappeared from the diet
(Grant & Brown 1999). The absence of Calanus sp. in my samples may indicate that
during 2002 food quality was not optimal.

Evjemo etal. ibed the lipid

copepods used for feeding larval fish. They examined the lipid composition as a percent

of dry mass from April to July and found Calanus (~10% in April to a high > 20% in

June and July) had , o In
Newman Sound I report lipid values for the 80-220 um zooplankton which averaged only
2.6% of dry mass while large zooplankton contained 3.5%. These levels are low
‘compared to whole net tows sampled during the height of the spring bloom in Conception
Bay, Newfoundland ~ 6% (Parrish et a. 2005) but equivalent to values of 4.2% for net
tows collected in late summer in Gilbert Bay, Labrador (Copeman & Parrish 2003);

suggesting that our reported levels are within the late summer/ fall expected range.




Both sizes of zooplankton, discussed above, had significantly higher levels of

lipid per dry weight than found in seston (p<0.001, Table 2). The major lipid classes in

both sizes (TAG, 20-27%) and i .

34-42%), while seston had significantly higher levels (p<0.001) of hydrocarbons (HC)

d ile polar lipids (AMPL) Sand8
Saturated FAs (SFA), monounsaturated FAs (MUFA) and PUFA comprised 29-31%, 19-
25%, and 44-52%, respectively of total FAs in both sizes of zooplankton. Seston had
Towerlevels of PUFA (32%) and elevated levels of SFA (39%) and MUFA (29%).
Terrestial FASs (18:3n-3+18:20-6) accounted for ~6% of total FAS in all size fractions,
High levels of 18:4n-3 were found in net tows, with large zooplankton having the most ‘
elevated proportions (5.241.4%). Levels of bacterial FAs in the two sizes of zooplankton 1
‘were ~4.7%, with seston (10-80 jm) having the highest proportions, 7.942.6% (Table 2).

“This study was designed to look at the food web of eclgrass beds in relation o
diet of setling juvenile Atlantic cod. Therefore, net tow data presented here, from late ‘
summer and fall, are probably not representative of plankton at other times of the year.
‘The typical seasonal pattern of phytoplankton abundance in cold North Adlantic
nearshore waters shows diatom lipid markers dominating in spring, followed by
terrestrial plant material, small flagellates, zooplankton, and bacterial sources becoming

more important in late summer and fall (Mayzaud et al. 1989, Parrish et al. 1995, 2000).

Seasonal changes in lipi it i ges i

physiological changes withi i al.




1989). Algal lipid composition may be influenced by a number of physical factors,

including iradiance, temperature, and nutrients (Thompson et al. 1990, 1992).

The lack of intact phytoplankton in my net tow samples indicates that the food-
web of Newman Sound during the autumn of 2002 was not dominated by large
phytoplankion cells. Rather, smaller flagellates, bacteria, and terrestrial material likely
accounted for most of the seston. Parrish et al. (1995) looked at seasonal seston

microplankton species composition in South Broad Cove, also in Newman Sound. They

150 noted high levels of mi i

par mixing event, Further, (220 um) which are

ly inefficiently caught in my 10 jm mesh net, made up a significant proportion of the

late full plankton community. However, they noted a

fall diatom bloom which |
did not observe in 2002.

Lipid cl d FAs in seston imilar to “fluff” material than

in agreement with mi High levels of terrestrial FAs
(18:20-6+18:3n-3) were found in all sizes of plankton (5.5 to 6.1%, Table 2). Previously,
Budge et al. (2001) used a level of >2% in marine samples to indicate significant
terrestrial input. My levels are much higher, indicating Newman Sound has a high level

of terrestrial carbon in the water column. Copeman & Parrish (2003) previously reported

similarly high levels of terrestrial markers (~6%) in the fall in a shallow sheltered Bay

th si ial input (Gilbert Bay, Souther Labrador).

Bacterial markers in Newman Sound seston were clevated averaging 7.9% of

identified FAs (Table 2). These levels were similar to those found in other shallow




sheltered embayments such as Gilbert Bay (~5%, Copeman & Parrish 2003) and Notre.
Dame Bay (~5.5%, Budge etal. 2001). Values of bacterial FA markers for net tows
taken at the same latitudes but in deep fjord-like systems, such as Trinity Bay (2%,
Budge & Parrish 1998) and Conception Bay (2-4%, Parrish et al. 2005) Newfoundland

were much lower. Elevated organi i i ide a substrate for

bacterial production. Likely sources of sedimentary carboy

lude scagrass detritus
(Holmer & Nielsen 1997), root organic contributions (Moriarty et al 1986), and benthic
microalgae (Boschker et al. 2000). In Newman Sound, eclgrass sites were very shallow

(<10 m) and high levels of re-suspension ial from sediments likel

contributed to elevated levels of bacteria observed in net tow samples (Table 2)

Principal ts analysis (PCA) allows the i I ber

of correlated FA variables into a few vhich explain most of the

original variance among the samples (Manly 1986). PCA of eleven FA and lpid class

iables allowed us to view the i ition of net tows in terms of seasonal trends

and size differences (Figures 3a & 3b). PCI explained 38% of the variance and

tho liid load A Al PR

axis with high levels of PUFA, organic matter, 22:6n-3 and PL positively loaded (Figure

3a). Lipid classes typical of degradation (Parrish 1998) and bacterial FAs loaded

negatively (Figure 3a). tows showed »

with fresh material while seston was negatively loaded (Figure 3b).

PC2 explained 26% of the vari 1 axis showing lipid

ipids such as 22:6n-3 positively loaded while those



associated with terrestrial sources (18:20-6 and 18:3n-3) were negatively loaded (Figure

3a). PL and TAG are not diagnostic for marine or terrestrial sources, however, in this
study itis clear that PL was associated with marine derived lipids while TAG was
associated with terrestially derived lipids. The distribution of the sample scores along
PC2 shows a definite seasonal trend with samples taken in August and September
positively located and those from the later in the full negatively loaded (Figure 3b),

TAG and PL ith PUFA and were elevated lank wred to

seston. TAG are important for  during the spring bl
high levels of TAG sink through the water column (Parrish 2000). PL are essential

branes and mari high levels of

PUFA. Previously, this lipid class has been used to indicate freshly biosynthesized
carbon (Derieux et al. 1998). HC and alcohols (ALC) occur at elevated levels in
sediments compared to phytoplankton (Copeman & Parrish 2003, Parrish 1998)

Higher proportions of 18:4n-3 were found in large zooplankton (>200 pm)
compared to seston (Table 2). The origin of this FA has previously been a source of
some debate (Ramos et al. 2003), however, formerly it has been linked to bacterial
(Murphy & Abrajano 1994) and dinoflagellate sources (Dalsgaard et al. 2003). Further,

this FA is likely an i i in the chain el nd ion pathway

that copepods such as the harpacticoid, isbe holothuriae, use to form 22:6n-3 and 20:5n-

3 from 18:3n-3 (Norsker & Stottrup 1994). The position of

:4n-3 close to terrestrial

markers in PCA analysis and away from other bacterial markers is evident in Figure 3a.

indicates that elevated 18:4n-

‘copepods is associated with chain elongation of




terrestrial material within zooplankton and not due to an increase in bacterial or

dinoflagellate sources. Compound specifi isotope data, presented below, supports the

origin of significant amounts of 18:4n-3 as being from a terrestrial carbon source.

Primary Producers

The lipid it i

! iph; shown in Table 2. jor lipid classes in eclgrass blades

were PL (329%) and AMPL (34%), while the major FAs were 16:0 (22%), 18:20-6 (13%)

and 18:30-3(27%). Levels of these FAs agree with previous studies on FA signature of

celgrass al. 2001). Epiphytic algae had increased

proportions of 16:1n-7 (diatom marker) and high levels of bacterial markers (8.3

by elevated levels of

sources of primary production (Table 2).
High levels of 18:2n-6 and 18:3n-3 in eelgrass makes the use of these FAs as a

terrestrial marker in eelgrass habitat problematic. However, different values of §"°C in

eclgrass and terrestrial 1o rule out any sign P into the

cod (see below). Further, other studies have used FAs and 5"°C to

diet of juver
validate the terrestrial marker, 18:2n-6+18:3n-3, in both shallow (Budge et al. 2001) and

ford-ll :2003). Additionall I rainfall data collected by

Environment Canada in Newman Sound, showed much higher levels of rainfall in

November (130 mm monthly) than compared to earlier in August (23 mm monthly).




Increased rainfall would contribute to elevated levels of terrestrial carbon in run-off to
surrounding eelgrass habitat.
Epibenthos

the late summer and fall, mysids (M)

s (Gammarus sp.) had similar lipid class and FA profiles (Table 3). TAG

(~34%) and PL. jor lipi : he
high level of free FAs (20%). The major SFA in amphipods and mysids was 16:0
(=17%), while 16:1n-7 (~6%) and 18:1n-9 (~12%) were the most abundant MUFA, and

20:5n-3 (~18%) and 22:6n-3 (14%) the major PUFA. The 22:60-3/20:5n-3 ratio was.

lower in mysids and amphipods (0.8:1) than in zooplankton (1.4:1) while higher
proportions of 20:4n-6 (4.29%) were found in both types of epibenthic prey compared to
that in zooplankton (2%).

Figure 4 hange in a mari terrestrial

(18:30-3 & 18:20-6) PUFA for epibenthic prey and zooplankton. Significantly higher
levels of 22:6n-3 and lower levels of terrestrial markers occurred in August. Conversely,
Tower levels of 22:6-3 and elevated levels of terrestral markers were observed in

November. The only non-significant trend in these FA was the change in

2076 from
August to November in epibenthic prey.

Using twelve

d class and FA variables I was able to explain 54% of the
variation in zooplankton and epibenthic prey collected from August to November in
Newman Sound (Fig. 5) in the first two PCA axes. The lipid coeflicient distribution

showed FAs associated with marine sources were loaded positively on PC1 (32% of the

67



variance, Fig. Sa) while th ted with terrestrial material loaded.

PC2 explained 22% of the variation and FAs associated with the benthos, including

benthic di 16:1n-7) and

3 ively posi
Conversely, FAs and lipid classes associated with water column terrestrial (18:2-6 &
18:3n-3, HC and AMPL) and marine sources (DHA and PL) were positively loaded.

‘The scores for epibenthic prey and zooplankion show both seasonal trends and
trophic differences. Prey items were divided into those collected in August and
September and those collected in October and November. On PC1 zooplankton and
‘mysids collected in summer were positively located, indicating a significant marine input
to their diet. Zooplankton collected later in October and November shifted to the negative
side of PC1, indicating enrichment in terrestrial material later in the season. However,

plankion ion along this axis indicati shiftin

carbon to mysids and amphipod:

‘Along the pelagic to benthic axis (PC2, Fig. 5b) zooplankion were located
positively, indicating they had dietary input from pelagic terrestrial and marine sources

and not fr benthic diatoms. Oppositel s had a negat

PC2 which indicat i that

the major dietary carbon sources were benthic diatoms and macroalgae. Amphipods

showed i ion along PC2, and this may ion of a

‘mixture of organic material.



Juvenile Cod

Grant and Brown (1998a) compared the diet of age-0 and age-1 cod foraging over

eelgrass in Trinity Bay ‘They found that into eelgrass,
juvenile cod developed a diel feeding strategy. During the day they actively forage on

pelagic prey over night they reduce feed;

cover. Benthi ic prey were of minor importance to the diet of age-0 cod.

Conversely, mysids and amphipods were found to be the major prey item for age-1

juvenile cod foraging at night over celgrass. Thus, an ontogenetic shift in diet and lipid

‘markers is expected after settlement, with benthic food sources increasing in importance.

Table 4 i FA itions of juvenile Alantic cod
during the four periods. Detailed analysis of lipid classes in relation to juvenile cod
condition and timing of setlement are found in Chapter 2 (Copeman et al. 2008).

Significant differences between pelagic and setled juvenle fish during both October and

November were found with setled fish having lower rlative amounts of ipids (mg
‘wet weight) in November and lower proportions of phospholipids and STs in both
‘October and November. The FA composition of settled fish in both months showed a
significantly greater input of terrestrial FAs in settlers compared to pelagic juveniles
(Table 4). When pelagic juveniles were compared across four months, fish collected in
‘August showed significantly lower levls of terestrial FAs than pelagic fish collected
later in the season (Table 4).

PCA of specific FAs and lipid classes in both settled and pelagic juvenile cod

from August until November is given in Figure 6. PC1 explained 51% of the variance and




Toading coeffi FAs found in cod

phospholipids are positively loaded on PC1 while terrestrial FAS that are normally stored

in neutral lipi vely loaded. When the the
August pelagic juveniles are located positively on PC1 with pelagic juveniles from later
in the season moving to the negative side of the axis. Most negatively loaded onto this

" f

axis are the settled juveniles fi
terestrial FAs and the lowest level of ipid as a proportion of wet weight. This confirms
that fish mimic both pelagic and benthic prey items with increased terrestrial makers in
November compared to August. Higher levels of C1s PUFA in both zooplankton and
epibenthic prey likely also decreased food quality for fish in November.

Lipid cl d FAs from juvenile cod are sh function of month and

settlement status (Table 4). Total lipids were 1.3-2.1% of wet weight, while previous
reports on Newfoundland adult cod lipid composition showed that the flesh had 0.6%
lipids while the liver contained 24% (Copeman & Parrish 2003). Settlement has
previously been defined as 60 mm in standard length based on behavioral and
pigmentation characteristics (Methvan & Bajvik 1994, Laurel et al. 2003a) and more
recently based on biochemical characteristics (Chapter 2, Copeman et al. 2008). Table 4
shows that pelagic juvenile cod had low levels of total lipid and high proportions of PL
relative to TAG, indicating few lipid reserves were present in the liver during settlement
in the nearshore. Further, Copeman et l. (2008, Chapter 2) found a significant break

point in the regression of lipid class parameters with standard length that occurred at the

time of settlement. Cod also i uilization of PL and d relati




amounts of lpid in the flesh at ~60 mm standard length. Continued growth, with reduced

energy st i factor driving lipid
utilization during settlement. This theory is supported by high predation rates measured
over eelgrass habitat in Newman Sound (Linehan et al. 2001; Laurel et al. 2003a).

A comparison of lipid class composition between settled and pelagic fish in

November showed unexpectedly that settled fish had significantly lower relative

total lipid and ions of PL per i pelagic fish

(Table 4). Most studies on juvenile fish have been based in freshwater or estuarine

systems and have shown a significant inlipid prior to th winter
(Griffths & Kirkwood 1995, Hurst & Conover 2003). Lipid class utilization at
Settlement in juvenile cod has been shown to be driven in large part by utilization of PL
(Copeman et a. 2008, Chapter 2). This pattern i also unexpected given the classic adult

cod scenario of utilizing TAG in the liver first followed by protein in the muscle (Black

& Love 1986, Hemre et al. 1993). However, PL utilization does occur in lipid-limiting

early (Tocher etal. 1985), indicating
juvenile fish may be more similar o larval stages i terms of lipid metabolism.

‘The main SFA, MUFA, and PUFA in the whole bodies of cod were 16:0, 18:1n-9,
‘and 20:5n-3 +22:6n-3, respectively (Table 4). Levels of these FAS are in agreement with

‘amounts previously found in whole animal analysis of cod (Kirsech etal. 1998). Like

fish can carry out de novo id MUFA with chain

lengths up to Cis, however, synthesis of longer chain C + Cz» PUFA is inadequate to




‘meet physiological demand (Henderson & Sargent 1985, Sargent 1989). ~ Therefore,

high levels of long chain PUFA are required pre-formed in the diet.

22:6n-3 are found i PL of
etal. 1992, Sargent 1999). Earlier work in fish nutrition has shown that inclusion of high
levels of Cis PUFA negatively affect growth and survival. The mechanism of this effect
i via competition between 18:3n-3 with longer chain 22:6n-3 and 20:5n-3 for

PL backbones. Gi ity of

cod for 22:6n-3, a dietary 22:¢ io of 2:1 has been

recommended for marine fish (Sargent et al. 1999, 1995). This ratio was higher in
zooplankton than epibenthic prey but decreased in all potential prey from August to
November, further indicating a decrease in food quality.
Compound Specific Isotope Analysis

Figure 7a shows the stable carbon isotope values for specific FAS found in

L p i samples of epibenthic algac

from eelgr 10 be analysed using thi 3 pr
producers, an early August sample and a November sample were analysed. Early values

‘were more enriched in '*C compared to later values. When the "°C weighted mean was.

calculated for all identified FAS, the following ranges were found: celgrass (carl

13.50%, late: -14.6%), <20.7%, late: -22. y: -

23.1%, late: -24.7%). Values for §"°C in the smallest net tow fraction were in.

‘agreement with literature values for plankton sampled in late October in Notre Dame Bay




in Newfoundland (Budge et al. 2001). 18:3n-3 and 18:2n-6 had lower 3°C values in
seston and zooplankton (Fig. 7).

‘The stable carbon isotope values for specific FAs found in fish (n=6),

3 ) and literature values for marine
plankton and aterrestril plant are given in Figure 7b (Budge et al. 2001). Mysids and
amphipods had more 5'°C enriched values than zooplankton and fish. While equisetum,
a terrestrial plant, showed the most depleted values for the terrestrial markers (18:20-2 &
18:30-3). Similar values for 8C in 18:4n-3 and 18:3n-3 found in copepods in Figure 7b,
further support the assertion they have similar origins,

August samples of zooplankton and fish were more enriched in 8"°C compared to
later values. When the isotopic weighted average was calculated for consumers the
following ranges were found: mysid (early: -22.8%o. late: 21.9%), amphipod (carly: -
22.9%0, late: -22.2%), zooplankton (early: -26.4%s, late: -26.8%), and fish (carly: -
25.9%, late: -27.4%).

Much higher values of °C in both 18:2n-6 and 18:3n-3 from eelgrass (-14%,
Fig. 7a) compared to plankton, epibenthic prey, and fish (-22 to -29%o, Fig. 7b) indicate
that there s very litle contribution from eelgrass 1o these two FAs which are clevated
throughout the food web during the fall. The most likely sources of large amounts of
depleted 18:20-6 and 18:3n-3 are from Cs terresrial plants (-28%o, bulk carbon) or certain
freshwater algae. Levels of 8'°C in freshwater algae vary considerably from -20% t0 -

45% in bulk carbon depending on their source of dissolved CO; (Fry 2006).



Recently, Boschker et al. (2005) examined the phospholipid-derived FAs in the

lank linity gradient in a
with salinity (1-32 ppt), but at salinities similar to ours (31 ppt) they found levels of 3'°C
i their green algac marker (18:3n-3) t0 be -26%. I report values of 18:3n-3 in the fall as
depleted as -29%. Further, Boschker et al. (2005) reported very low concentrations of

freshwater algae derived FAS (18:3n-3, 18:20-6, 18:4n-3) at salinities > 5 compared to

<5 ppt. Also, my identificati showed no fresh

with my i inated by fecal pellets and
detitus. Therefore, freshwater algae are not a likely source of the depleted FAs (18:3n-3,
18:20-6, 18:4n-3) that | observed in increasing proportions during fal.

In this study, the most lkely source of elevated levels of depleted 18:3n-3 and
18:206 s terrstrial Cs plants. Budge and Parrish (1998) analysed a number of terrestrial
sources of carbon surrounding Trinity Bay, Newfoundland for the sum of the proportions
of 18:206 and 18:3n-3. They found high levels in Equiseteum (~50%) Carex (~30%)

‘and Pine pollen (~16%). Further, parallel samples taken in Newman Sound during 2002,

give bulk carbon isotope levels of -30.4% in spr nd -
28.6% in alder (Alnus incana) ison e al i ‘When [ adjust
these values with the consideration that I i donal fractionation
f approximately 3 to 5% relat biomass, this i

these two terrestrial plants between -31.5 and -35.5%. Contributions of terrestrial run-

off containing high ions of terrestrial FAS th would

explain the lighter value of these FAS seen throughout the food web.




1€ enriched food source ipods and

ids th d fish, OO ey
for d igh levels of 20:4n-
6and 16:In-7). The i h trends from PCA analysis of

pibenthic prey lankt ic prey were closer to a benthic food

source (Figure 5). Isotopically, fish do not resemble epibenthic prey, but rather are

very similar to zooplankton.

CONCLUSION

1 ination of lipid if in eclgrass
beds during 2002 provi i indicating increased terresrial carbo
input into the diet of j ile cod during the fall. The use of iq

clarified the utiity of 18:3n-3+18:20-2 as an indicator of terrestrial carbon and

e d terrestrial sources I urbon. I found no

evidence that eelgr ilized either by ji i p source of
carbon. Decreased food quality and a reduction in PUFA content and total lipids in
cod flesh durin the fll indicte the unctional significance o clgras isnot
increased nutrition but potentially refuge. Given the indicated input of terrestrial

carbon i juvenile cod at sett terrestrial buffer indi

eclgrass habitat should also be considered in the evaluation of essential fish habitat

for this speces.
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Table 1: \pling locati date Ne ound, 2002
Date Location # | #Epibenthic | # Cod Samples
Plankton | prey samples
tows
28/08/02 Dockside 3 6 7
10 Mistaken Cove 3 2 5
20/08/02
10/09/02 Dockside 3 4 8
o [MisakenCove | 3 g 5
120902
03/10002 | Dockside 3 [3 10
o ["MistakenCove | 3 3 10
04/10/02
27710002 | Dockside 3 § 2
to Mistaken Cove 3 6 13
08/11/02 South Broad 3 4 2
Cove
Minchin's Cove | 3 ) )
Heffern's Cove F | 3 3
Mt Stanford 3 ] 1




Table

beds in

@=2530 o et tows, =1
S ain, 150, 170, 13

5:0,

Newias Soms

from August to

D Ly cases 4% st et i ) FAs (01.5%) it tovs
ollected over Zostera marina

for primary producers, mean + SD, Bacterial FAS were: Y15:0,
:1).

w fedium Seston | Epiphytes | Eelgrass | Macroalgae
Zoophakion. | Zooplankion | (10-80 um)
(220 ym), | (220-80 pm)
Tol lipid (mgg” | 345127 | 257941295 | 1412128
weight)
Total lipid (g7 | 1734116 10584 | 2952274
ganic weight)
of total lipid
[Hydrocarbons 1655168 | 3384231 48208
erylWax Esters | 8.39£7.97 | 3.69:4.68 13120.5°
19.90511.59 | 269851637 342,53
ree FAS 11542432 | 11 44554
6332213 | 7254 95521
cetone Mobile | 6.5942.75 213546 1202361
olar Lipids
Phospholipids 21951148 335451156 322:4.40
(%)
40515 20508 | 1
218228 | 6

22:6n-
IPUFA

DHA:EPA

Bacterial




Table 3: Major liid classes (>4% in at least one group) and FAs (>2%) in mysids and

(@002)
Newman Sound (mean  SD).
Mysids (n=26) ‘Amphipods (n=32)
Total ) 12:07 03203
Lipidcl
i 3535184 3373145
Free FAs 6 195470
Sterols .1 77330
i 7 19520
“Acetone Mobile Polar 3 54519
Lipids
ipi 384176 2784121
% FAs
150 325107 18506
16:0 173516 149613
ISFA 255417 214820
: 85428 3201
81507 16:8:4.5
3.0:02 27504
243327 284554
1850 a2
1.550. 2004
3151 21510
4151 4225
17.551. 18233
14.453. 137531
30352 502449
DHAEPA 08502 08501
Bacteria 44509 38506




in Newman Sound

August
August | Sept ‘October November
Pelagic | Pelagic | Pelagic | Setled | Pelagic Settled
@12) | @) | @13) | @7 | @4 (©=23)
202647 | 195247 | 17.1264 | 16062 | 1805307 | 12.565.1°
352597 | 190577 | 197278" | 364299 | 19541007 | 404:88"
TAG 2095117 | 21,6550 | 19.6488 | 25.1£5.6 | 18.8£10.6" | 35.7411.0"
FFA 135532 | 99530 653 10339
ST 96524 | 100513 77416
AMPL 5218 | 57516 8233
PL 471579 | 498546 31550.9"
Major FAs
(% total)
140 21505 | 24504 19506
160 16.1516% | 175508 148534
180 48:06° | a. 40506

9504

0.
(ANOVA p<0.05)




FIGURE CAPTIONS:

Figure 1: Sample Collection sites in Newman Sound, Bonivista Bay (MC = Minchin’s
Cove, DS = Dockside, HC = Heffer’s Cove, MI = Mistaken Cove, and SB = South
Broad Cove).

Figure 2: Major twosi plankion
collected during the late summer and fall of 2002 (n=2).

lysis of lipid class and FA i plankton
Aows collected in Newman Sound during summer and fall 2002. (a) Lipid lnndmg
PC1 and PC2 (b) for PCI and PC2.
Sotons Mo bl Lipkds (AMPL), Alcols o, uymmm (HC), % Organic
‘matter (ORG), Polyunsaturated to Saturated F

Figure 4: I changes in PUFA. ibenthic and two sizes of
zooplankton during the late summer and fall of 2002,

Figure 5: Principal epibenthic prey and zooplank labl
from Augist 1o Noverbe (2002 in Newnan Sound. (o Lpid oading coefiients for
PCI and PC2 (b) Scores of summer and fall zooplankton (ZP), mysids (M) and
amphipods (A) for PC1 and PC2.

Figure 6: Principal i d F: juvenile cod
cohcid n Newnan Sound duing s and fll 2002 (1 Lipi loading coeficicts
for PC1 and PC2 (b) Scores for pelagic and settled fish for PC1 and PC2. Wax esters &
steryl esters (WE/SE).

Figure 7: C fic FA @) primary d (b)
scondary consues n ) during 2002. Li

forall F *Li data for net tow and
b plants LEGuuelum) are from Budge £t @001y
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Chapter 4: B
Pacifc Cod (Gadus macrocephal) Larv
* Aversi i d for the journal
Marine Ecology Progress Series (Copeman & Laurel 2010).

ABSTRACT:
a the North Pacific are altering the lipid/fatty acid
(F: i to resident fish
larvae are Inthe laboratory, I reared G larvae

‘over a 4-wk period on prey enriched with varying levels of two essential FAs,

id (EPA, 20:503) to
determine hovw this species might respond to such changes n prey quality. Ratios of

DHA:EPA iation observed the

North Pacific. I tested two hypotheses: 1) whether energetically similar diets comprised
of varying levels of EPA and DHA impact growth and survival in Pacific cod larvae, and
2) whether the highest levels of DHA:EPA (2:1) are optimal for Pacific cod larvae, as it
has been shown for Atlantic species. Results indicated that Pacific cod larvae grew
fastest with diets containing high levels of n-3 PUFA (>22%). Diets with the same total
lipid content but different ratios of DHA:EPA (<0.1:1 to 2:1) also mediated growth and
lipid composition of the larvae. Interestingly, unlike Atlantic cod, Pacific cod larvae did
not show as high a requirement for DHA relative to EPA but rather achieved largest size-
at-age with intermediate DHA:EPA ratios ranging from of 0.8:1 to 1.1:1. This range

‘most closely levels of DHA:EPA reported the North

Pacifi i years wi der-abund DHA-rich




dinoflagellates or EPA-rich diatoms may be detrimental to survival and growth of Pacific

cod larvae in the field,

INTRODUCTION:
Prey quality is an important but poorly understood factor regulating growth and
survival in larval fish (Cushing 1990, Munk 1997, Beaugrand et al. 2003). Changing

climate and emerging concerns of ocean acidification have the potential to impact fish

igh le changes i i ties. Changes in dietary

quality for larval fish can ifested both and

zooplankton populations or through compositional change in specific nutritional

‘components (.. essential FAs) within a given zooplankion prey speces. In the North

g ition changes dramatically between warm and cold

years (Batten & Welsh 2004), with cold-years typified by large boreal copepods and

warm by high of small, i 2007).
Further, biochemical changes in a major North Pacific copepod species, Neocalanus

plumehrus, have h d

have resulted in shifts in zooplankton FA composition (El-Sabaawi et al. 2009a).

However, while quali in the the

hypothesized to impact growth and survival of marine fish larvae, they have rarely been
examined explicitly. This is largely due to the difficulty in determining a priori which
qualitative components of prey are limiting (¢.g., prey size, energy, proximate
composition, etc.) and the difficulty in manipulating those conditions experimentally for

marine fish larvae (Rainuzzo et al. 1997).




Fi lture studies, ipids and 10 be a limiting factor in

determining prey quality for cold-water marine fish, as they play a vital role both as a

source of energy and 1 e

al. 1989; Arts et al. 2001). In particular, polyunsaturated FAs (PUFAS) have been shown
o be a critical component of larval fish nutrition and have been found to affect growth,
survival, metamorphosis and pigmentation in many species (Wantanabe 1993, Sargent et
al. 1999, Copeman et al. 2002).

Two PUFAs, id (DHA, 22:6n-3) and ci

(EPA, 20:5-3) are abundant in organisms found in cold-water marine ecosystems, but
are considered essential FAs (EFAS) to marine fish as they cannot be synthesized in
adequate amounts from shorter chain precursors. Marine larvae must therefore rely on
dietary input of DHA and EPA stemming from primary production (Sargent 1995, Arts et
al. 2001, Budge et al. 2001, Copeman & Parrish 2003). Levels of EPA in plankion have
been correlated with diatom production whereas DHA is found at higher proportions in
dinoflagellates (Dunstan et al. 1993, Parrish et al. 2000, Stevens et al. 2004). Although
these FAS have both been found to be essential to marine fish larvae, many species have

shown a higher level ificity for DHA than EPA (C etal. 2002,

Rodriguez et al. 1997). Given that DHA s naturally found at high levels in neural tissue,
itis thought to play a specialized role in neural membrane structure and function (Bell
and Dick, 1991). Therefore, higher dietary EPA in comparison to DHA is postulated to

have a negative impact on larval neural function and, consequently, impact growth and

survival (Bell etal 195, Rodriguez et al 1997).




Together with arachidonic acid (20:4 n-6, AA), EPA is also found to be an

of biologically active localized

prostaglandins (Sargent et al. 1999). Localized hormones have been indicated to be

important in a wide range i ioni
regulation and pigmentation development (Sargent 1995). EPA and A are both
substrates for the formation of cicosanoids, with AA being the preferred substrate and

producing eicosanoids of higher biological activity (Bell et al. 1994). EPA produces

activity and the efficiency of AA.
‘Therefore, it is often important to consider the ratio of DHAEPA:AA as has been

larval i ic speci etal.

2002, Garcia et al. 20083).
Generally, a DHAEPA ratio of 2:1 in larval fish diets is cited as being optimal

for growth and survi 1995), largely ition of Atlantic

species. However, Saito & Kotani (2000) found FA profiles of wax esters from four
species of North Pacific copepods had low DHA:EPA ratios, 0.2:1 to 0.4:1. A more

recent study from the North Pacific also indicated that DHA:EPA ratios were lower than

the Atlantic, but vari i EPA-rich

diatoms and DHA-rich dinoflagellates (0.3:1 to 1.1:1, El-Sabaawi et al. 2009%).
Interestingly, Laurel et al. (2010) found levels of DHA:EPA in Pacific cod eggs were
1.4:1, lower than the 2:1 reported in their Adlantic congeners. The degree to which lower

DHA:EPA ratios impact Paci in, largely because the

J larval fish nutrition is based




(Sargent etal. 1999) with little comparison to wild zooplankton assemblages (St. John et

al. 2001).
Here I designed a laboratory experiment to examine how changes in DHA and

EPA affected the growth and survival in the larvae of a cold-water Pacific marine fish

species, Pacific cod (Gadus macrocephalus). Pacific cod were chosen because 1) they
are highly abundant and play an important functional role in predator-prey dynamics in
the North Pacific (Hunt et al. 2002) and 2) they make an interesting comparison with
their well-studied Atlantic congener, Gadus morhua. 1tested two hypotheses: 1) whether
energetically similar diets comprised of varying levels of EPA and DHA impacted size-
at-age and survival in Pacific cod larvae, and 2) whether the highest levels of DHAEPA
(g, 2:1) are optimal for marine fish larvae in the Pacific as it has been shown for
Atlantic species. I discuss these experimental results in relation to natural variation in the

lipid/FA composition of prey in the North Pacific.

MATERIALS AND METHODS:
Experimental design:

Four rotifer enrichments were formulated with varying levels of the essential FAS
DHA and EPA and thus, variable DHAEPA ratios (Dr. Moti Harel, Advanced

BioNutrition, Columbia, MD, USA). Enriched rotifers were harvested twice daily

fed to wks. s time | measured

changes in lipid ion of the I i ing size-at-age

and survival,
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Rotifer emulsions

‘The four experimental emulsions included one control emulsion that was high
in monounsaturated FAs (MUFA, Diet 1) and three emulsions that were high in PUFA

(Diets 2, 3 & 4, Table 2). The target ratio of DHA:EPA in enriched rotifers was from <

0.1:1 in control rotifers to a high of 2:1 in diet 4. Three of the PUFA emulsions were
formulated by blending different ratios of algae oil (DHASCO-S) and a marine oil (Cod
Liver Oil). The DHA -rich algal oil was extracted from the heterotrophically grown
Schizochitrium sp. (Martek BioSci., Columbia, MD, Harel et a. 2002). The FA
composition of DHASCO-S was 27% DHA and no EPA while cod liver oil contained
approximately 20% DHA and 30% EPA (Information provided by manufacturer). The
control emulsion was prepared using only olive oil, which was low in PUFA. A mixture
0f 5% lcithin, 1% vitamin E, 1% ascorbic acid and 1% Tween-80(w/oil weight) was
added to the oils. Oil mixtures were emulsified with equal amounts of distilled water by

first homogenizing at low speed (Ultra-turrax T8, IKA Labortechnik, Staufen, Germany)

for 15 sand ing for an additional 15 s at one third of the sonication

energy 450: ic Power: Danbury, CT.).
under nitrogen at 4°C for daily use.
Rotifer culture and enrichment

Rotifers were cultured in a high-density rotifer culture system (150L) and

tained on Na is Premium il 2000, Aquatic

Ecosystems, Inc). Twice daily rotifers were harvested from the continuous high-density

were placed i Is in order to produce 4

AM and a 4 PM batches of enriched rotifers for daily larval fish fecdings. Rotifer
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enrichments were carried out in small SOL vessels at a density of 500 rotifers L. During

enrichment rotfers were gently using an air the
conical SOL vessel. Unenriched rotifer batches were enriched for 8 hr (8am to 4pm) and
16hrs (4pm to 8am) each 24 hr period by adding 0.1 of oil per 500,000 rotifers at the
beginning of each enrichment (Dhert et al. 2001, Copeman et al 2002). Emulsion oils
were blended for approximately 30 sec in 2L of distilled water and added to enrichment
eylinders. Enriched rotifers were sampled from each enrichment vessel in trplicate for

lipid imes in the AM and two tis PM during

Larvieulture
Fish for larval experiments were reared in the laboratory from eggs collected from.
spawning adults. In April 2008, 2 female and 3 male Pacific cod were caught by
‘commercial jigging gear from spawning grounds in Chiniak Bay, Kodiak Island, Alaska.
‘The gametes were mixed and placed into 4 L incubation trays at 4°C. At 24 h post-
fertilization, fertlized eggs were shipped in insulated containers filled with 4°C chilled

seawater to Alaska Fisheries Science Center (AFSC) laboratory fucilities in Newport,

Oregon. Egg: 104 L plastc flow-through trays and incubated at 4°C

until hatching, following ibed by Laurel et al. (2008).

19-22 days post-fertilization, after which larvae were transferred into 100 L cylindrical

upwelling tanks. Larval with larvac ing trays in

differential effects i i Three larval tanks
were assigned 10 each of four dietary treatments for a total of 12 larval fist-foeding

culture tanks.
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‘The light regime during larval rearing was maintained at 12:12 h light:dark, with
light provided by overhead fluorescent bulbs at a level of 6.7 pmol photonsem s at the
‘water surface. The larval feeding experiment was carried out in 12 conical upwelling 100
L fiberglass tanks with dark green interiors. Larvae were randomly sorted into tanks with

3 replicatetanks assigned to each of 4 dietary treatments. Tanks were kept at 12:12

length condi ienced by cod larvae in the Gulf
of Alaska in March-April. Water was supplied at a rate of 250 ml min" through central-
bottom intake to mini 1o the larvae. i provided by an

lation in the tanks. Differentially
‘were added to tanks twice per day at a density of 4000 prey L, from day 2 until the end
of the experiment. Prey densities of 4000 prey L™ are considered optimal, saturating

food conditions for cod larvae (Brown et al. 2003). Tanks were “greened” with

is Premium Ecosystems,

1.06*10° cells L™ Greening larval tanks with the addition of microalgae provides

larviculture benefits understood, but are related

POy ¢ E i

‘microalgae (van der Meeren et al. 2007a)

Size-at-age and surviv;

Larvae were sacrificed from experimental tanks at wks 1,2, 3 & 4 for

‘morphometric measurements. Ten larva tank™ wk" were taken from three replicate

per « ') f standard length (SL),
Tength in millimeters from the tip of the snout to the end of the notochord, and body depth

(BD), width of the larvae just posterior to the anus not including the fin fold, using an
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tem connected i Dry weight (DWT)

were made with a mi RI6OP) to the hg. Ten
larvae were pooled to give DWT estimates resulting in I measure tank” and 3 measures
treatment” k. Larvae for DWT measure were first rinsed collectively in 3%
ammonium formate solution to rid excess salt and inorganic material before being

transferred to 1.5-cm” preweighed aluminum foils and an oven set at 68°C for 48 hrs.

\ge individual DWTs lculated by known foil weight and

dividing by the number of individuals on the foil. Foils were then stored in a desiccator
and reweighed within 1 hr. Survival was determined at the end of the study by counting
all remaining larvae left in experimenta tanks.
Lipid analysis:

Totallipids and liid classes were measured on both rotifers and larval fish to
determine differences in dietary quality and their effects on larval condition. It was also

important to analyze rotifers to verify differences in EFA proportions, while other lipid

in fish include ti

The major
(TAG), sterols (ST) and phospholipids (PL). TAG is generally considered as the major
storage lpid class in larval fish while PL and ST are important components of cellular
membranes. However, recent studies have shown that PL is also important as an energy
source in eggs and larval fish as well as in low-lipid juveniles (Evans et al. 1998,
Copeman et al. 2008, Laurel etal. 2010). Relative improvements in larval condition in
other species, such as herring and Atlantic cod have been attributed to elevated total lipid,

TAG per dry weight and TAG/ST ratios (Fraser 1989, Lochman et al. 1995).




Lipid samples of larvae were collected at time zero and at the end of wk 2 and wk.

4. Not enough larvae remained in diet 1 to sample at wk 4 5o only larvae from the three

high PUFA diets were sampled for lipids at this end point. One sample of 50 pooled

larvae for a total of ples per diet at wk 2 and wk 4.

‘pooled in order to obtai i ial for lpid class and FA

analysis. Lipi i according to Parrish (1987)
1. 1957). Lipi

using thin layer chromatography with flame onisation detection (TLC/FID) with a

MARK V Laboratories, Tokyo, ibed by Parrish (1987).
Extracts were i
system ipi i isted of 20-min
.95:1:0.05 ic acid. The second separat
in79:20:1 i i ‘The last

separation consisted of 15-min developments in 100 % acetone followed by 10-min

developments in 5:4:1 chloroform:methanol:water. After each separation, the rods were.

T Inc,

Bemis, TN, USA). in millivolts

(Sigma, St. Louis, MO, USA). Lipid classes were expressed both in relative (mg g wet
‘weight) and absolute amounts (g animal ™).

Totallipid was analysed for FA composition. FA methyl esters (FAME) were
prepared by transesterification with 14% BFs in methanol at 85°C for one and a half hours
(Morrison & Smith 1964, Budge 1999). The FAMEs were analyzed on a HP 6890 GC

FID equipped with a 7683 aZB wax+ GC




US.A.). The column was 30 cm in length, with an internal diameter of 0.25 um. The
‘colum temperature began at 65°C and held this temperature for 0.5 minutes. The
temperature ramped to 195°C at a rate of 40°C min”, held for 15 minutes then ramped to
a final temperature of 220°C at a rate of 2°C min™. This final temperature was held for
325 minutes. The carrier gas was hydrogen and flowed ata rate of 2 mimin”. The
injector temperature started at 150°C and ramped to a final temperature of 250°C at a rate
0f 200°Cmin™. The detector temperature stayed constant at 260°C. Peaks were

identified usi ion from Supelco (37 component
FAME, BAME , PUFA 1, PUFA 3). Chromatograms were integrated using the HP
ChemStation Chromatograghy Software (Version B00.00).

Data analysis
d lpid profiles
differences in
lyzed usi ANOVA
“dietary treatment’, ‘wk’, and the interaction between ‘diet’ and ‘wk, (Statsti
1982). There was a significant interaction between the effect of ‘wk’ and ‘diet” on larval
I examined i ics and lipid
ion usii ANOVAS with Tukey' i Data were

‘examined for normality, homogeneity and independence to satsfy the assumption of the

ANOVA. Significance for all tests was set at a=0.05. FA percentage data were arcsine-

squar Differences in the lipid




classes and

ANOVA with Tukey’s multiple comparison tests.

! "A) was used to simplify multivariate FA and

by i ariables into a set of
‘components (Minitab, version 15; Meglen 1992). This technique was employed using
eight highly discriminatory lpid variables from firstfeeding Pacific cod larvae, and

larvac analyzed at wks 2 & 4 from all four diets. The first two principal components

(PC1, PC2) accounted for 78% i hich allowed a displ:

f the major it ithout significant loss of igi

variation. PCA lipid

lipid "Aaxis. PCA
position of the original variables along the new PCA axis (Meglen 1992). Lipid variables

were chosen iological signi at>1.5% in all samples) and the

degree of variance explained by a given lipid class or FA. A process of elimination was

used in which all lipid variables of biological significance were used and then only those

PCA analyses. A correlation

cluster ing single linkage.




>0.5, Table 1). On average, all groups had 11.3% of their DWT as lipid, 38% as

TAG) and 29" ipids (PL

lted in ith significantly
different FA profiles (Table 2, p<0.05). The three high PUFA diets (Diets 2, 3, 4) id not
vary significantly in their levels of total ESFA (24%), total EMUFA (33%), or total

SPUFA (42%). In contrast, th 1 diet (diet 1),

SSFA (22%), higher EMUFA (51%), and lower TPUFA (27%) than the other enriched
rotifer treatments. Elevated levels of 18:10-9 in diet 1 reflected the use of olive oil for
enrichment while varying levels of DHA, EPA, A, and n-6 DPA were found in the three
other diets. Diet 2 had a significantly lower DHA:EPA ratio (0.8:1) than diet 4 (2:1),
‘while diet 3 had an intermediate value (1:1). Levels of total n-3 were also significantly
different, ranging from 9% in diet 1 to 27% in diet 2, while total -6 PUFA ranged from
19% in diet 4 o 14% in diet 2 (Table 2)
Growth and survival

There was a significant effect of week of sampling on all three measurements of
size-at-age (standard length, body depth and DWT F 25 F>75, p<0.001). Repeated
‘measures also indicated a significant interaction between the effect of dietary treatment

and the week of: i 4.11, p<0.003,

Figure 1a). Weekly differences in size-at-age were examined using one-way ANOVA.

with Tukey’s pairwise comparisons. At wk 4 larvae from Diet 1 were significant shorter

in standard length than larvae from all other dietary treatments. Further, body depth of
larvae in diet 1 were significantly different than all other treatments at the end of wk 4

(Fs7=8.3, p<0.011, Figure b). Dry weight of larvae were also significantly affected by
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dietary treatment and examination of differences at the end of the experiment showed that

larvac in diet 1 weighed significantly less than all of the PUFA treatments. Further,

I diets 2 and 3 weighed more than larvae from diet 4 (Fs10=42.3, p<0.001, Figure
1o).

Larvae which for lipid

wete not considered in the calculation of survival. At the end of wk 4, the lowest survival
was found in Diet 1, where there were not enough larval left 1o collect lipid data at wk 4

(average survival was 0.2:0.2%). Survival in the high PUFA treatments was similar,

iet 2 having 6+3%, diet 3 showing 63%, and di

4 having 743%.

ipid class composition of larvae

Ona dry weight bass there was no significant increase in the amount of total lipid.
over the course of the entire feeding trial (F3,=0.07, p=0.933, Figure 2). Larvae had an
average of 110 ug mg” of lipid per dry weight per individual throughout all reatments
during the 3 sampling periods. There was a trend towards higher levels of lipid per dry
weight in Diet 2 compared to the other dietary treatments, but this was not significant (wk
2,F25=2.4, p=0.08). Absolute amounts of lipid per animal did increase from an average
f 15.6 % 5.1 in all dietary treatments at wk 2 to 31.9 = 10.0 g per animal at the end of
the experiment (data not shown).

The effect of dietary treatment on the proportion of TAG present in the larvae was
not significant at wks 2 or 4. However, by pooling all dictary treatments there was &
significant effect of sampling wk on the proportion of TAG in the larvae (F2,5=22.9,
P<0.001). Larvae at the beginning the experiment had significantly higher levels of TAG

than larvae at wk 2, while larvae at wk 4 had the highest levels of TAG (Figure 2b).




‘The TAG/ST rati TAG, with an initial d 10wk
2 and then an inerease to wk 4. However, at wk 4 there was a significant difference in

this ratio among dictary treatments (F

5,p=0.04). At wk 4, larvae in Diet 2 had a

significantly higher TAG/ST condition index than larvae in Diet 4 (Figure 2¢). There

of diet on ipids (PL)in the larvae at
either wk 2 or wk 4 (figure 2d).
Fatty Acid Composition of Larvae

Total FAs per dry wt (ug.mg") varied from 59 g mg” in Diet 1 at wk 2 t0 87 g

in Diet 2 at the end of the experiment. When both weeks were pooled, Diet 2 had

significantly more FAS per dry weight than Diet 4 (Fs,5=5.23, p=0.01).

After just two weeks of feeding, larvae showed significant differences in the
levels of individual FAs (Table 3). Larvae in Diet 1 had higher levels of 18:10-9 (~17%)
and lower levels of many of the longer chain PUFAS than the other three larval groups.

Survival was not measured at wk 2, however, larvae from Diet | were noted to have

igh atwk2 diets. tio in

larvae at wk 2 varied from 1.4:1 in diet 1 t0 4.3 :1 in Diet 4.

After four weeks of feeding, larvae in the three high PUFA diets showed variable
levels of individual PUFA but no significant differences (p>0.05) in the ESFA, SMUFA
or TPUFA. DHA levels reached a high of 24% in Diet 4, while EPA was highest in Diet
2(12%). The DHA:EPA ratio in the larvae was significantly higher in Diet 4 (4.2:1) than
i either Diet 2 or Diet 3 (~2:1). 22:5n-6 also varied significantly among larval groups
with the highest levels found in Diet 4 (6.5%) and significantly lower levels found in

Diets 1 and 2 (1.7% and 3.6%, respectively).




Levels of dietary FAs affected PUFA retention in larval tissue after only two.

weeks of feedi i ifers (Figure 3a). Larvae in th 1 diet had much

higher levels of all PUFA in their tissues compared to dietary levels (1.7x more EPUFA,
60x more DHA, Figure 3a) and higher levels of 18:0, while levels TMUFA and 18:1n-9

were lower in all larva than in their diets.

At4 wks, only enough ined in the PUFA enriched iets 2,

3 and 4) to perform lipid analysis. Larvae fro i ion of DHA,

22:5n-3, 22:50-6 (06DPA), 20:4n-6 (AA), and 18:0 at the rate of 1.5-2x more in their

i ifers. EPA t imately equal o that found in
nd in PUFA 18:20- the
proportions found in the diet (Figure 3b).

PCA of nine FA and lipid class variables simplified the lipid composition of

larvae in terms ly and dietary igure 4). Fig wo

1 tes larvae in etary dif . PC1 explained

4% of the variance, and shows a separation of the PUFA with high levels of DHA and
AA on the positive side of the axis and higher levels of total lipids, and EPA on the

‘the axis. inati ‘the lipid i PC2(33%,
is, with MUFA loaded
PUF: i lition (TAG/ST) on the
negative sde of the axs.

Examination of sample scores showed that larvae in Diet 4 from wks 2 and 4 were
associated with high levels of DHA, AA, and 06DPA. These larvae clustered together
tive side of the axis. On ive side of the axis, first-feeding larvae

g

n2




clustered together with the four-week old larvae from Diet 2, indicating that these larvae
had imilar lipi ion, typified by high EPA relative to DHA.
ighest

Larvae from Diet 1 had the lowest condition and low levels of PUFA, with the
levels of MUFA. They clustered separately at the top of PC2 with an outlying larva from
Diet2. Larvae from Diet 3 showed an intermediate lipid composition.

Figure 5 shows the relative proportions of the essential FAs DHA, EPA and the
ratio of DHA:EPA in differently enriched rotifers compared to that reported in wild
copepods. I calculated the average and standard error of six years of data on Neocalanus
plumchrus from the Straits of Georgia (EI-Sabaawi t al. 2009). DHA, EPA and
DHAEPA ranged from 3.9.10 8.6%, 6.6 0 17%,and 0.3 to 1.1, respectively (EI-Sabaawi
etal. 2009). Proportions of DHA in the rotifers ranged from a low of 0.2% in Diet 1 to

ahighof 11.4% in

4, while EPA was also lowest in Diet 1 (5.2%) and highest in
Diet 2 (11.1%). The ratio of DHA:EPA ranged from a low of <0.1:1 in Diet I to a high

in Diet 4. N.pl my rotifer diets indicates that Diet 2

of2:

was the most well-matched diet compared to wild copepods in terms of all three PUFA.

measures (Figure ).

DISCUSSION:
“The results of this experiment support my predictions that larvl Pacific cod do
require high levels of n-3 PUFA for normal growth and development. Further, I found

that energetically similar diets with different ratios of DHA:EPA did affect size-at-age

and lipid composition. However, Pacific cod larvae did not show a high requirement for

DHA relative to EPA but,rather, demonstrated highest growth a ratios ranging from
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1.1:1 t0 0.8:1. Diets 2 and 3 produced elevated growth and increased l

indices. After four wks of feeding, larvae from diet 2 most closely resembled the levels of
PUFA found in wild-spawned first-feeding Pacific cod larvae (Laurel etal. 2010).

Further, a DHAEPA ratio of 0.

in diet 2 rotifers resembled the ratio reported for four

species of cold-water Pacific copepods (Neocalanus plumchrus, Calanus marshallae,

Euchaeta elongate and Eucalanus bungii, El-Sabaawi et al 2009b).
Rotifers (Brachionus plicatils) are not a natural prey item for Pacific cod, but are

commonly used in both ecological and aquaculture studies on small marine fish larvae

(Puvanendran & Brown 1998, Jordaan & Brown 2003, Imsland et al. 2006). This is

largely i i ltured than wild zooplankton and can still

be enriched with lipids/FAs to resemble specific prey types. Further, rotifers do not show
significant retro-conversion of long chain PUFA into shorter chain PUFA like other live-
cultured prey e.g., Artemia (Navarro et al. 1999). Still, fish larvae often grow and survive
better on natural prey in the laboratory (e.g., Imsland et al. 2006), likely because lipid-

lack some of the amino acids, vitamins, minerals and digestibil

characteristics of wild zooplankton (Sargent 1999, Eviemo et al. 2003). Although it

would ideal to culture Pacific cod larvae on marine copeopods with variable ratios of

EFAs, iques for controlled lipid enri have not been

fully developed . 2008). For i sent the best

vehicle to experimentally examine the effects of prey quality on fish larvae.

Adantic cod o feed
on protozoans, copepod nauplii and copepodites in the wild (Takatsu et al. 2002, van der

Meeren & Naess 1993). Takatsu et al. (2002) showed that Pacific cod larvac off Japan
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‘consumed a variety of copepod nauplii and copepodites. Over a three-year study, smaller
larvae (3.6-7.0 mm TL) had higher levels of nauplii (41-83% of prey items in the gut)
‘while larger larvae (7.1-15.5 mm TL) had mostly copepodites (80.4-99.5%). Here I
‘examined just the effect of FA composition of one live-food on larval size-at-age and

condition. Although Pacific cod larvae are capable of growing on roifers up to six weeks

at simil letal. In Press), | possibility that prey
size constrained growth in these larvae during the last week of the experiment. However,
this factor would likely have been more significant in larger larvae from diets 2 and 3

than for smaller larvae in diet 1. Therefore, any potential effect of prey size constraints in

my experiment would. i dietary EFA

somewhat conservative.

Tintentionally formulated in DHA:EPA ratios

I annual variati iated with food webs based
dinoflagellates (Budge & Parrish 1998, El-Sabaawi et al. 2009a). Previous studies on

lipid nutition i largely been al I

in a number of factors such as total lipids per

dry wt, protein, lipid classes as well as multiple FAs (Park et a. 2006, Garcia et al.

2008). Controlled studies usi i et 613 heve bér

‘conducted to examine the importance of the EFAs; DHA (22:60-3), EPA (20:5n-3) and
AA (20:40-6). However, most of these studies have been based on commercially
important Adlantic species (Copeman et al. 2002, Villalta et al. 2005a, Lund etal

2007).

15




‘The functional significance of dietary DHA:EPA can be observed in terms of
competitive interactions between FAs for incorporation into phospholipids; specifically,

ify FAs onto based backbone

(Sargent et al. 1999). The functional significance of the ratio of DHAEPA has now been

investigated in both pri al. 2005, i etal. 20099) and
fish rgent etal. 1999, 1 2000) as well level

(Litzow et al. 2006). Specifically, ths ratio has been well studied in relation o the

y requi ‘many marine fish for aquacul
development. Nutritional requirements for DHA and EPA have been found to be both

species- and developmentally-specific (Villalta et al. 2005b, Copeman 2001) and

Tife-history stages.
Fr ati i i life
between Pacific and that Pacific cod larvae may
in prey quality in the field. Although ighly fecund, and

likely susceptible to high variation in survival during the first few wks of life (May 1967,

McCain 2003), Pacific i-adhesive and are released i
2002) Atlantic cod

eggs which. i released in

inthe spri jesbu 2006). i

Pacific cod (. singl i (i, reduced

dispersal potential of eggs), have been hypothesized to make Pacific cod more vulnerable:

t0 changes in their prey field than Atlantic cod (Laurel et al. 2008).
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Pacific cod also differ from Atlantic cod in their ability to synthesize and convert

ids and Pacific f
lipid bl - 1o hatch, and
DHA as yolk-sac larvae (Laurel et al. 2010)

of DHA by Pacific cod may reflect a unique ability to produce DHA from shorter chain
precursors, however, the mechanism for this synthesis needs further investigation. Levels
of DHA:EPA in wild Atlantic cod eggs have been reported to be 2:1 (Finn et al. 1995)
while levels in pre-feeding larvae have been found to be 1.8:1 (Garcia et al. 2008a) and
2.6:1 (Finn etal. 1995). Levels of DHA:EPA in wild Pacific cod have been analyzed

from 2006 and 2008 and have shown slightly lower DHA:EPA ratios in both eggs and

newly hatched larvae, 1.5:1 and 1.8:1 respectively (Laurel et al. 2010). Therefore, some

of the di in the natural history of coupled with lower

levels of DHA:EPA in wild icate a
DHA and a higher requirement for EPA in Pacific cod than in their Atlantic congener.

He i i cggor

larval requirements.

EPA isanis FA both for inclusion i d for the pr

f biologic

wide variety of physi les in fish that can range from fonic

regulation to stress responses (Sargent 1995, Logue et al. 2000). AA (20:4n-6)is also

used in the pr of these localized

and leukotrienes. In fish, A is the pr substrate for the formation

of eicosanoids and has been higher

n7




than EPA (Bell et al. 1994). Previously, fatfish fed high levels of AA relative to EPA

have been found to develop high 1. 1999,

Copeman et al. 2002). Elevated levels of A relative to EPA maybe stressful to fish in
culture conditions. AA is always found in low levels in wild zooplankton and Pacific cod
embryos (<2.5%, Laurel et al. 2010, El-Sabaawi personal communication, Budge &
Parrish 1998). 1 had a range of EPA:AA ratios in larval diets with Diet 4 showing the
lowest levels of 3:1 while Diet 2 showed the highest levels at 6.9:1. van der Meeren et al.
(2007b) measured levels of EPA:AA in a number of copepods and found that the levels
Of EPA:AA were never less than 7.5:1 and could be as high as 49.5:1 due to very low
levels of AA in the wild. The importance of this FA has led fish nutrtionists to discuss
optimum ratios in terms of a three partindex of DHAEPA:AA. Previously this has been
hypothesized to be 10:1:1 (Park et al 2006) and 11:1.5:1 (Garcia et al. 2008a) in Atlantic
cod. Based on the higher weight and lipid condition indices for larvae in Diet 2, 1 would
suggesta preliminary dietary ratio of DHA:EPA:AA of 5:7:1 for first-feeding Pacific
cod.

Rotifers enriched with all four experimental emulsions had the same total lipids

‘per dry weight and the same proportions of different lipid classes. This ensured that the

proximate ition of the rotifers did not differ dietary treatments. 1

enriched the rotifers only once every 12hrs. However, for maximal lipid retention and

growth potential deally be added to

‘more repeatedly e.g., every 4 hrs. This is likely why the levels of total lipid per dry wtin

these data were ~11% while Copeman et al. (2002) reported levels of ~16% using similar

xperimental emulsions. For my purposes, 12 hrs provided the




variation in DHA:EPA ratios that I required to mimic natural variation reported in

lankton of the North Pacific, despite p ions in growth and survival
potential.

Temperature and food availabiliy are often emphasized as the most limiting
factors regulating the vital rates of fish larvae (Buckley et al. 2004). However, this
experiment indicates that prey quality can explain similar variance in growth and

survival. Thi ducted at 8°C, yet Pacific cod to Diet |

grew at rates similar to Pacific cod larvae reared at 3°C (2%.day” ; Laurel et al in Press).

5% day") are on the lower range of

In Diets 2 and 3, the observed growth rates (.
those reported for Pacific cod larvae reared at similar temperatures (5-12% day), but this
i likely attributable to using experimental enrichment emulsions as opposed to
commercially formulated rotifer enrichments. While Diet 1 was an extreme and unlikely

scenario for Pacific cod to face in the field, the growth variation among the 3 PUFA diets.

was ble and would likely have signi for Pacific cod
larvac in the field when faced with size-dependent predation.

Survival at the end of low in alltreatments,

6% i the three PUFA diets and only ~1% n diet 1. While natural mortaity of marine
fish larvae is extremely high in the field, mortality in larviculture laboratory experiments
an be driven by numerous uncontrolled environmental factors and tank effects.

Interestingly, survival was much lower after wk 2 than observed after wk 1, most notably
in Diet 1. Further, a reduction in the TAG/ST ratio and proportion of TAG was observed
atwk 2. This was followed by a dramatic increase in condition and lipids at wk 4. Week

2 samples therefore likely contained larvae that had not successflly started feeding or




‘were starving due to inadequate nutrition. Day 13-18 post-hatch at 8°C is the period at
‘which 100% mortality occurs in non-feeding Pacific cod larvae (Laurel et al. 2008).

Lipid cl i that larvae fed low PUFA had ficantly lower TAG/ST

ratio than larvae in al other treatments. Relative improvements in larval condition in
other species, such as herring and Atlantic cod, have been atributed to elevated total
lipid, TAG per dry weight, and TAG/ST ratios (Fraser 1989; Lochman et a., 1995).
Although levels of DHA, EPA, and AA have been well investigated for their
effects on the early survival, growth, and development in fish and marine invertebrates
(Sargent 1999, Arts 2001), more recently O6DPA (22:50-6) has received attention as an
EFA. Parrish et al. (2007) used stable isotope data and FA proportions to show that this
FA was conserved at very high levels in larval tissue. Further isotopic evidence showed
that these high levels were due to conservation of this long chain -6 PUFA rather than
increases due to chain elongation of shorter chain precursors. These results confirm that
this FA was also conserved at high levels in Pacific cod larvae, at a rate of 1.5x what was
found in the diet. Thisis similar to the level of conservation of @3DPA and lower than
the levels of 2.5x seen for DHA in all larvae at wk 4. Despite the conservation of this FA
in larval tissues, inclusion in the diet of Pacific cod did not result in increased growth or

survival. This i o reports for both larval larval scallops

(Argopecten irradians), where 06DPA has been associated with increased growth
(Garcia et al. 2008b, Milke et al 2006). However, the addition of this FA to the diet of

larval haddock did not increase growth or survival despite retention of this FA at high

levels within larval tissues (Garcia et al. 2008b). Future work is required to test the

importance of this FA to the growth and survival of marine species without simultaneous
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variation in other highly essential FAs such as DHA and EPA. It has been suggested that
this FA can be used as a Cz» PUFA substitute in larval tissues when inadequate levels of
DHA are present in the diet (Garcia et al. 2008).
CONCLUSIONS:

In the North Pacific, shifts between EPA-rich diatoms and DHA-rich

dinoflagellates have resulted in variability in the DHA:EPA ratios in zooplankton (EI-

‘Sabaawi et al. 2009) but the impacts on Pacific marine fish larvae remain poorly studied.

T have shown that Pacific cod larvae are sensitive to changes in the ratios of EFAs in their

diet and that opti Jevel i
wild. Therefore, gi ivity of marine fish itional composition
of zooplankton, further i ly

-hanges i i it 2003,
Batten 2004, Mackas et al i wtritional

quality for fish larvae. Furthermore, it will be important to determine when such prey

quality is most critical in developing fish larvae. Given the sensitvity of zooplankton to

and FA baawi et al. 20099) it is
likely that food quality will help explain a portion of variability in year class strength
observed in Pacific cod throughout the North Pacific.
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‘Table 1: Lipid cl i i iched for 8-16 h four different oil
emulsions (mean + SEM, n=4)

Diet1 Diet2 Diet3 Diet4
[Ingredients (g)
DHAsco-S 5 5 18
Cod Liver Oil 7.7 5.5 5.5
Olive Ol 5 3 0 0
Water 0 0 0 0
Total n-3 7 7 T,

Toul Lipids® | 13282428 | 13372651 | 801389 | 1072273
(pgmg’)

Lipid class
o total lpid)
6502 8204 6%10 22206
50+43 [442+35 (354258 [ 380238
Free FAs 7£ 11 015 7512 [74209
Alcohols 713 6205 7525 [37227
Sterols 705 3205 8549 (62210
‘Acetone Mobile | 6.1%0.7 TE13 62265 | 110221

Polar Lipids

385460 (277208 [20£75 [294226
*Also contained <2.5% Hydrocarbons, ethyl esters, methyl esters, ethyl ketones, methyl
ketones, alcohols, and diacylglycerols.

*All emulsions contained 5% lecithin, 1% vitamin E, 1% ascorbic acid and 1% Tween-
80(wioil weight)
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Table 2: FA for 8-16
emulsions (mean + SEM, n=4)
Diet 1 Diet2 Diet3 Dietd
L120. 3.1202° | 282027 | 23202
167£0.0° | 164204 | 169204 | 190209
30502 | 30402 | 2802 | 28202
217204 [ 235047 [ 2372 04" | 254% 12°
44205 | 64204
18,0405
28+0.1°
20202 650
330205 | 330+ 05" | 330204
102£08° | 104207 | 109£07"
14£02° | 11202% | 06201
6% 0. 1820.° | 21£02°
112 06 | 93207" | 60% 05"
11202 | 24203 | 47207
22:50-3 25202 | 380" | 3600 | 30£02%
22:6n-3DHA | 02%0.0° | 8307 | 98+05% | 11.4%08°
SPUFA 266%1.7 | 426209 | 2709 | 412514
T 91ETT | 268205 | 256205
b 169%09° | 140206 |15903
DHA/EPA <0 Li£00"
EPA/AA 7208 51205
i groups; P <0.05, Fy 3, one-

’ A 4
‘way ANOVA with Tukey’s multiple comparison test.
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FIGURE CAPTIONS:

Figure 1: P cod

types of differently enriched rotifers for the first four WKs post-hatch. Data are mean £
SEM, each symbol represents 30 individuals. Standard length, body depth and dry
weight. Different letters (**) represent significant differences among dietary groups
(ANOVA, Tukey’s multiple comparison).

Figure 2: Lipids in Pacific cod reared on four types of differently enriched rotifers for
the first four WK post-hatch. Data are +SEM of Lipid (dry weight '), TAG (%),
TAGKT and PL. * Representsasigifcant ifeence anong dmxry groups

*hepi dietary groups. (ANOVA,

Tukey's multiple cempﬂnwn)

dietary levels after
(2 WK and () 4 WK of eding on dutmmly cichod odfes, Dat o s &
SEM, n = 3. The solid bar indicates that the proportion of FAs

in the larvae equals that of those in the diet.

Figure 4: Analysis o the first two principal components of lipid data from first-feeding
larvae and larvae after two and four WKS of feeding on differentially enriched rotifers.
‘The FA and lipid class parameters used were: AA (20:4n-6), DHA (22:6n-3), n-6DPA
(22:5 n-6), EPA (20:5n-3), DHA:EPA, ZMUFA (Monounsaturated FAs), total per dry

(total FAs per dry weight pg. n '), TAG:ST (Triacylglycerols: sterols), SPUFA
T by cluste

coefficients, syml i the third principal t

Sl o e B R principal components

FigureS: Relutive proportons of DHA, EPA, ind DHACEPA n fourtype o difternty
enriched roife is the average
of six years ufzueplnn.klun oloced Ih: it f Georg, Brih Columbia Canaday
El-Sabaawi et al. 2009%.
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Chapter 5: Effect of Temperature on the Rate of Ciy PUFA Uptake in Two Juvenile
Gadids: Pacific Cod (Gadus macrocephalus) and Walleye Pollock (Theragra
chalcogramma).

*This chapter has not yet been submitted to a peer-reviewed journal.
ABSTRACT

Fatty acid biomarkers (FABMs) can be used to understand both dietary history and the
timing of habitat shifs in larval and juvenile stages of marine fish. However, the utility of
this approach is stilllimited by a lack of knowledge about how biotic and abiotic factors
determine the rate of biomarker uptake in fish tissues. An 8-wk laboratory feeding

experiment ducted in which ies of gadi at3°C or 9°C and

fed cither a diet based on marine oil (cod liver) or terestrial oil (flax sced). Non-linear
‘models were fitted to investigate how tissue type (liver & flesh) and temperature
‘mediated rates of 18:20-6 and 18:3n-3 (nearshore indicator FAS) uptake in both
species. At each temperature, uptake rates were similar for both species, indicating that

be lized related taxa. Dietary biomarkers also showed

high temporal sensitivity across temperatures, and were evident n all fish tissues after
only one wk of feeding. Cod held at 9 °C had a significantly higher rate of uptake of the

Cs polyunsaturated fatty acids (PUFAS) in their liver, but this effect diminished from wk

110wk 8, as fish faty ac . The proportion of Cys PUFAs
‘was also significantly higher in liver than in heart tissue or flesh. The differential uptake
of Cys PUFAs among tissues (¢.g., FA in liver:FA in heart) may provide temporal
‘patterns that could help disentangle timing of offshore-inshore nursery migrations in

juvenile fish.




INTRODUCTION

For over 30 years, FA have been used hai
interrelationships in both marine (Sargent 1976, Dalsgaard et al. 2003, Budge et al. 2006)
and freshwater ecosystems (Arts et al. 1999). The FABM approach is based on the

distinctive FA compositions of primary producers (Budge et al. 2006, Iverson et al 2009)

incorporated secondary suchas

zooplankton (Sargent et a. 1989, Stevens et al. 2004). However, application of the

pr increasingly difficult at higher trophic levels wh
camivory play a more significant role.

In fish, FABMs have helped to identify both dietary and habitat shifts in larval
and juvenile stages. For example, FABM linked juvenile cod (Gadus morhua) to cither a
diatom-based frontal mixing zone or to a dinoflagellate-based stratified region of the
North Sea (St. John & Lund 1996). FABMs have also been used to assess the sources of
dietary organic matter available to juvenile Atlantic cod in the nearshore. Copeman et al.

(2009, Chapter 3) demonstrated a seasonal change in diet for juvenile cod setlling into

cold-water Canada) hor
indicator FAs (£18:20-6 + 18:3n-3) in settled individuals showed increased ilization of
terrestrial organic matter. To date, most studies on juvenile fish have utilized a qualitative
approach to FABM analysis, with few quantitative examples. Dalsgaard & St. John

( itati h to FABM accumulation in

juvenile sand cel (Ammondytes tobianus), where they found that ration had no significant

effect on growth rate based models of overall uptake of two different 1°C labeled FAs.
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H ificant till ion of the

FABM approach to ecological que

ns. These gaps include how the differential rate of
FABM uptake is affected by a range of abiotic and biotic factors (temperature, ation,
tissue type, condition, species-specific effects, ontogenetic state and degree of omivory).

-6 uptake

1 conducted laboratory studies to examine the rate of 18:30-3 and 18
in the tissues of two juvenile gadids that use nearshore nursery areas in the Northeast

Pacific. Th i-pel d Pacific cod

Ge demersal) are th ially important species in

the Alaskan finfish fishery. Both species have pelagic larvae (4-30 mm) that settle (30-40

0 complesx biogenic habitat (eelgrass, kelp) in shallow, coastal areas (2-4 m;

Laurel et al. 2007). These nursery areas can be within meters of shore and are prone to

terrestrial run-off through annual late-spring freshets when juvenile gadids begin to setle.
Inthis study, T examined how and whether the uptake rate of two Cis PUFAS

changed as a function of biotic and abiotic factors. To examine the effect of species and

per the uptake of i ids, two different gel food
diets were fed to walleye pollock and Pacific cod juveniles over an 8-wk feeding trail.
Diets were identical except that one was enriched with marine oil (cod liver) whereas the
second was enriched with terrestral plant oil (flax seed). 1 tested the following

hypotheses: 1) the proportion of 18:3n-3 + 18:2n-6 in the tissues of juvenile gadids is

.2) i Cis PUFA tissues, 3)

18:3n-3 + 18:20-6 s specific to tissue type (liver, flesh, heart) and 4)

the ratios of Cyy PUFA between

ferent tissue types (i.c. FABM in liver:FABM in flesh)
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show temporal trends that could be applied to field data in order to show residency times

in the nearshore environment. Quantification of the rate of uptake of these FAs in

Iaboratory studies on ji ids s @ necessary i ication of the
FABM approach to field studies that aim to assign residency times within the nearshore.

Further, these lab rates will lay the foundation to connect juveniles of ecologically and

commercially i fish species to dif i types.

MATERIALS AND METHODS:
Fish Husbandry and Sampling

Juvenile walleye pollock were collected on June 4, 2008 with lights and lift nets
suspended from a dock in Pt. Townsend Bay, Washington, USA (48°6'N 122°48'W). Fish
were held for 24 hrs in ambient seawater prior to shipment to the National Marine
Fisheries Service laboratory in Newport, Oregon. Once at the laboratory, Pollock (20-40
mm initial length) were placed in flow-through seawater 450 L tanks at 9 °C. For the first
w0 wks, I fed fish a mixture of krill, Euphausia superba, and gel food (Table 1). After
August 21, 2008 fish were moved into 3140 L tanks and fed kil and gel food 3 X per
wk.

Pacific cod were collected in Kodiak, Alaska (USA) by beach seine on July 15,

2008. Fish were allowed 24 hrs and were then shipped overnight at |

densities in containers with an overlying saturated Oy layer. Upon arrival in Newport,

Oregon, cod were quarantined for 6-wks in 3104 L tanks. Cod (20-50 mm inital size)
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‘were maintained for over 6 wks at 9 °C on the same feeding schedule as Pollock, with 3X

per wk krill and gel food, until the beginning of the feeding trail in early October.
Dietary trials were run in twenty-four cylindrical upwelling 100 L green tanks

‘with water through-flow set at 1.5 L.min"". Due to availability, twelve juvenile pollock or

ten juvenile cod pe s prior o the start of iment, and

ys, tures in half of lowered to 3 °C

‘while the other tanks remained at 9 °C.

Lini

ted the feeding trial on October 7, 2008 where fish were hand-fed

‘marine oil il oil based diet to satiation (all feeding behavior

stopped) SX per wk. Table 2 ion of the 24 3

two two diets. Diets i of lipid

‘per wet weight and the same lipid class composition (Table 1). Gelatinized diets

previ i ition for growth in Paci ine j
(Hurst et al. In press), were modified by addition of either a marine oil (cod liver oil) or a

terrestrial oil (flax seed oil). Diets contained a combination of squid, krill pacific cod

filles, commercial food,  vitamins. Ingr

bound by the addition of a warm . Diets

‘were frozen immediately after the addition of the gelatin. Small (~1 cm wide) strands of

gel food, suitable for juvenile fish gape size, were produced by grating frozen blocks of

gel food using a ki ine dict had higher levels of the marine

PUFAS, DHA and EPA, ial dict had clevated i

PUFAS, 18:2n-6 and 18:3n-3 (Table 3).
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‘Three pollock and three cod were sampled prior to differential feeding, at the
beginning of the experiment. For lipid samples, fish were first euthanized and then
blotted dry with paper towels. Then their total length (mm) and wet weight (g) were
recorded prior to removal of tissues for lipid extractions. During tissue sampling, both

liver and flesh were sampled separately from each animal. Whole fish livers (0.02 10 0.2

o i i e (~0.25-0.35 g) was
removed from each fish and weighed. Lipid sampling was conducted in this manner on
three fish per species at the beginning of the experiment and on one fish per tank at the:
end of weeks 1,2, 4 and 8, This resulted in a total of 3 samples of liver and flesh per
treatment at each time period. Whole fresh hearts were sampled from 3 cod and 3 pollock
at time zero and from one fish per tank at the end of the 8-week experimental period. All
lipid samples were placed in chloroform and under nitrogen immediately after sampling
and were stored at -80°C for less than 4 months prior to extraction.
Lipid Analysis

Lipids were extracted in chloroform/methanol according to Parrish (1987) using a

‘modified Folch 1. 1957). Lipid classes ined using thin

layer chromatography with flame ionisation detection (TLC/FID) with a MARK VI
Tatroscan (latron Laboratories, Tokyo, Japan) as described by Parrish (1987). Extracts

1 coated C! was

used to separate lipid classes.
9895

05 i ic aci i 240-

in79:20:1 h ic acid. The




consisted of 15-mi 100% by 10-mi in

sl Data peaks were integrated using Peak Simple

software (ver. 3.67, SRI Inc) and the signal detected in millivolts was quantified using
lipid standards (Sigma, St. Louis, MO, USA). Lipid classes are expressed per wet weight
(mg g wet weight) and as proportions (% total lipid).

Total lipid was analysed for FA composition. FA methyl esters (FAME) were
prepared by transesterification with 14% BFs in methanol at 85°C for 90 min (Morrison
& Smith 1964, Budge 1999). FAMES were analyzed on an HP 6890 GC FID equipped
with a 7683 autosampler and a ZB wax+ GC column (Phenomenex, U.S.A.). The
column was 30 m in length, with an intenal diameter of 0.25 . The column
temperature began at 65°C where it was held for 0.5 minutes. Temperature was

increased to 195°C (40°C min'"), held for 15 minutes then increased again (2°C min") to

a final temperature of 220°C. The final temperature was held for 3.25 min. The carrier

‘gas was hydrogen, flowing at 2 ml'min”. The injector temperature started at 150°C and

"Cmin™) to a final 250°C. The per was.
constant at 260°C. Peaks were identified using retention times based on standards
purchased from Supelco (37 component FAME, BAME, PUFA 1, PUFA 3).

ci i ing Galaxie CI Data System (Ver.

1.9.3.2, Varian). Individual FAs are expressed s a percentage of total FAS.
In order to express FAS as g per mg wet wt conversion factors were used based
on the average FA molecular weight for each sample and its lipid class composition.

‘These calculations involve subtracting the glyeerol, phosphate, and other functional




groups from the acyl lipid class mass in order to obain the mass of FAs per lipid class,

Conversion factors for the major lipid classes used here were ~0.47 steryl/wax esters,
~0.95 triacyglycerols (TAG), 1.0 free FAs (FFA), ~0.90 diacylglycerols (DAG), ~0.37

acetone mobile polar lipids (AMPL), and ~0.72 for phospholipids (PL). These conversion

factors are in ag ious reviews on. i ion of fats in
seafoods (Ackman 1989).

Statistic:

Analysis

‘The effect of diet, wk, tissue type (flesh or liver), species, temperature and tanks

within i 15 PUFA in i using

2 General Linear Model (SYSTAT 12 for windows). Because the nested effect of tanks

within s 1 dropped it from .. When interaction
terms were significant, separate 3-way ANOVAS were performed for different tissue

types and different diets to investigate the effect of species, temperature, and wk on FA

tissues. Diffe ion of FAs in all th

tissue
types (liver, flesh and heart) at the end of the 8-wk feeding trial were investigated using a
two-way ANOVA, to look at the effect of species and tissue type on the proportion of
FA. All proportional FA data were arcsine square root transformed whereas wk data was
log transformed in order to meet the assumptions of normality. Significance was set at
@=0.05.

The rate of uptake of 18:3n-3 and 18:20-6 was fitted to a 3-parameter exponential

rise 10 & maximum model (Y= Yo+a[1-exp(-bX)] (Cober et al. 2006, Sigma Plot version

10.0).In the model, ¥, proportion of FA (%) n the i ime-0, a is the
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‘maximum proportion found in the tissue (%), b relates to the initial slope of the FA

uptake curve (%.day™), and X refers to the days of feeding.

‘The ratio between the level of 18:206 or 18:3n-3 in the liver and that in the flesh
over the 8-wk feeding trial was fitted to a dome shaped curve explained by the Gaussian
3 parameter peak model: V.‘l'np{-.i'({XrXa}lbi’ ¥, refers to the ratio of FABM in
the liver relative to the flesh at ime 1, a s the maximum proportion in the liver:flesh, X;
is the days of feeding, Xj s the days until a slope was zero or at the max peak, b is the
‘width of the peak in days.

Growth rates were calculated as the change in standard length per day (mm per
day) = (mm wk 8 —~ mm wk 0)/days), or as standard growth rate (SGR=((In(wwt wk 8)-

In(wwt wk 0))day)*100). Individual growth rates were not measured throughout the

1, wih rates from wk 0 to wk 8 were p
Differences in average growth ate between treatments were analyzed using a one-way
ANOVA with Tukey's multiple comparison tests, a=0.05,

RESULTS:
Summary Lipid Data
‘Summary tables of the major lipid classes and FAs in the tssues of cod and

pollock fed two different diets are shown for time 0 and at the end of the

twk feeding
trial (Tables 4 10 6, See Appendices for detailed lipid class and FA data). Cod and
pollock flesh contained 5 to 7 mg.g” FAs per wet weight throughout the experiment with
phospholipids (PL) as the major lipid class. PL ranged from 74 to 76% at time 0 to 84 to

86% at the end of the experiment in both species. The major saturated FAS (SFA) in both
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cod and pollock were 16:0 and 18:0, which declined during the experimental rial for

marine and terrestrial diet treatments, resulting in a ESFA at wk 8 of ~21% compared to
311039 % at time 0. The major monounsaturated FAs (MUFASs) in cod and Pollock,
18:1n-9 and 18:1n-7, varied litle throughout the experiment and remained between 23 to
27% through the 8-wk feeding trial,

Total PUFAs were ~40% at time 0 in cod and pollock, but increased in both
marine fed and terrestrial fed fish t0 a high of ~53%. However, in fish fed the marine
diet this increase was caused by a rise in 20:50-3 and 22:6n-3 (marine based PUFA),
whereas in terrestrial diet fish there were large increases in 18:20-6 and 18:30-3. Levels
of nearshore indicators (18:2n-6 +18:3n-3) rose to a high of ~8% of the total FAs in the
flesh of terrestrial diet fish at the end of wk 8.

“The summary lipid data for the livers of cod and pollock (Table 5, Detailed data
in Appendices), show 115 mg.g" of lipid per wet weight in cod livers at time 0 compared

10386 mg.g” in pollock livers. At the end of the feeding trial, liver lipid ranged from

cod fed iet to 542 mg.g”" in pollock diet.

(TAG), the major lpid class in gadid livers, ranged from a low of 0%
in cod at time 0 to a high of 83% in pollock at ime 0.
Although livers had similar major FAs to flesh, liver MUFA levels were higher

than those in flesh, with a low of 37% in cod livers at time 0 and a high of 47% in pollock

ers at wkS8. Livers contained proportionally less PUFA than the flesh with a high of

40% compared to a high of 54% in flesh (Tables 4 and 5).




PL was their major liid class in hearts, ranging from 37% in pollock at time 0 to
ahigh of 849% in pollock at the end of the feeding experiment. Proportions of FA in the
heart and flesh tissue were similar. Uptake of Cys PUFAS in the heart during the 8-wk
feeding tral reflected dietary FA proportions, in a similar uptake pattern as found in the
flesh tissue (Table 6)

Survival
Pollock survival (90-100%) was higher than cod (47-75%) throughout the 8-wk

feeding trial. In cod, the low of 47

sharply with the high of 75% in the warm-water terrestrially diet. Survival differences

between i o lower condition (total lipids in the

er)in cod at the beginning of the experiment (Table 1 & 5).
FA uptake: 18:3n-3

‘GLM analysis of the effect of week, tissue type, species, temperature, and diet on
the proportion of 18:3n-3 in juvenile gadid tissues is shown in Table 7. Tanks nested

within treatments did not have a significant effect on the level of FAs in fish tissue (Table

7),and the nested term was dropped from all subsequent analysis (tanks within treatment,
P=0.68). There were several significant 3-way interactions (i.e. Tissue* Wk*Diet,
<0.001, Table 7) with tissue type in the multi-factorial GLM. Therefore, analysis of
species, temperature and wk of sampling effects on FA proportions were separately
analyzed in smaller 3-way ANOVAS for each tissue type and each diet (Table 8, 9 & 10).

‘The proportion of 18:3n-3 in the liver of gadids fed the marine diet was not

afflected by either speci however, there. i i in




the proportion of this FA from wk 0 to wk 8, reflecting the sensitivity of flesh levels of

this FA o slight changes in diet (Table 8). The proportion of 18:3n-3 in flesh of juveniles

fed the marine diet did not dif species, temper w (Table 8)

In gadids fed ly diet, 18:30-3 increased signi in

flesh tissue from wk 0 to wk 8 (p<0.001, Table 8), but there was no significant effect of

either species or temperature on the proportion of this marker. In juveniles fed the

ial diet, there ignificant the effect of species and
temperature on the proportion of 18:3n-3 in the liver. Therefore, I ran separate 2-way
ANOVAS t0 look at the effect of temperature and wk on the proportion of 18:3n-3 in the
liver for cod and pollock. In both species, wk was significant (p<0.001), however,
temperature had a significant effect on the proportion of 18:3n-3 in cod livers (Fy16-7.32,
P=0.016) but notin pollock (F1,16=0.545, p=0.471, Figure ).
FA uptake: 18:20-6

“The liver of gadids fed the marine diet showed an effect of species on the
percentage of 18:20-6 (Table 9), with cod having higher percentages averaged over the §-
wks (2.1920.06, 1=30) than pollock (1.9+0.06, n=30). Uptake of 18:20-6 in the liver of
gadids fed the terrestrial diet showed a significant effect of species but not temperature
(Table 9). Cod consistently had higher proportions of 18:2n-6 in their livers than pollock
(Figure 2). The percentage of 18:20-6 i the flesh tissue of terrestrial fed gadids increased

significantly from wk 0 to wk 8 but did not differ between species or temperature

treatments (Table 9).




Uptake of £18:20-6+18:30-3

‘The liver of gadids fed the marine diet showed no effect of temperature on
$18:20-6 + 18:30-3 uptake but did show a significant effect of species (p<0.001) on the
‘proportion of these Cs PUFA, with lower levels in Pollock (~2.7%, n=30) averaged over
all sampling periods than cod (~3%, n=30) (Table 10). Proportions of £18:20-6 + 18:3n-
3 in the flesh tissue of marine diet gadids were significantly different from wk 0 to wk 8,
showing the sensitivity of gadid flesh tissue to even slight changes in their diet (from the
herring-based maintenance-diet to the marine-diet enriched with cod-liver oil).

Uptake of £18:20-6 + 18:3n-3 in the liver of gadids fed the terrestrial dict showed
a significant effect o species but not temperature (Table 10). Averaged over all

d consi higher i 15 PUFAS i their livers

(~11.9%) than pollock (~9.8%) (Figure 3). The percentage of £18:20-6 + 18:3n-3 in the

flesh of terrestrial fed gadids increased significantly from wk 0 to wk 8 but was not

by either species or temper (p>0.05, Table 10).
Rate of uptake
In Figures 1,2 and 3 I used a “3-parameter exponential rise to a maximum” model
to describe the relationship between the proportion of 18:3n-3, 18:20-6 and the sum of
these two FAs, respectively, in gadid tissue throughout 8-wks of feeding. This model
describes a rapid initial rate of uptake followed by a decreased rate and a saturation
‘maximum (Cober et al. 2006). Graphs were based on the 3-way ANOVAS, with data

‘pooled for variables with no significant differences. Table 11 summarizes the model
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parameters and shows that the rate of initial uptake was elevated in liver (0.1 t0 0.04%

per day) compared to flesh (0.02% per day). Uptake rates were similar for 18:3n-3
(0.02% per day) and 18:20-6 (0.02 % per day) in flesh tissue, despite very different
proportions of these FAS present in the terrestrial diet (Table 3). Pollock had lower
proportions of both 18:30-3 and 18:20-6 than cod in their tissues at time 0 (¥, ) and
‘maxima (a) were also slightly lower at the end of the 8-wk feeding period (Table 11).
Trends in £ 18:20-6 & 18:3n-3 were similar to their individual component FAS, with
higher nitial slopes in liver (0.06 t0 0.09% day™) than in flesh (0.02% day™) tissue. Cod
liver (15.3%) trended towards higher maxima than pollock liver (13.6%, Figure 3) tissue.

Proportion in the liver and flesh relative to the diet

Figure 4 i 18:30-3 in the liver:diet (Figy
flesh:diet (Figure 4b) for juveniles fed cither a marine or a terrestrial diet. Despite very
different levels of 18:3n-3 in the diet, the tissue:diet ratios were similar at the end of the
experiment for marine and terrestrially fed fish. In Figure 4a, fish fed both diets
approached a I:1 ratio of 18:3n-3 in the liver:18:3n-3 in the diet. Fish fed the cod-liver

oil enri ine di d near this 1:1 rat -w feeding trial,

ignals from et and the mai diet that all fish
received prior to the 8-wk feeding trial. In contrast, the ratio in those fish switched to the
terrestrial diet at wk 0 increased from ~0.1:1 at wk 010 0.5:1 at wk 2, and t0 1:1 |
(lverdiet) at wk 8.
‘The proportion of 18:3n-3 in flesh tissue relative to the diet reached a maximur

of approximately 0.5:1, which is lower than for the liver (Figure 4a,b). Gadids fed a
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terrestrial diet showed a low ratio of ~0.025:1 at week 0; however, ths ratio increased to

ahigh of ~0.5:1 after eight wks of feeding, approaching the ratio in fish fed a marine diet.
‘The same pattern was observed for 18:20-6 and the sum of £18:20-6 + 18:3n-3 (data not
shown).
Proportion in the liver relative to the flesh

Proportions of 18:3n-3 and 18:20-6 in the liver relative to those in the flesh tissue
‘of marine diet fish did not change significantly over the 8-week feeding tial (Figure 5).
‘Therefore, the approximately 2:1 ratio in the liver relative to the flesh represents a

saturation level in fish with no large recent dietary change. However, in fish fed the

terestrial diet, i ons in I ive to flesh tissue
‘was best described by a dome-shaped Gaussian 3 parameter peak model, indicating a rise
in the ratio to a maximum at 1 month followed by a decline to original saturation levels at
2-months. The relationship between liver to flesh was similarly dome shaped for 18:2n-6,
even though this FA represented only 5.4% of the total FAs in the diet compared to
13.9% for 18:30-3 (Figure Sb, Table 12).

Growth rates, size and biomarker uptake

Ind

jual growth rates were ot collected throughout the experiment because of
limited numbers of juvenile gadids per tank and lethal lipid sampling. However, growth
rates of cod and pollock remaining at the end of the 8-wk growth period differed

significantly with temperature (one-way ANOVA, F,151=9.92, p<0.001, Figure 6). There

‘were no differences between species reared at the same temperature, or between fish at

the same temperature but fed different diets (Figure 6).
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" proportion of 18:3n-3 in the fish was
not linear (Figure 7). Experimental fish did not increase significantly in length or weight
untilaftr the first 4 wks of feeding. However, during this same period the proportion of
T18:206 + 18:3n-3 increased significantly in flesh tissue and especially n liver tissue.
“This duration of maximum slope for the liver ranged from 7.7 0 23.8 days (from the /b
term in Figures 2 & 3, Table 11), but was les than 50 days for flesh (Table 9).

Therefore, C15 PUFA uptake is apparently uncoupled from growth during the first four
wks of fecding, particularly in lver tissue.

Biomarker Uptake in Heart Tissue

Samples of heart tissue were taken at time 0 and after 8 wks of feeding. In Figure

81 show the proportion of 18:3n-3 and 18:2n-6 in the hearts, flesh and liver of juvenile

ids at i o feedi ially enriched diet. Liver had
higher levels of these two FAs after 8-wks than cither the flesh or the heart tssue in both
cod (18:3n-3, one-way ANOVA F15=42.66, p<0.001; 18:20-6 one-way ANOVA
F3,15=48.34, p<0.001) and pollock (18:3n-3, one-way ANOVA F215=38.86, p<0.001;
18:20-6 one-way ANOVA Fys=29.88, p<0.001). However, pairwise comparisons

showed that by the end of the 8-wk period there were no significant differences in levels

of 18:20-6 +/or 18:3n-3 between the flesh and the heart tissue n either species (Figure 8).
DISCUSSION:
Quantification of the rates of uptake an i f

affect these rates are vital o the interpretation of the FABM technique. This is especially

FABM are used time with fi




habitat, or when they are used to address the

ing of a dietary switch in a wild collected
‘marine organism. In this study, the rate of uptake of 18:20-6 & 18:3n-3 was quantified as
a function of species, temperature, and tissue type. Definition of the factors that drive the
rate of uptake will allow a more useful application of the FABM approach and coupled
with field validation studies, may allow an assignment of residency times to juvenile
‘gadids within the nearshore.

In this experiment, terrestrial short chain PUFA was rapidly assimilated into
juvenile gadid tissues, with maximal rates of uptake in the first four wks of feeding
(Figures 1 10 3). The livers of both cod and pollock had the shortest duration of maximal
slope (1/b, Table 1) for the uptake of £18:20-6 + 18:3n-3 with durations of 16 and 11
days, respectively. Gadid flesh showed a longer duration of maximal slope (1/b, Table
11) at approximately 50 days for £18:20-6 + 18:3n-3. This rapid and significant
adjustment of FA composition of the flesh and liver is consistent with other laboratory

(Copeman et al. 2002, Dalsgaard et al. 2004) and field (Copeman et al. 2009- Chapter 3,

-0 fish. Kirsch etal. ( dietary
effects on the FA signature of whole adult Atlantic cod and found significant differences
after only 3 wks of feeding. Thus, juvenile and adult fish flesh is sensitive to changes in
dietary FA composition and nearshore FAs are likely to be rapidly evident in fish tissues
in the field. Further, juvenile fish are likely to show increased proportions of FABM more
rapidly than seen for adult fish.

Surprisingly, there was no effect of temperature or species on the rate of uptake in

juvenile gadid flesh here can potentially be applicd 1)
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to juveniles of other low-fat marine species and 2) throughout the range of temperatures

during gadid settlement in temperate nearshore habitats.

‘Temperature determines fish growth by increasing food consumption and driving

can change growth efficiency (Brett 1979). Previously it has
been shown that there is a significant impact of temperature on growth rate, both in
juvenile walleye pollock (Kooka et al. 2007) and Pacific cod (Hurst et al. in review).

‘Within, I reportsimilar rates in an 8-wk averaged growth period (Figure 6). Despite this

similarity, i i i Cis PUFAS in the
flesh of gadids reared at either 3°C or 9°C even after 8-wks of feeding. These patters
suggest a decoupling of growth rate and FABM uptake in juvenile gadids. It was not
possible to accurately determine weekly growth rates, as individual growth was not
tracked and only 1 fish was sampled per tank on a weekly basis. However, temperature-
mediated growth rates based on larger numbers of fish at time-0 and at time-“8-wks” are

in agreement with previous reports in both species; showing on average 0.4 mm

length.day™ at 9°C and 0.2 mm length.day™ at 3°C (Figure 6, Kooka et al. 2007, Hurst et
al In Press).

Previous studies calculated the rate of FA uptake from the relative change in mass
or growth rae (Dalsgaard & St. John 2004) or from FA dilution (Jobling 2003) following

a change in fish diet. investigated the change in

salar) flesh when switched from a terrestrial to marine oil enriched diet and then modeled
dilution of the terrestrial signal based on the proportional increase in the amount of fillet

fat over time. They also stated that relative changes in body mass could be used as a
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p both fillet yield and fillet fat percentage little over time. T

found there was litte relationship between weekly measures of size-at-age (wet wt or

total length) and the proportion of the C1s PUFA in the flesh of juvenile gadids during the

first 4-wks of feeding (Figure 7), small sampling sizes of reduced
‘growth during the first four wks of feeding. Increased stress associated with changes in

dietor feeding hierarchies i tanks may have delayed

‘growth. Despite this reduced growth, Cy PUFA was highest in the liver and sigificantly
increased in fleh tissue. For reasons discussed above, growth may decouple from

FABM uptake, suggesting feedi i growth) isa itive indicator of

the proportion of FABM accumulating in juvenile gadid flesh (Figure 7).
‘Species differences in the uptake of FABM in the flesh of juvenile gadids were
not evident (Tables 8 to 10). Generally, Pacific cod juveniles are considered to be more
tightly connected to coastal nursery areas than walleye pollock (Hurst et al. 2009,
Brodeur & Wilson 1996). In a recent study of nearshore habitat use in juvenile gadids,

Laurel et al. (2007) showed higher abundance of age-0 juvenile Pacific cod and saffron

cod (Eleginus gracilis) than pol i (July and/or
Kodiak, Alaska nearshore. However, all gadids preferentially used macrophytes over

tllement; Paci iat Laminaria, saffron

od with eclgrass, and walleye pollock equally with both habitats.
Reduced uptake of dietary Ciy PUFAS in walleye Pollock livers compared to cod
may reflect differential utlization of this FA. The majority of offshore pollock juveniles

probably never encounter levated levels of Cis PUFA in the wild, whereas cod routinely
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settle in the nearshore where 18:2n-6 and 18:3n-3 are abundant. Alternatively, lower

‘proportions of 18:2n-6 and/or 18:3n-3 in the lvers of pollock may have resulted from a
higher relative hepatosomatic index (HI) in walleye pollock at time-0 than in Pacific cod
(data not shown). Elevated Hl in pollock may also have related to relatively better
condition and survival in pollock (~90%) compared to cod (~70%) throughout the.
experiment. Pollock had more liver lipid than Pacific cod, and thus greater storage of
‘marine FA at the beginning of the experiment. Therefore, during the 8-wks of feeding,
pollock may have retained their originally elevated marine based FAs, reducing the
relative proportion of C1s PUFA stored in the liver.

In both the North Atlantic and Pacific, many large-scale studies on FA signatures

in fish have added to large prey databases that provide a platform on which to base

ger pr fish, sea birds and mari Bud
al. 2002, Iverson et al. 2002). Given that fish are generally eaten whole, these analyses
mostly encompass whole body lipids. However, from the fish feeding ecology
perspective, temporal trends can be inferred from separate analysis of storage lipids
(liver) and membrane lipids (flesh). I found that proportions of FAs in the tissues of

it of elevated rates of I toflesh and.

heart tissues. Liver uptake was more sensitive than other tissues to species or
temperature, with higher proportions of nearshore indicator FAS in Pacific cod than
‘walleye Pollock. Further, initial liver uptake was higher in fish reared at 9°C.
Interestingly, both 18:20-6 and 18:31-3 approached saturation levels before the end of the

8wk experiment even though 18:3n-3 comprised a much higher proportion of the diet
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than 18:20-6. This similarity may indicate that the saturation time for a FA in the flesh

and liver of juvenile fish may not depend on the proportion available in the diet.

Proportions of 18:3n-3 in the liver of fish fed a terrestrially enriched diet
approached a maximum of ratio of 1:1 (liver:diet), whereas their flesh levels approached
alower ratio of 0.5:1. At the end of the two-month experiment, maximal ratios in
terrestrial-fed fish were similar to those of marine-fed fish, indicating saturation (Figure
4). Different ratios in the liver and flesh relative to the diet likely reflected the higher

proportion of TAG in liver (~70 to 80% at wk 8) compared to PL in flesh tissue (~85% at

wk 8). Tocher etal i physiological roles.
(PLs) in the nutrition and metabolism of teleost fish; specifically their importance in

‘membrane function, formation of eicosanoids, and as an energy source. PLs are a lipid

1 ‘phosphatidic acid, formed from L-glycerol

3-phosphate with tions 1 and 2. or MUFA is
esterified to the sn-1 position while a PUFA is preferentially esterified to the sn-2
‘position (Bell & Tocher 1989). Bell & Dick’s (1991) study of PL in cod fed on a natural
marine diet reported major molecular species such as 16:0/22:6 and 16:0/20:5 in both the
liver and flesh, but not 18:2 or 18:3. The significant increase in the proportion of Cis
PUFA here indicates that there is considerable flexibility in the sn-2 position of gadid
PLs.

Conversely, e ipi in fish.

Functionally, T ed of a glycerol 10 three FAs, but

in early stages of marine fish the FA spec

‘TAGs is less than in PLs (Copeman et




al. 2002). These functional differences in the lipid classes that typify the liver and flesh of
fish likely explain part of the differences in saturation levels of 18:3n-3 in the flesh
(0.5:1) and liver (1:1) tissues relative to those provided in the diet.

The differential rate of Cys PUFA uptake in the two tissues of juvenile gadids

resulted in the dome-shaped relationship between the proportions of Cys PUFAs in liver

ue (Figure 5). Maximal diff in the liver:flesh ratio were
observed after 1-month of feeding on the terrestrial diet. These differences seemed to
have reached saturation levels after two months of feeding, as they were at a level similar
10 that found in the marine fed fish (2:1 liver:flesh). This relationship holds promise for
estimating residency time in the nearshore, especially when coupled with size-at-age data
that s routinely collected in field studies. Based on the dome-shape relationship, the
ratio of C1s PUFA i the liver:flesh are similar after two wks or six wks on a new diet
(Figure 5). However, when this information is coupled with basic size-at-age population

26wk

structure it may be possible to

ey to a ~100 mm fish and a 2-wk

residency to a ~50 mm fish, despite a similar liver to flesh ratio of 18:3n-3 & 18:2n-6. A

general increase in the proportion of C; PUFAS (% total FAs) that oceurs with residency

‘wks versus 6 wks) could liver:flesh rati Id
select 8°°C isotopic FA analysis.

Recently, Koussoroplis et al. (2010) analyzed neutral and polar lipids for FA 8°C

injuvenile leaping grey mullet (Li duri that the

neutral lipids took on the dietary FA signal and isotopic values of the new lagoon habitat

fuster (at a smaller size) than the polar lipids from the same animals. Further, within a



relatively short settlement growth period (20 mm to 50 mm, August to September) the

isotopic values of the FAS in the neutral and polar lipids equilibrated. Koussoroplis et al

(2010) showed a similar time-scale o that observed here for juvenile gadids: maximal

differences in liver (neutral) to ‘one month followed ibration at
months.

‘The rate of 3°C labeled 18:3n-3 uptake in juvenile sand eel (Ammodyres
tobianus) corresponded to an exponential model based on growth and FA metabolism
(Dalsgaard & St. John 2004) which predicted a FA uptake rate of 0.035.day " for 18:3n-3
and 0.0086.day”" for 16:0, in whole bodies of sandeel. I estimated rates of uptake on a 3-
parameter growth to a maximum model for flesh and liver separately. Results for 18:3n-3

are within the range of Dalsgaard & St. John (2004), at 0.021%.day" in the flesh and 0.6

10 0.13%.day” in the liver,
reported for 18:201-6 and the sum of the total FAs (Table 11). This indicates that similar
rates of uptake may be valid for a number of juvenile fish species.

Copeman et al. (2009- Chapter 3) reported levels of terrestrial FAS in both pelagic
‘and settled juvenile Atlantic cod from cold-water eelgrass beds in Bonavista Bay
Newfoundland, Canada. Levels of £18:20-6 &18:3n-3 in pelagic juveniles in September
(3.9%) increased in settled juveniles to a high in November (6.2%), indicating a 2.3%

‘proportional uptake. A simple calculation of the proportional change in £18:3n-3

+18:20-6 over the number of days in the nearshore (~S6), yields an uptake rate of

0.041%.day”. This calculation for transition from p iched

food webs for. inFA
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the nearshore, however, it is consistent with a laboratory study on juvenile sand eel by

Dalsgaard & St. John's (2004) and laboratory rates that I report for juvenile Pacific

‘gadids (Chapter ). Iterestingly, the calculation for whole-bodied field-captured Atlantic

cod it iate (0. .day™") between the flesh %.day”) and liver
(0.075% day") tissue derived rates. This intermediate rate likely reflects the elevated
uptake in TAG from the liver and the reduced uptake in PL from the flesh, noting that
‘whole juvenile Atlantic cod contained 35% TAG and 70% PL (Copeman et al. 2008-

Chapter2)

CONCLUSIONS:
1 found that neither species nor temperature affected FABM uptake rate in
juvenile Pacific gadid flesh over a 2-month study period. Although temperature affected
liver uptake rate during the first few wks of feeding, there were no significant
temperature effects on FABM proportions in flesh or liver tissue a the end of the 8-wk
feeding trial. Both tissues were saturated by the end of the 8-wk study period, during
which Cis PUFA increase was described by growth-to-a-maximu curves, Tissue
specificity led to different proportions of the biomarker in the flesh, liver and hearts of

juvenile gadids. This differential retention produced liver and flesh tissue ratios for

that show promise i residency time. | found

‘maximal differences in liver:flesh ratio after 1-month of feeding which equilibration after

2-months of feeding, as found in previous field studies using 5'C labeled FAs

(Koussoroplis et al. 2010). The laboratory developed rates for juvenile Pacific gadids
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match those in previous studies using 5'°C labeled FAs (Dalsgaard et al. 2004) as well as.

previous field reports for Atlantic juvenile cod (Copeman et al. 2009- Chapter 3)

lication of these quantitati tes of Cis PUFA uptake will
aid in future field studies that aim to determine the dietary carbon source of juvenile fish.
Additionally, the proportions of Cis PUFA in the tissues of juvenile gadids could help to
determine the duration of residence within nearshore essential fish habitats. Coupling
these results with selected 5"°C labeled FABM analysis in field studies will provide a

dietary juvenile fish during setlement

‘within nearshore habitats. Significant input of dietary terrestrial carbon could expand the

defi

on of ritical habitat for juvenile Pacific cod i

biogenic kelp) as well ing terrestrial buffer zones that

supply carbon to the food web during summer and fall settlement.
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Table 1:

food diet (herring),
d llets and cod I i gel-
food diet (Ptn:lfuc od fillets and flax seed oil).
ingredient Maintenance Diet* | Marine Diet | Terrestrial Diet
i 368¢ B =
Pacific Cod |- 568¢ 688
[Cod Liver OFl_|- 453y -
3 5 w558
Wag Wag W4y
Wiy Wiy 2Wag
864 864 864y
Soml Soml Soml
800 mi S00ml | 800ml
700 ml T700ml | 1700 ml
Vitamins 2 tablets 2 tablets | 2 tblets
#fed for >6-wks prior to onset of feeding experiment
Table2: Tank ber of fish
1ipid sempling at the eod of y
the effects ol!pum and temperature on Cys PUFA Ilpu.kn
Species Temperature | Diet Type Fanks % survival
(tanks n=3
SEM)
C Marine 6343 ‘
Cod Marine [GE)
od Terrestrial 47518
o X Terrestrial 7559
lock Marine 9554
lock X Marine 9059
lock Terrestrial 100+0
lock X Terrestrial 9654




Table 3: FA composition of marine based and terrestrial based nptnmenul gel-food
M).

dietsfed to juvenile gadids for 8-wks feeding trail (n=6, average & SE?

Cod Liver Oil Diet Flaxseed Oil Diet
“Total Lipid per Wet Wt w0314 370%59
mg.g")
526:38 359513
Free FAs 98508 85508
terols 23205 17500
Acetone Mabile Polar 45513 35409
Lipids
H3%17 HI:18
FAs
14:0 59501 34501
16:0 1715035 152206
18:0 33401 35%0.1
TSFA 276205 242%0.1
66202 47501
3601 34501
112403 116+
24%02 22+
18402 iz
31503 2240,
3L6%11 27 =11
12£0.1 09+
26£0.0 5.4%0.
08502 13940,
22200 1740,
0.9%0.0 0.7 4 0.
131402 10,1404
17400 12500
130204 11.0£06
39909 47410
X 18:2n-6 +18:3n-3 35402 193£08




‘Table 4: Total lipid
\east one saupe type) or flesh of jvenile gadids fed eithr a marin orterestril det

for 8-wks (temperatures are pooled). Data are mean  SDM, n=3 fish at time-0, n-

nd FA

fish

atwks.
Cod Cod Cod Pollock | Pollock | Pollock
Marine | Terrestrial Marine | Temestrial
Time0 | Wk8 Wk8 | Time0 Wk § Wk §

Total Lipids per 84206 | 254165 | 104212 | 113509 | 9.6:17 | 87216

wet wt mg.

%TAG 14302 | Lie10 | 16220 | 22518 | 12508 | 12512

%PL 739560 | 853£50 | 85,6543 | 75.053.0 | 837519 | 848570

Total FAs mg.g” 52305 | 59614 | 68508 | 664 | 63513 | 56l

wet weight

16:0 144206 15.240.1

18:0 46502 2:0.1

TSFA 215202 217202

245508

182n- 25501
1830 3
20:3n- 143203
22:6n- 205460 250411
SPUF, 37.0410.7 545409
T1820-6+1830-3 | 10802 | 19401 | 87406 | 12:02 | 21201 | 79204

* Detailed lipid class and fatty acid data found in Appendices.

m




‘Table 5: Total lipid and FA

ip
least one sample type) for liver of juvenile yd.lds s et il s e
8-wks (pooled temperatures). Data are mean + SEM, n=3 time-0, n=6 wk 8.

Cod Cod Cod Pollock Pollock | Pollock
Marine | Terrestrial Marine | Terrestrial
Time0 | Wk Wk § Time 0 Wk 8 Wk §
Total Lipids per | 115.3+152 | 29205577 | 3646788 | 386241087 | 36424461 | 54224602
wet wtmgg"
%TAG 499512 829516 | 771207 | 803:16
%PL 2477 5751 79413 | 80509
80.0:13.0 3W34T55 | 26424776 | 33685423 | 49955574
107205 | 157208 | 93419 | 112803
163207 | 23561 | 153517 | 160809
2808 | 203408
44503 5.040.
301510 | 453508
18206 17501 54202 | 1
18:30-3 7204 13.620.5
205503 L s’ 6803 |1 150.
22:6n-3 166804 | 122610 | 8.1504 231,
TPUFA 40.051.0 | 384519 | 43013 364514 | 404224
T 18206418303 | 25500 | 35801 | 100207 | 24501 31501 | 159508

* Detailed lipid class and fatty acid data found in Appendices.

1”2



‘Table 6: Total lipid and FA concentrations and summary lipid proportions (>2.5% in at
s 4 #E53 i,

for hearts of

pe)
for 8-wks (pooled femperatures). Data are mean  SEM, n=3 time-0, n=6 wk 8.

Cod Cod Cod Pollock | Pollock | Pollock
Marine | Terrestrial Marine | Terrestrial
Time0 | Wk8 Time 0 Wk Wk
%PL 527405 | 770646 | 825433 | 373425 | 84.1%3.1 | 842425
140 41524 | 19503 07202
160 33.94108 | 183407 14722,
180 11450.1 | 72:06 74512
SSFA 51.2414.1 | 287412 23,6539
104+5.7_| 15,940, 125430
55831 | 60503 44512
224493 | 33,0410 353468
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tissue type, species,

‘Table 7: Result of GLM analysis of variance for the complete model of the effect of wk,
3 k - fon of FA in juvenile gadi

(Systat 12).
Analysis of Variance
Source Typelll | of | Mean Frato | p-
s Squares alue
atural Tog week 503,51 12588 6129 000
ssue 35230 35230 171.59 001
es 9.06 9.06 4410037
emperature 842 842 4001 | (
et 1139.12 1139.2_| 35471 001
es* Tissue 15 1. - 007
em *Tissue 1.3 1 .6 413
em, *Species 77 7 .7 054
[ Tissue*Diet 251.62 251.62 122,53 001
es*Diet 92; 92 ¥ 035
[ Temperature*Diet 758 7.5 036
*Diet 369,82 7. 001
emperature*Species* Tissue 128 1.2 X 431
: ssue*Species*Diet 11.21 112
: [ Tissue* Temperature*Diet 0.6 036
i 86.03 2
2
12

36758 | 179 | 205
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Table 8: Results of multiple 3-way ANOVA examining the effect of wh, species, and

temperature on the proportion of 18:3n-3 in cither flesh or liver of juvenile gadids fed
e o er &,

cithera
Marine Diet Liver
Source DF Feratio P-value
Wk 4 634 001
ies 1 686 111
p 654 113
Wk*Specics. 706 186
Wk temp 522 .228
[ Species* 503 484
‘Wit species*temp 234 0872
3 i
Terrestrial Diet Liver
Wi 15.113 001
pecies 8.249 007
emp 898 351
*Species 090 367
Wk temp 515 675
[ Species*temp. 652 039
‘Wi species*temp 627 067
Error a
Marine Flesh
178 911
ies 985 054
femp 148 703
*Species 480 699
Witemp 509 679
pecies*temp 120 732
‘Wk*species*temp 105 361
Terrestrial Flesh
Wic 659 001
ies 454 505
emp 025 165
*Species 375 772
Victtemp 276 842
pecies*temp 688 1T
‘WK species*temp 359 273
Error a




'r.lm 9 Ruu.lu 3 of il vy ANOVA exuiaing e et of vk, ocin ud
the proportion of 18:20-6 in cither flesh or liver of juvenile gadids fed
umaunumworm«m-lbwddmdumnms -wks feeding trial

‘Marine Diet Live

Source DF Foratio Prvalue
Wi 10,130 <0.000
pecies 17.450 <0.001
633 210
Wk Species 839 483
Wk*temp 421 084
[Species*temp 307 384
Wk*species*temp 648 590
Ermor a
Terrestrial Diet Liver
Wi 533 001
pecies 767 003
emp 537 24
*Species 074 973
Wk*temp 330 804
[ Species*temp 167 288
‘Wh*species* temp 0816 495
Error a
L Marine Flesh
Wi 3 0.047
ies 2.140 0.153
3473 0.072
*Species 0852 0.476
Wkt temp 0.084 0.968
[ Species*temp 2954 0.095
'Wk*species*temp 1437 0.250
Error
Terrestrial Flesh
Wk 10421 <0.001
Species 0,032 0.858
Temp 1523 0227
‘Wk*Species 0,655 0.586
Wi temp 0243 0.866
['Species*temp 2220 0.146

Wk*species*temp 1339 0.280
Error




Table 10: Results of muliple 3-way ANOVA examining the effect of wk, species, and
temperature on the proportion of £18:2n-6 + 18:3n-3 in either lesh or llve'r of juvenile
gadids fed either a marine or terrestrial based dict during an 8-wks feeding trial.

Ma (L
Source F Foratio Prvalue
Wi 18.173
s 15.189
427
337
177
651
401
X
Terrestrial Diet Li
Wic 42158 001
366 004
p 649 11
: Wi+ Species 707 592
Ktemp 1310 870
fes*temp 591 115
; ‘Wk*species*temp 346 1270
‘ Ermor i
‘ Miarine Fiesh
Wic 727
\ ies 480
D 276
k*Species .702
Wktemp 869
Wiespecies*temp 688
rror i
Terrestrial Flesh
Wic 245 001
ies 180 674
emp 528 120
*Species 502 735
WkHtemp 437 781
ics*iemp 402 073
Wi species*temp 0992 424
Error «




‘Table 11: Parameters for the rise to a maximum shaped uptake of 18:3n-3, 18:2n-6 and
‘E18:20-6 + 18:3n-3 into the liver and flesh of juvenile gadids.

‘The cquation Y= Yotal1-exp(-bX)l, exponential is o 4 maximum, was used with the
FA (%) in ), & is the

maximum proporton found inthe issue (%), b rlatest the inital lop ofthe FA

uptake curve (%.day"), X refers to the days of fecding, while /b refers o the duration of

the maximum the mean).

b [

Treatment ‘ l a | b
(max%FA) | (% FAday") | (days)
18:30-3

Gadid flesh | 0.64%0.32 | 690215 | 0.02%001 476 0.85

Pollock Liver | 0.25%090 | 11.09% 132 | 0.06%0.02 159 0.90
od Liver | 0.92% 1,15 [ 1200+ 142 | 0132004 7.69 0.95
c

Cod Liver T10£150 | 13134309 | 0.04%002 33 094

Ex

20
Gadid Flesh | 0.94%0.15 | 2.5+ 1.08

02%0.02 50.0 077
022 [279+030 | 008002 127 091
6 | 337

12004 | 820 086
T18:20-6+18:30-3

Gadid Flesh | 1584046 | 9.40+3.18 .02 % 0.01 500 083

Pollock Liver | 2.27%1.09 | 13.60% 16 | 0.06+0.02 161 0.90

CodLiver | 2.72% 1.64 | 1527%2.14 009003 | 114 | 085




‘Table 12: Parameters for the peaked shaped ratio of the proportion of 18:3n-3 and 18:2n-
6 in the liver relative to the flesh for juvenile gadids.

O pukiipAE Lose! v it 5°0k-Xo ¥ refers o the atioof 18-
3inthe g

Xi is the

days of feeding, Xois the dm nmul aslope was zero or max peak, b is lhe width of the

‘peak in days (data are means + standard errors of the mean).
FA ratio in liver a X b R
to flesh (max proportion (days) (days)
unite less)
183n-3 4342026 299159 2423200 090
18206 3.10%023 2809£239 | 28.19%362 076




FIGURE CAPTIONS

Figure 1: Pwpumun of 13 3n- 3 in fish reared on :nher a marine or terrestrial diet for 8
‘weeks: (a) flesh
SEM, =3 per symbol) ®) T pollock with temperatures combined (symbuls
represents mean + SEM =3 per symbol) (¢) lver of cod with temperature

(symbols represents mean + SEM n=3 per symbol). * graphs are pealer]/sepamm {cr
‘species and temperature based on ANOVA results in mblc 8.

Figure 2: Proportion of 1820-6 in fish reared on either a marine or terrestrial diet for 8

SEM, n=3 per symbol), (b) liver of pollock with temperatures combined (symbols
represents mean + SEM n=3 per symbol), (c) liver of cod with temperatures combined
(symbols represents mean + SEM n=3 per symbol). * graphs are pooled/separate for
species and temperature based on ANOVA results in table 9.

Figure 3 Propotion of 1313 + 1820 in ih reared on ither a mrine or terrstial
diet for 8 week
mean + SEM, n-3 p«symbnh‘ (b) liver ofpollock ‘with temperatures combined
(symbols represents mean + SEM, n=3 per symbol), (¢)liver of cod with temperatures
combined (symbols represents mean + SEM, n=3 per symbol). * graphs are

for species and \NOVA results in table 10.

Figure 4: Proportion of 18:3n-3 in the (a) liver (pooled temperatures) and (b) flesh
(pooled tures and species) of juvenile gadi i por the diet

((a) symbols are n=6, mean + SEM, (b)symbol

Figure 5: Ratio of (a) 18:3n-3 and (b) 18:20-6 in the liver relative to the proportion in the
ﬂesh rnr juvenile gadids switched to a terrestrially enriched diet. Symbols are n=12 mean

e Cruimtlaed ot flicsod (w10 16 Pullock (n=2410 26) reared at
riched diet for § wks.

i the flesh

Fignr 7 Rlslcusip bttt veig (8 nd mopontin {135 04
tissue of juvenile gadids over a 8-wk feeding trial (n=12, mean  SD).

Figure 8: The proportion of (2) 18:20-6 and (b) 18:3n-3 in the flesh, liver and heart of
two species of juvenile gadids switched from a marine diet o 8 wks of feeding on a
terestrially enriched diet (=6, mean + SEM)
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CCHAPTER 6: Thesis Conclusions

the lipid cl juvenile Atlantic cod at settl

howed storage that from

factors that depend on wet weight (e.g. Fulton's K). The storage of lpids was variable
and dependent on fish size; however, juvenile cod did not follow the estuarine model of
increased neutral lipid storage prior to over-wintering. I found decreased lipids in the

flesh of cod pre-settl vhich indicated increased muscle

water content. Reduction in the amount (lipid per wet wt) of alllipid classes in juvenile

cod . coupled ions of EFAs in the flesh of juvenile

fish, indicated i i in eclgr
However, further studies will multiple years of dietary sampling are required to

confidently confirm this statement. The decrease in lipid storage observed in juvenile cod

during settlement i i i ing this critical
period in development.

Lipid biomarkers, d-specific isotopes, and principal
demonstrated increased terrestrial carbon input into the diet of j ing full

settlement into eelgrass habita. T used compound-specific isotopes and lipid classes to
clarify the utlity of £18:3n-3 & 18:20-6 as an indicator of terrestrial carbon input and to
distinguish terrestrial from eelgrass carbon sources. I found no evidence that celgrass
entered the diet of juvenile cod and therefore, I concluded that the functional significance
of eelgrass to Atlantic cod juveniles s for refuge rather than increased nutrition. Given

the indicated input of terrestrial carbon into the diet of juvenile cod at settlement, I
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concluded that terrestrial buffer zones surrounding eelgrass habitat should also be

considered in the evaluation of essential fish habitat for this species.

I examined the importance of EFAs during the critical frst-feeding stage of
Pacific cod larvae. Specifically, | showed that Pacific cod larvae are sensitive to changes
in the ratios of essential PUFA in their prey and that optimum dietary levels are
comparable to those in wild zooplankton. Further, like Adantic cod, Pacific cod require
high levels of ditary n-3 PUFA. I concluded that FA-limited growth should be

considered as a contributory factor to variability in year-class strength in Pacific cod

throughout the North Pacific.

T examined the abiotic and biotic fiactors that affected the rate of uptake of two Cig

PUFAS in the tissues of ies of j i ye pol

1 found no effect of temperature or species on the rate of uptake of 18:3n-3 and/or 18:2n-

6 in gadid lesh, suggesting that the rates I report can potentially be applicd 1) to

Juveniles of other low-fat marine species and 2) throughout the range of temperatures

ed di id settlement in temperate,

led to temporal variation in the proportion of Cy PUFAS in liver relative to flesh tissue.

This temporal
nearshore residency. I found maximal differences in liver:flesh ratios after 1-month of

feeding with equilibration after 2 months of feeding. Laboratory rates that I report in this
thesis, matched those previously found using 3'C labeled FAs (Dalsgaard et al. 2004) as

well as previous field reports for Atlantic juvenile cod (¢.g., Chapter 3).




‘Within this thesis, | examined trophic ecology of Atlantic and Pacific gadids,

during two critcal periods in the irst year of life I combined both qualitative and
quanitative lipid class and FA applications to study fish condition, trophic relationships,
changes in sources of organic carbon, and the rate of uptake of FABM in relation to both

biotic and abioti 1 the first invest Pacific gadid early

lipid nutrition as well as th irst use of FABM in determining trophic relationships
during settlement in the nearshore.
‘The use of FABM as a quantitative tool for determining diet composition in

higher-level, i well established (Budge et al. 2006),

however as I tal. icated, it is not known how these quantitative FA

analyses can be applied to ectothermic fish, and even less is known about its potential

application to primary Given i for

quantitative FA dietary analysis (knowledge of the variability in the FAS of all prey items

factors in it may be i 10 take this

0 studies of juvenile fsh feeds ‘The large number prey items,
their small size, the difficulty in collecting and sorting individual species, as well as the
time scale on which they are likely to vary their lipid composition makes this approach
seem rather unrealistic

Future applications of the FABM approach to juvenile fish feeding ecology

should focus on utilizing laboratory-determined rates of uptake of FAs that are indicative

of feeding habitats regimes, in P

connectivity in the wild. Laboratory rates that I determined in Chapter 5, will be applied
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10 an upcoming study of wild juvenile Pacific cod, in order to determine offshore-inshore

‘nursery migrations. Based on the uptake rate of Cys PUFAS in the liver relative to the
flesh it should o BT RY
the nearshore.

Neither species nor temperature affected the rate of FABM uptake in the flesh of

juvenile gadids, indicating that it may be able to generalize rates between similar types of

fish (low-fat, high-fat marine juveniles). Attempts should be made to determine rates of

FABM uptake through the use of Alarge body
data exists which represents over 30 years of research on EFA fish nutrition. Currenly,

knowledge about fish EFA metabolis i icated fro I

© likely disciplines frame theis h
differently. However, this extensive data set should be analyzed, synthesized, and

blished ical journal in order to proj

Future work using FABMs should utilize complimentary indicators of diet such

as: gut content analysis, bulk stable isotopes, selected samples for 13C FA, and the use

of lipid class analysis (i.c. sterol biomarkers). The utility of this approach is shown in
Chapter 3, where I was only able to distinguish terrestrial from eclgrass carbon by using

complimentary approaches. Future work on nearshore foodwebs should continue to take

present in these complex biogenic habitats.
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APPENDICES

fish flesh and liver tissues di

ed in Chaper 5.

At 1l it il B ok of ol () Pacto cod and 1)
pooled).

Deta et man+ SEM, 5 fih  timo.0, n{ﬁs!mwkx

@ Cod Cod Cod
Marine Terrestrial
Time 0 Wk 8 Wk 8
Total Lipids per 84507 2542165 104512
twt mg.
o total lipids
ES 080 3%0. 7
[SE+EE +ME 030 450, 4
AG 140, 120, 6
FFA 4542, 740, 7
T 1331 108%1 a
DG 0.40; 1201 150,
AMPL 51562 001 9%
PL 739467 3520 5624,
® Pollock Pollock Pollock
Marine Terestrial
Wk Wk§
3224 96=17 87+16
ol ¥y
HC 67209 .0%0.1 0.1£0.
SE + EE + ME 12203 0%09 020,
TAG 22521 208 1251
FFA 03£03 811 0.8%0.
ST 11812 10.1%3.0 11123
DG 4% 1.1 020
AMPL 20%04 903 L1204
PL 9533 .7 4. 34856
HCTcarions, 58 <y i, FD ol ane, ME- il sy TAC
free fatty acids, AMPL i

polar lipids, PL= phosphollmdx
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Appendix 2: Total lipids and lipid classes in the liver of juvenile (a) Pacific cod and (b)
pooled).

walleye pollock fed either a marine or terrestrial diet for 8-wks (temperatures arc
ata are mean + SEM, n=3 fish at time-0, n=6 fish at wk 8.
@ Cod Cod Cod
Marine Terrestrial
Time 0 Wk 8 Wk 8
ol Lipids per 1522287 220+577 3646+ 788
wet wimg.¢
% total lipids
C 2501 07203
SE+ EE+ ME .10,
TAG 99189 624 689561
FFA 26517 .65 1. 9.6:09
ST 26514 2504 09501
DG 350,
AMPL 94235 220, 22505
PL 242122 13233 17.7%43
® Pollock Pollock Pollock
Marine Terrestrial
Time 0 Wk 8 Wk 8
Total Lipids per 362+ 1852 3642+ 461 5922+602
g
3310 01201 01201
SE + EE + ME 1501
TAG 829526 771206 1
FFA 5505 24511
ST 4512 0601
DG
AMPL [AEIX] 15203
PL 57518 79513




13 fish at time-0, All

in eluion order.
Week§ Week s

Fatty acids Week Marine Diet Temestrial Diet

Avg sD Avg sD Avg SD.
140 18 13 14 04 12 04
141 00 00 00 00 00 00
150 o1 00 01 00 01 00
ak150 00 00 00 00 00 00
150 04 03 02 00 02 00
151 00 00 00 00 00 00
160 o1 00 00 00 00 00
160 267 198 143 03 140 04
161117 00 00 01 00 o1 00
161092 01 05 03 00 03 00
16107 12 o8 24 04 19 03
16105 o1 o1 02 00 02 00
170 03 o1 03 00 02 00
ail70 o1 00 o1 00 01 00
16204 04 03 06 01 05 o1
170 04 03 02 00 02 00
163042 00 00 o1 00 00 00
171 05 02 03 01 04 o1
164037 00 00 02 02 03 02
1641 00 00 01 00 01 01
180 94 21 41 06 46 09
181011 00 00 o1 01 00 00
18109 19 05 130 04 128 13
18107 53 15 41 03 38 02
181067 00 00 00 00 00 00
181057 03 03 02 00 02 00
18206 01 05 14 03 29 06
18204 o1 o1 02 01 o1 00
18306 o1 00 01 00 o1 00
18304 02 02 01 01 o1 o1
18303 04 00 03 o1 56 14




Fany acids

18403

184n-1?

200

18503

201112

21n-11013)

2109

2107

21503

2603

X Bacterial

S

S MUFA

SPUFA




Appendix 4

3 fsh a time-0, = fih at wk 8.
Week 8

Week§
Faty acids Week 0 Diet Terrestral Diet
Avg sD. Avg D Avg sD
140 28 03 33 04 25 03
141 00 00 01 00 o1 00
150 02 00 01 00 o1 01
ak150 00 00 00 00 00 00
150 04 o1 03 00 03 00
151 00 00 00 00 00 00
160 01 00 01 00 01 00
ai16: 02 00 00 00 00 00
160 145 08 19 18 107 L
1610117 01 00 o1 01 o1 00
161097 04 01 04 03 02 o1
16107 I 04 29 09 60 05
16105 02 00 02 00 02 00
170 04 00 03 00 02 o1
ak170 02 00 02 00 02 00
16204 12 01 08 03 01 02
170 03 00 02 01 02 00
163047 02 00 03 03 03 02 !
171 04 00 03 02 05 02
164037 00 00 01 00 00 00
16401 02 00 03 01 03 o1
180 44 03 20 10 28 0
180112 01 01 0 16 00 00
18109 171 L 201 25 218 20
18107 9 03 a8 01 44 01
181067 01 00 00 00 00 00
181057 03 00 03 00 03 00
18206
18204
18306
190
18304
18303




Faty acids Week Marine Diet al Diet
18403 13 03 19 02 L 06
18:4n-12 01 00 02 00 o1 00
200 00 00 00 00 00 00
18503 00 00 00 00 00 00
2010117 23 03 24 05 24 03
20109 19 02 24 04 17 03
201072 02 00 03 00 02 00
2 00 00 00 00 00 00
2026 00 00 00 00 00 00
20206 03 00 04 01 04 00
20306 01 00 01 00 o1 00
210 00 00 00 00 00 00
20406 13 03 08 02 06 o1
20303 02 00 02 00 03 o1
20403 06 00 08 04 06 o1
20503 123 14 129 10 87 08
20 00 00 00 00 00 00
2:1n-11013) 19 02 Ls 01 14 01
2109 03 01 05 06 05 06
00 00 01 o1 00 00
06 00 05 03 04 00
00 00 00 00 00 00
00 00 01 00 00 00
02 00 02 00 03 04
00 00 00 00 01 o1
17 01 21 04 13 02
00 00 00 00 00 00
166 12 122 24 81 05
06 02 02 01 02 00
21 02 18 03 16 02
TSFA s 10 180 30 163 12
TMUFA 365 22 a8 38 01 25
TPUFA 400 28 384 m 450 32
x 25 03 33 02 191 16




Appead i ks
1=3 fish at tme-0, =6 fish at wk 8.
Week§ Week s

Fany acids Weeko Marine Diet Temestial Diet
150 L 06 Ls o1 10 02
141 00 00 00 00 00 00
150 o1 00 o1 00 o1 00
ai-150 00 00 00 00 00 00
150 03 o1 03 00 02 00
151 00 00 00 00 00 00

60 o1 00 00 00 00 00
1607 00 00 00 00 00 00
160 212 o8 152 03 143 o8
16:10-117 00 00 00 00 o1 01
16:109? 04 03 02 00 02 00
16107 18 06 21 05 19 04
16:105 o1 00 02 00 o1 00
170 03 o1 03 00 02 01
ai-17:0 o1 00 o1 00 o1 o1
16204 03 02 o5 03 03 03
170 03 02 02 o1 02 00
163047 o1 00 o1 00 o1 02
171 06 02 04 00 04 02
164037 00 00 02 o1 02 02
1641 o1 00 o1 00 00 00
180 21 36 42 02 45 03
181117 00 00 00 00 00 o1
18:109 126 17 124 08 132 o5
18107 42 02 44 03 40 03
181067 00 00 00 00 00 00
18:105? 14 2ii 02 00 02 00
18206 09
18204 o1
18306 o1
190 00
18304 o1
18303 03




Week 8
Terrestrial Diet:

Fany acids Week0
18403 03 03 06 01 04
18417 06 10 01 00 o1
200 01 00 o1 00 00
18503 00 00 00 00 00
201112 08 03 09 o1 08
20109 13 02 1s 01 13
201072 01 01 01 01 o1
20200 00 00 00 00 00
2021 00 00 00 00 00
20206 01 01 03 o1 04
20306 00 00 o1 00 o1
210 00 00 00 00 00
204ns 15 03 17 01 1
20303 00 00 01 00 04
204n3 03 03 01 01 05
20503 123 49 161 01 143
20 00 00 00 00 00
2iin11(13) o8 03 03 o1 03
2109 02 02 03 00 02
2107 00 00 00 00 00
215037 02 02 05 01 03
230 00 00 00 00 00
2une? 00 00 01 00 00
22506 02 02 04 00 04
2037 00 00 00 00 00
2503 17 08 26 01 23
240 04 03 01 01 o1
2603 26 80 259 14 251
201 16 03 14 01 16
3 Bacerial 17 03 14 02 13
SSFA 313 150 217 04 206
EMUFA 260 24 253 13 245
TPUFA 422 150 524 14 sas
T 12 03 21 02 79




3

ish o ime-0, =6 fishat
k8

e Week §

Week0 arine Diet Temestrial Diet

31 05 30 05 25 03

01 00 o1 00 01 00

02 00 o1 00 01 00

00 00 00 00 00 00

04 00 03 00 02 01

00 00 00 00 00 01

01 00 01 00 o1 00

01 00 00 00 00 00

00 00 00 00 00 00

151 22 88 51 13 12

00 00 26 58 00 00

02 02 03 04 03 03

72 03 7 01 70 11

02 00 02 00 o1 00

03 00 03 00 02 00

02 00 03 00 o1 01

L1 01 05 03 06 01

03 00 02 01 02 00

04 00 03 01 03 02

05 00 06 01 05 02

00 00 01 00 00 00

04 00 06 01 04 o1

34 03 21 L1 19 05

00 00 04 05 08 13

203 23 23 23 219 24

18107 S0 02 50 0s 51 05

181062 06 10 01 02 00 00

181057 03 00 03 00 03 00
18206 16
18204 02
18306 02
190 00
18304 01
18303 01




2:1011013) 33 04 20 04 06
2109 06 00 05 02 04 02
2107 04 05 o1 01 01 00
215037 05 00 06 01 04 01
230 00
24067 00
2506 02
24037 01
22:503 16
240 00
22:603 96
241 03
X Bacterial. 20
TSPA ns
S MUFA 453
SPUFA 303
2 24
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