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Abstract

[.ite cveles and scasonal changes in density . biomass. growth, secondary production
and hipids in Avsis nuxia and Acanthosiephera malmgerens trom a 240-m deep site in
Conception Bay, Newtoundland. were studied from October 1998 to November 2000
The primary aim was to provide life-history and ecological intormation on populations
mhabiting the hyperbenthos of Conception Bay, and to relate the seasonal lipid and fatty
acid dynamics to each species™ hite eyvele and to the occurrence and quality of the annual
phytoplankton bloom

Lite spans and reproductive cveles were remarkably similar in the two species. with
the release of free-living juveniles from mature temales occurring in April and May when
bloom material was setthing to the hyperbenthos Females reproduced once and then died
at age-2 5 years tollowing a S-month brooding period ot larval stages  'he bienniai hite
cveles of both populations resulted in the presence of 2 cohorts of each species co-
existing at most times, although a marked annual alternation in cohort dominance
occurred in the amphipod population Annual production biomass (/7 B) ratios in the
mysid population were similar i both years. indicating consistent recruitment trom vear
to vear In contrast. the alternation in cohort strength in . malmgrens had signiticant
repercussions in the success ot this population. reflected ina lower /2 5 ratio in 1999 than
m 2000,

Divergent patterns in lipids. fatty actds. and specitic fatty acid marker ratios retlected
differing life stvles. diets and critical periods ot energy accumulation and utilisation m A/
mixta and A, malmgreni Influenced by the seasonally productive and perpetually cold
environment created by the Labrador Current. AL mixia and Ao malmgrens both
accumulated high levels of lipid reserves similar to those attained by other cold-water
zooplankton NMaxtmum lipid stores were observed in females. although the maximum
liptd content in AL mixia was over twice that in A malmerens Lipid levels imcreased with
maturity, and developing mysids exhibited a particularly rapid accumulation of
triacy fgly cerols and diatom-associated tatty acids at the start of the spring bloom U nhke

the mysids. juvenile amphipods did not begin to develop sexual characteristics or



accumulate signiticant amounts of triacvlglvecerol or phvtoplanktonic fatty acids until
atter the spring bloom material had already reached the hvperbenthos in May. This study
rev cals a dependence of M omixta and - malmgererni on scasonal lipid accumulation for
reproduction. and the existence ot trophic hinks between their populations and the pelagic
production cvele (1 e benthic-pelagic coupling) Increased mobility and a broad range of
prev itvpes provided AL mixza with sutticient opportunities to accumulate essential fatey
acids rapidly However, A malmgrern was restricted to a lower quality diet than was A/
mivia. and the trophic connection between A, malmgrent and production in the cuphotic

sone was less pronounced

i



Acknowledgements

I thank my supervisors. Drs Don Detbel and Rav 'hompson. tor providing me with
the opportunity to study the little-known but fascinating world ot hyperbenthic
sooplankton. My work in Conception Bay (funded by rescarch grants from NSERC and
graduate fellowships from Memorial University) has been both challenging and
rewarding, and T am unable to adequately express the value ot mv experiences during
these past vears 1 also thank my supervisory committee member Dr Chris Parrish. tor
his ever-present positiv e attitude. tor providing the equipment necessary to complete a
farge portion of my thesis, and for his valuable input regarding liptd chenustry and related
matters Jeanette Wells introduced me to the mtricacies ot lipid analyvsis. and Nhike
Richl's help i the field and in the laboratory was frequently over-and-above the call of
dutv. and I thank them both whole-heartedlv. I'he captain and crew of the RN “Kard cnd
Jackie 177 provided essential assistance and joviality in the ticld All personnel at the
Occan Sciences Centre have made “goimg to work™ a happy experience. and | thank
evervone tor the fun and laughter 1 will especially miss the camaraderie ot the grad room
and the barbecue crond - vou guys are the greatest!

I deeply appreciate the love and support of my family, with whom I regrettably have
had hittle personal contact during my graduate school vears. and my dear triends Marci
and Joan. who continue to inspire me with their indomitable courage NMost of all. T am
thanktul tor Trevor. whose spirit and love have kept me buovant through the worst and
the best of times

conid, thanks for the music.

[ decheate this ssork to nn: grandmother A Richoux. Iwisliyou vwere hiere



Table of Contents

Abstract o . v 1
Acknowledgements v S . NN
Table of Contents L 4 . _ \
List of Tables , o . . . o RN
Listof Figures o o .. X
[ist of Abbreviations and Units S o o A N1
Chapter 1. Introduction and overview . : : S o
I 1 The hyperbenthos . . |
1.2 Benthic-pelagic couplimg... .. o i

1 20 Neasonal production i the cuphliotic zone ]

3

122 Responses i the Inperbenthios

2.3 Looplankion nugrations .. .5

I3 Lipids and faty acds . S .4
P Importance of lipids . , ‘ e o4
3 2 Lapids and benthic-pelagic coupling 5

I 4 Thesis ovenview o o 0
.53 Publication and submission status B
I 6 Co-authorship statcments . s
I 7 References S
Chapter 2. Population biology of AMyvses mixia : 14
2 1 Introduction . L : ‘ o : .14
22 Matenals and methods 0 0 R o o 1o
22200 SNty osiie B e S 1o
S22 Nample collecnion o . S o 10
228 Numple analy ses : . . . I

2 5 Results A
S lanvirenoncnial deta 25
23 2 Biometries . . 23
S0 Dicirsiy brconass and eronin R

2 4 Discussion 4
2.5 Summan 43
2 6 References 00 0 43



( hapter 3

N

v ad L) 4

Population biology ot Acanthostephera malmgrem

I Introduction
Materials and muhods
Results and discussion
Summan

— sl

I

References .

Chapter 4 Seasonal changes in the lipids ot Nyvsis i

4.
1

+.

4

4.

Chapter 5 Scasonal changes in the lipids of Acanihostepheira malmgren

S

I Introduction o
2 Materials and m;llmdx .......
4200 Study o site and sample (u//ulmn ,,,,,,,,,,,,,
4 2.2 Specunens
4 28 Laiped analy sos
4 2d Dreal concenirations
425 Ntanstical analvses o0 L
3 Results o
43 Toral lipids
4o 2 Lapid class composition
4520 lemales
4.3 2 2V ales .
4.3 2 3 Vimor classes u/l(//l/’u/\ NI /”(/L v
S 3.3 Arcal concentrations
4 Discussion .

S Summan
O Relerences

S 1 Introduction ,
S 2 ANatenal and mulmd\

SO0 Sty site cond saonple collecnion
Al _“ 2 Npectinens I -
S 23 Lapidd analy ses are u/< ORCCINTalicss um/ NI
3 RL\llll\

4 Discussion

SoSumman

S 0 References

NO)
S
82
84
Q-
UN)
DI®)

QY

9y
100
100
oo
102
102
110
s
(RN

Chapter 6. Scasonal and ontogenetic variation in the fatty acid composition of V/vyiy
mixta and Acanthoseephera malmgrem

O
O

.

I Introduction
2 NMaterals and methods .

DD Nty site and sample 'rl//((llr//: )
(;,_’ 2 Npecimens L
O 23 Calcrdations ased statistie s
3 Results . :

O latty acids i M\ SIS mNda L
6.3.1 1 Ductary markers

IS

t.
t

YRV )

o tw o tw

124



¢ 22 lany aocds o Acanthostephera malimerem

OS2 Iuctary marhers
o33 real UL cadandations

o Discussion
O 3 Summarn .
0 O Relerences

Chapter 7. Conclusion

Sumimary of thesis .0
ure studices

i
2 Ful
3 Relerences

IV
> I I )



L.ist of Tables

J

Table 2 F Afvsis mixta. Demographic categories and approximate size ranges. . Y

Fable 2 2 Afvwes nuxia Relationships describing div mass. carbon. protem. tecundity.

length measurement Ly and length measurement L as functions ot bodyv length 1 ; 20
Table 2 3 Mywes nuxta Density. biomass and secondary production : 30
Table 2 4 Ayvsey nuxta Within-cohort changes in body Tength 34
Table 2.5 Afyses mivia Within-cohort changes i dryv mass and carbon 3s

Table 3.1 Acanthostepheia malmgren. Demographic categories and approximate size
ranges .. L o 80

Table 3.2 Acarnthostephera malmgreni Relationships describing drv mass. carbon.

protein. tecundity and Ly as functions ot body length [L; .0
Fable 3 3 Acanthostephera malmgren. Density. biomass and secondary production S0
Table 3 4 Acarmthostephera malmgrenr Within-cohort increases in body length 0 04

Table 3 5 Acanthostephera malmgrenr Within-cohort increases in dry mass and
carbon o o S L _ 00

Table 4.1 Mywes nxta. Lite-history stages and approximate size ranges of mysids and
broods - : N 72

Table 4 2 M yses noxia. Biquations to caleulate drv mass of mysids from body
fength and brood dry mass trom brood size

~J
tJ

Table 4.3 Afyses poxia. Within-cohort total lipid accumulation or utihisation rates .~ 78
Table 4 4 Alyses nmoxra Within-cohort triacvlglveerol accumulation or utilisation rates 80

Table 4.5 AMywses muxra. Within-cohort phospholipid accumulation rates : 82

s
-

Table 4 6 X ysis nuxta. Lipid class composition ot cohort

Table 4 7 Vivsis muxvra Lipid class composition of cohort 2 83

-
e
~

~

Table 4.8 Avsiy mixra. Lipid class composition of cohort 3

VI



[able 4 9 A vsiy g, Lipid class composition of cohort 4

pable S U Acanthosiepheia malmgrens. Lite-history stages and approximate size
rances of amphipods and entire broods

Table 3 2 Acanthostephera malmgerern Equations used to calculate dry mass of
amphipods from body length and brood dryv mass trom brood size.

Table S 3 Acanthostepheia malmgerenr Withi-cohort total hipid accumulation or
utilisation rates

Table 5 4 Acamthostepheia malmgrens Within-cohort triacy lely cerol accumulation
Lable S5 Acanthostepheia malmgrens Within-cohort phospholipid accumulation
or utilisation rates

Table S 6 Acanthostephera malmgren Lipid class composition ot cohort |

Table 8.7 Acamthostephera malmgrend. Lipid class composition ot cohort 2

‘h

Table S 8 Acanthostepheia malmgren Lipid class composition of cohort 3
Fable 6 1 Myvwis mvta. Najor fatty acids, drv mass and total ipird inmature males
and females trom C1 C2 and €3

Table 6.2 Avsis nnxra. Major fatty acids, drv mass and total lipid i juveniles.
mmmature males and immature females trom C2. C3 and CH4

Fable 6 3 Mvsis mvxia. Acanthostephera malmgrenr \Vithin-cohort rates ot
accumulation or utilisation ot major fatty acids and sums ot PUEF AL SEA
MUFA and copepod markers 2071 + 22

Fable 6 4 Acamnthosiephera malmgrem. Najor fatty acids, dry mass and total
hpid in C1 - C4

37

101

106

107

108

109

109

120

127



List of Figures

N

Figure 2 1 Study site & within Conception Bay. New foundland

[-J
19

Freure Avsiy mxia. Larval stages within the brood pouch ot a female

19

Freure 2 3 Afvises nuxia Full body view ot a free-living juventle showing length

measurements (/ and /7 4

Frgure 2 4 Myvwis nuxia. Head and partial body regions ot a juvenile showing the
carapace measurement (/)

Fiegure 2 5§ Seasonal temperature. salinity and chl « concentrations in the watel
column at the study site

Fiagure 2.6 Myvses muxia Length-trequency histograms trom T4 December 19U
through 10 January 2000

Frgure 2.7 Avsis nuxia Length-frequency histograms trom 24 January through
20 November 2000

12

Fraure 2.8 My mixta. Cohort density and biomass

()

Figure 2 9 /vy muxra. Increases in body length i C1C20C3 and C4

S}

FFreure 2 10 Aywrs nuxia. Changes i dry mass in CHC20C5 and C4

Figure 3 1 Acanthostepheia malmgreni. Laryal stages within the brood pouch of
a female

Figure 3 2 Acanthostepheia mabhmgrein. Length measurement (/) of a juvenile

Froure 3 3 Acanthostepheia mabhmgren. ength-frequency histograms from
21 October 1998 through 10 January 2000

Figure 3 4 Acanthostephera malmgreni. 1 ength-frequency histograms from
29 February through 20 November 2000

Fiaure 35 Heanthostephera malmgren. Increases in body lengeth
Frgure 3 6 Acanthostephera malmgren. Cohort density and bromass

Figure 3 7 Acanthostephera malmgren. Changes in dry mass i C1oC2. C3 and C4

i
¥

OO

063



fooure 4 1 Vs mivea, Caleulated drv mass tor all mysids trom which Tipids were

entiacted . ‘ 70
Fiecure 4 2 Afvsrs mixia. Seasonal changes in total lipid in C1 C2. C3 and C4.0 77
Figure 4.3 Vyvsrs nnxia. Seasonal changes in triacylglveerol in C1LC2 C3 and C4 79
Figure 44 Afvsis mixia. Scasonal changes in phospholipid in C1. C2. C3 and C4 83
Fiegure 4.5 Avisis noxra Areal concentrations ot total lipid and triacy lglveerol 88
Froure ST Acanthostepheia malmgerern. Changes in drv mass and total lipid in

Cl1.C2and €5 . o o . - 103
Figure 5.2 Acanthostephera malmgren. Changes in triacviglveerol in C1 C2 and C3..104
Figure S 3 Acarhosiephera malmgren: Changes in phospholipid in C1. C2 and €3 105

Figure S 4 Acanthostepheia malmgreni Areal concentrations of total lipid and
triacylelycerol .~ o o o o o S R

Figure S S Acanthostephera malmgrenr Total ipid i C3 amphipods starved i the
laboratory . compared with those collected m the tield from Aug to Nov 2000 _ [

Fieure S 6 Acanthostephera malmgreni Najor and minor lipid classes in C3
amphipods starved in the laboratory from 14 August to | November 2000 2

Figure 6 T Afysis nuxia Changes in the sum of polvunsaturated tatty acids in
Cl.C2.C3and C4 o S o 128

Figure 6.2 Afvsis mixta. Changes inthe (16 17 ¢ 16 TonS) 16-0 ratio (diatom marker)
and the 22:603 20 5m3 ratio (dinotlagellate marker) m C1.C2C3 and C4 131

Fraoure 6 3 Mviszs nuxra Changes in the sum PUEFA sum SE A ratio and the

IS 119 18 17 ratio (omnivory/carnivory markers) in CH C2, C3 and C4 132
Figure 6 4 Aysis muxta Changes in 18 1o9 (carnivory marker) and the sum ot

2000+ 2271 fatty acids (copepod marker) m C1. C2. C3 and C4 133
Figure 6.5 Acanthostepheia malmgereni Changes in the sum of polvunsaturated

fatty acids in C1. C2. C3 and C4. A o - 157
Figure 0.6 Acanthostephera malmgrenr Changes in the (J6 1o7 © 16 TmS) 16 0 ratio
(diatom marker) and the 22:003/20:503 ratio (dinoflagellate marker) in C1. €2,

3 and C4 , o , o S S v [3n

Nt



Fiaure 6 7 Acanthostepheia malmgren: Changes in the sum PUFA sum SEA rauo
and the 18 1w 18 17 ratio (omnivory carnivory markers) in C1C2. C3 and C4 139

Figure 6.8 Acanthostephera malmgrenr. Changes in 18 109 (carnmivory marker)
and the sum of 201+ 22-1 tatty acids (copepod marker) m C1. C2. C3and C4 140

Fieure 6. 9 ANhsis mixia, Acanthostepheia malmgreni  Areal concentrations of
polyunsaturated fatty acids within the hvperbenthos of Conception Bay 14

N



AFDNM
AL C
ANPL
B

C

Cl

C2

QR

C4
Chl «
CHN
cTrp
CN ratio
CO
vV

D

DG
DM
q

Fc
FFA
FID
GC
HC

NI

ind

List of Abbreviations and Units
Ash-free dry mass (mg)
Alcohol(s)
Acetone-mobite potar lipid(s)
Biomass (¢ DN per 100 m')
Carbon (mg)
Cohort 1
Cohort 2
Cohort 3
Cohort 4
Chiorophvll a (ug 1)
Carbon, hvdrogen, nitrogen
Conductivity. temperature. depth
Carbon:Nitrogen ratio

Cohort

Coefticient of vanation [ (standard deviation «

Density (ind per 100 m’)
Diacviglveerol(s)

Dry mass (my)

Equation number
Fecundity (embrvos brood™)
Free fatty acid(s)
[Flame-tonization detection
Gas chromatography
Hvdrocarbon(s)

Immature female(s)
Immature male(s)
individual(s)

mmmatures unditterentiated

LOO) mean|

AN






Chapter 1. Introduction and overview

1.1 The hyperbenthos

The hyperbenthos is the region of interaction between the sea tloor and the water
column. This oceanic region is characterized by a high concentration of suspended matter
and supports a variety of invertebrates ot both benthic and pelagic origin (Marcus &
Bocero 1998) Sampling problems resulting from the inaccessibility ot the hyperbenthos
have resulted in a general paucity of studies on organisms hiving in this region. but
evidence suggests that hyperbenthic animals successtully exploit a diversity ot food
resources and are important inks among numerous trophic levels (Mees et al. 1995 Mees
& Jones 1997) Invertebrates living in this region. including mysids, amphipods.
decapods, chaetognaths, copepods and a variety ot other taxa, plav kev roles in the
conversion of energy and nutrients from algae. detritus. bacteria and small zooplankton
into animal biomass that can be consumed by tish and other predators (Alldredge & King
1985, Gardner et al 1985, Stefanescu & Cartes 1992 Goedkoop & Johnson 1994) To
date. most studies on the hvperbenthos have tocussed on taunal descriptions. distributions
and relative abundance. but few studies have examined the general biology. lite cycles.
energy storage cycles and ecological roles of species withimn this realm (Cartes et al

2001).

1.2 Benthic-pelagic coupling
1.2.1 Neasonal production in the euphotic zone

Benthic-pelagic coupling reters to the links between the pelagic and benthic regions of
aquatic svstems Nleasurements of vertical flux connecting plankton and benthos in the
ocean were not commonplace before the 1970°s (Hargrave 1973). and many researchers
continue to study the two regions as relatively separate entities. Only recently have
benthic and pelagic processes been incorporated into a more cohesive unit in the marme
ecosvstem (e.g. Wassmann [998) For example, Asper et al (1992) made direct
measurements of primary production. shallow tflux and deep tlux at a 3.200-m deep site

oft the coast of Bermuda in the Atlantic Ocean Thev tound a close correspondence



between primary production and organic particle flus to the benthos. thus supporting
crowing evidence that benthic and pelagic systems are closelv connected even in very
deep arcas.

Although a variety of biological and phyvsical processes link benthic and pelagic
regions (Parsons et al. 1977, Alldredge & King 1985 Alldredge & Silver 1988, Graf
1902, Lehtonen 1995 Tyvler 1995, Narcus & Boero 1998 Wassmann 1998). the coneept
ol benthic pelagic coupling is most otten referred to as a vertical trophic hink. whereby
particulate organic matter originating in the euphotic zone is deposited to the benthos
where its energy s consumed. stored and metabolized (¢ ¢ Kemp et al. 1999) Uptake
and transport of nutrients from benthic organisms and sediments back to the cuphotic
sone to support primary production completes the trophic loop. The cvelic transtormation
of nutrients between dissolved inorganic and particutate organic forms, and the vertical
tlux of solutes and particles. can facilitate the retention and recvehing ot nutrients within
an cecosystem (Kemp et al 1999 and references therein) [yvery oceanice region is
characterized by some degree ot benthic-pelagic coupling. although more accessible areas
like the Baltic Sca have been more extensively studied than deeper. more remote regions
(Untto & Sarvala 1991, Rudstam et al 19921 chtonen & Andersin 1998)

Primary production in the world’s occans occurs predominantly within the cuphotic
cone. Generally, particulate organic matter in the cuphotic zone consists of tine particles.
alual cells. detritus, freelv-suspended bacteria. tecal pellets and aggregates Aggregates
and fecal pellets are the vehicles that provide the main passive tlux of material (Immerson
& Rott 1987, Alldredge & Silver 19SS, Lampitt et al 1993) although active deposition of
pelagic material via animal movements also provides food tor benthic and hy perbenthic
organisms In coastal ecosvstems such as the northern Adriatic Sea. annual deposition of

1”0 of primary production (Kemp

particulate organic matter has been calculated at 45 to ¢
ctal 1999) Even in the deep ocean, where onlv 1 to 3% of surtace organic material
reaches the scabed (Gage & Tvler 1991), the dominant source ot organics tor
heterotrophic teeding is primary production within the cuphotic zone (Tvler 1V95)
The occurrence of seasonal food pulses ortginating i surtface waters may be more

important to benthic community structure and dyvnamices than the total annual input of
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V/omixra in Conception Bav falls within the broad category of cold water (0 7 (),
semelparous epipelagic and coastal mysids (Wittmann 1984) Spawning once during a hte
cvele is considered advantageous in high latitudes. where the productive season is brief
and temperatures remain low vear-round Spawning in this group typically occurs in
autumn or winter, and juventles are released in the spring when tood is abundant
\ccording to Wittmann (1984), females usually reach matunty within a vear unless
extreme arctic and or oligotrophic conditions limit growth. i which case newly refeased
juventles may require two summers to reach maturity (resulting in a 2-vear generation
time)

Although the environment in Conception Bayv is not as extreme as that in the Arctic. the
intluence of the Labrador Current and the distinctly seasonal primary production ¢vele
presumably partially determine the hife evele and the  2-vear life span exhibited by A mnixia
i this region Life cvele patterns in crustaceans are aftected by seasonal variations i tood
avatlability (Gage & Tvler 1991) As N/ puxta is an opportunistic omninvore. it is ditficult to
predict its seasonal diet in Conception Bav At ditferent times of the vear, mvsid stomach
contents contained phyvtoplankton. tragments of small crustaceans. and unidentitiable
detritus (qualitative analyses on random sampling dates). Owing to the uncertainty pertaining
to seasonal diet and consumption, tood quality tor A puxra in Conception Bav was
estimated trom primary productivity and seasonal chi ¢ {lux Estimated primary production
m Conception Bay ranged trom 124 t0 137 ¢ C m v between 1986 and 1990 (Tian et al
2003). and estimated production during 1999 and 2000 1s assumed to lay somew here within
this range These values. which represent production for an entire vear. include the high
production periods or bloom events that are responsible tor up to 75% of the annual flux of
particulate organic carbon to the hyvperbenthos (Redden 1994

The phytoplankton blooms in the present study (Fig 2 SC) represent periods ot high
food quality and avatlability tor M muxra in Conception Bav: Rapid sedimentation of the
spring bloom began within 3 weeks of its appearance in 1999 and 2000 The absence ot a
thermocline and low abundance ot zooplankton grazers in the water column allowed the
bloom material to reach the benthos i a highly nutritious torm (Redden 1994) Flux ot

particulate organic carbon to the Conception Bayv hyperbenthos was 30 - 409, of


















Density and biomass variations between vears mav result from vaoability in
recruitment The time when juveniles are tivst refeased s critical tor semelparous
breeders. tor it high mortality occurs the population has no potential tor turther
recruitment until the tollowing vear NMinor changes in offspring survival rate can alter the
abundance of an entire cohort (Lehtonen & Andersin 1998 and 1eferences therein)

Highlv dense cohorts of A nixia may bencetit from low predation rates. high tood
avatlabthity or high tood quality For such a species with a biennial. semelparous lite
cyvele recovery ot the population after a low production year will be slow

Baltic mysids (A/ysis spp ) oceur at densities as high as 300 ind. m™ (Kotta & Simm
1079 in Salemaa et al 1986) AL mivia densities ranged from 22 10 73 ind per 100 m” in
open deep areas of the castern and southeastern Baltic between 1979 and 1990 (Shyetsova
ctal 1992) with average densities of 100 ind. per 100 m' in more northerly regions
(Salemaa et al 1986, Rudstam & Hansson 1990} Seasonal population tluctuations
followed the reproductive cyvele. with highest densities in late spring and carly summer
following recruitment (Rudstam et al 1980) In the northern Baltic, winter is an
unproductive time and the mvsid population remains at a minimum (Salemaa et al 1986,
Rudstam & Hansson 1990) Annual mean densities of Vo mnxia in Conception Bay (242
md per 100 m' in 1998,99 and S44 ind per 100 m’ in 2000y exceed mean densities
reported from the Baltic Sea

Estimated secondary production ot A mixia in the Baltic during 1984 8Swas 01 -006
o C w7 v (Rudstam et al 1980). which is within range of estimates ot AL relicia
production in Lake Michigan (009 - 112 ¢ C ™ v’ Sell 1982) The maximum
production estimate of Baltic mysids represents up to 0 33%0 of annual primary
production Estimated production ot A/ muxra in Conception Bav. integrated over Im
depth. was a maximum ot 0 07 ¢ Cm =~ in 1999 and 0.21 ¢ C m™ in 2000, representing up
to 0 15% of annual primary production Comparing production among populations
provides some indication of the role of a species in the transter of organic material 1o
other trophic levels Untortunately . secondary production estimates have only been
determined in one other hyperbenthic invertebrate trom Concention Bay. the amphipod

Acanthosiepheia malmgreni (Chapter 3). Further ecological information on the key





















the dorsal surtace protruding trom the sediment (Richoux. unpublished) Such burving
behaviour occurs in other Ocdicerotidae (Beare & NMoore 1998b). although A1 mialmigrem
was classitied by Sainte-Marie & Branel (1985) as an upper suprabenthic species (detined
as species that swim very intensively and regularly just oft the bottom). primarily due to
its exceptional swimming abilities There is no information regarding diel vertical
migrations by A malmgreni into the pelagic realm of Conception Bay. although

gions in the

=
=

individuals commonly occur as tar as 100 m oft the bottom of upwelling re
Gultfof St Lawrence (Sainte-Marie & Brunel 1985) Further studv is necessary to
determine the presence and extent ol any migratory eveles in the Conception Bay
population

[he ecology ot A malmgreni is poorly understood because most populations inhabit
deep waters that are ditticult to sample This study provides the tirst detailed information
on lite-cycle dynamics, density. biomass and production ot -1 malmgrens i relation to
scasonal nutrient flux to the hyperbenthos Comparisons are made with other gammarids.,
m addition to the svmpatric mysid A/ muxra considered in Chapter 2 As population
studies of hyperbenthic species are relatively rare. this study represents an important step

towards understanding the organization and dyvnamics of cold occan ecosvstems

3.2 Materials and methods

Detailed descriptions of the studv site, environmental conditions and sampling
methods are available in Chapter 2 Briefly . samples were collected approximately
monthly from October 1998 to November 2000 with an epibenthic sled (mouth opening
g5 mT and estimated sampling height T m above the seabed) at a site at 240-m depth in
Conception Bay, Newfoundland

Live dcamhostephera malmgrent Goes were categorized into hife-history stages (Table
3 1) and counted. Immature individuals (including some mature males) were grouped in a
non-sexed category when there was insufticient time to process an entire sample (sex
determination ot stages other than juveniles and mature females required painstaking
microscopic observation and was particularly difficult with preseryved specimens) Larval

length was the longest axis of cug-like stages and the terminal to trontal tip of hatched
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from Conception Bayv. were underestimates. since the voungest tree-hiving juveniles were
not sampled trom ther release at a length ot 4 mm in Mav untl they grew to 8 mm.
Unlike the adults, small juvenile amphipods observed in the laboratory tended to swim
continuously (Richoux, unpublished) Juveniles may have occurred shightly tarther from
the bottom than the adults, making them difficult to sample untl they migrated closer to
the benthos Such behavioural disparity between adults and juveniles occurs in other
ocdiceroud species (Beare & Noore 1998a)

e fluctuations i within-cohort density and biomass of 1. malmeren (Fig. 3 6L
Table 3 3) mayv be attributable to horizontal movements ot amphipods into and out of the
sampling zone, in addition to the inherent limitations of sampling one site in the bay
\ ertical migration is an improbable explanation because A. malmgren presumably
remained closely associated with the benthos during the dav. when samples were taken
(Brunel 1978) Low collection etticiency tor 1. malmgrenn by the sampling net during
population explosions of other hyperbenthic species may have contributed to within-
cohort varation Spectfically. lower than expected densities of C3 i NMav. June. and July
2000 corresponded with extremely high densities of enidarians, chactognaths and or
ctenophores in the hyperbenthic tows (qualitative data not shown). The high within-
cohort variation of density and biomass in C1 may be explained bv the natural mortality
of amphipods at the end ot themr life cvele (Fig. 3 6). Because only one site in Conception
Bav was studied (1 ¢ sediment-type remained consistent). it 1s unlikely that scasonal
vartation occurred i the efticiency with which the sled colliected partially buried
amphipods Low coetticients of variaton (C\ range 18 9 - 21 0%0) tor cohort density
were obtamed trom triplicate tows in February, May and November, although a shighth
higher C\V of 54 2% was recorded i August. The low C\ values indicate that a single
hyperbenthic tow provided a reasonable approximation of amphipod population densities
(Rudstam et al 1986). although without sampling over a wider arca there is no measure
ot the scale-dependent variability i the population estimates

I'he marked alternation in dominance ot . malmgrenr cohorts trom vear to year
clearly illustrates the necessity for ecological studies of this type to span at least 2 vears

Periods of recruitment failure have been noted in other deep-water communities. some of



which are caused by biological rather than physical factors For example the bivalve

\ facomea balthica exhibited periodic recruitment tailure in the Baltic Sea due to the
influence of a co-existing amphipod. Nonoporeia affings (Segerstrale 1969 AL affinis
populations,in turn, experienced ¢y clic fluctuations. possibly due to food shortages. high
mortality and low recruitment tollowed by slow recovery (Sarvala 1986 Lehtonen &
\ndersin 1998) A similar situation mav apply to the Ao malmereni population in
Conception Bay. Recruitment in the progenitors ot C2 and C4 mav have decreased for a
variety of reasons. For example. the fecundity of brooding females may have been low as
a result of stow growth. or the survival ot brooding females or newlv released juveniles
mayv have been low due to high predation pressure Because - malmgren: exhibits a 2-
vear semelparous lite cvele, the recovery of the population atter a low production vear
will be slow regardless of the original biological or phvsical cause(s) ot the decrease in
recruitment.

Ao malmgrern clearly exhibited no sexual dimorphisim in body length (Fig. 3 5)
\lthough growth rates dittered signiticantly between the sexes. DM was highlv variable
and did not exhibit distinctive patterns in the oldest amphipods collected (Ci. Fig 3 7)

C 3 amphipods did show some signs of sexual dimorphism. with the DM ot temales
slightly greater than that of males Absence of sexual dimorphism s unusual in
cammarids, most species exhibiting some form of size difference between sexes (Beare &
Noore 1998a, Yamada & lkeda 2000) The onlv clear instance ot dimorphisim in the
current study occurred between brooding and spent females, which 1s not sexual
dimorphism in its strictest sense Spent females exhibited signiticantly lower mean DM
(93 mg) than brooding females (127 my) of the same bodv length due to the release of
broods (I'ig 3.7)

Overall, variation in DN at cach sampling date was lowest in embrvos and in the

oldest free  ving stages (minmmum CV 4 0%) with highest variation in DN occurring in
smallest C3 juveniles (maximum CV 46%0) Variation in bodyv length at ecach sampling
date increased with maturity. with CV values ranging from 3 2% to 16°6 Growth rates

were also highly variable among hife stages Adult C1 amphipods grew in body length at

0 75 mm month™ between October 1998 and May 1999 (Fig 3 3. Table 3 4) Mature









wnomalmgren range trom 4 310 6. 8 mu month ' in M/ mnvia) The mass-specitic
arowth rate in A malmgren ranged from 0.076 to | 7 month™ (Table 3 3). with vounger
mdviduals trom each cohort having the highest rates The higher growth rates i DN
attained by the amphipods were unexpected. since adult M/ mmixra are opportunistic
amnivores that can take advantage ot food tfrom ditterent trophic levels. whereas adult 4.
miclmgrem appear mited to a carnivorous diet As i the AL nnxra population. the
slightly higher growth rates of temale AA. malmgremn compared with other life-history
stages may reflect higher consumption rates needed to reach a minimum size required for
reproduction It food consumption was not adequate to enable the amphipods to grow to a
size at which they could store lipid at a certain threshold (e.g - 20%0 DN, they may have
been unable to reproduce (Hill et al 1992) Detailed analyses of the hpid content and
composition in the ditterent stages mav help to clariiy the reproductive requirements in

both species (Chapters 4..5.0)

3.4 Summary

Nany ot the population and hfe-cyele teatures of A malmgren i Conception Bay are
tvpical adaptations to a seasonally productive cold-ocean environment Conception Bay
represents an ideal location tor the studv of the cold-water hyperbenthos due to its
accessibility compared with the more remote polar regions  As i the ssmpatne VL mixta,
the variable growth rates, seasonal reproduction and relativelv slow development times
seen in A malmgreni are common in zooplankton living in highly seasonal environments
(Ward 1984) There are remarkable similarities in hife-cyvcle and population dvnamics
between the two spectes. despite taxonomic and biotogical difterences This study
provides valuable intormation on the ccology of A malmigrens in Conception Bav |
especially concerning temporal variability in the population. laving a sohid toundation tor
continuing population studies within the hvperbenthos and v estications on benthie-

pelagie hinks within the ccosystem
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Chapter 4. Seasonal changes in the lipids of Mysis mixta

4.1 Introduction

knowledge of the lipid content and composition of zooplankton is essential for
un  rstanding the importance of lipids to growth and reproduction and the energetic role
of' zooplankton within marine toodod webs Conception v. Newtoundland. is an ideal site
for e study of cold-water hyperbenthic species owing to the accessibility of the bay and
the vear-round influence of an inshore branch of the Labrador Current. The life-cvcle,
arowth and reproductive features of some hyperbenthic animals in this region are more
tvi cal of polar than temperate populations (Chapters 2. 3. Choe & Detbel 2000). The
seasonally productive and perpetually cold environment created by the Labrador Current
undoubtedly influences the lipid dvnamics of populations in this region.

Avsey naixta exhibits a 2. 5-year, semelparous lite evcle in the hyperbenthos of
Conception Bav (Chapter 2) Two-vear-old adults spawn in late autumn. the females carry
broods during the winter, and brood release occurs in spring Mature males disappear
from the hyperbenthos earlier than females. presumably because they die toHowing the
spawning season (Chapter 2) Juveniles teed on phyvtoplankton and other small particles
(Chapter 2). whereas developing and mature individuals consume rotiters. cladocerans.
tuntinnids and copepods in addition to detritus and phyvtoplankton (A pxta trom the
Baltic Sea: Rudstam et al 1989 Hansson ¢t al 1990). Nightly migrations into the water
column increase the variety of prev available to these mvsids and create a dirvect trophic
path between the hyperbenthic and pelagic regions.

In Conception Bay. most sedimentation occurs following the spring phyvtoplankton
bloom, which provides the benthos with large intluxes of fresh particulate organic matter
(Redden 1994) During the remainder ol the vear. sedimentation input 1s relatively small
excepting a secondary pulse in the fall (Tian et al 2003) This scasonal pattern ot primary
p duction and sedimentation creates variation in the availabibity of high quality food for
n st benthic and hyperbenthic organisms throughout the vear How much of the material
ortginating durimg the spring bloon is actuaily consumed by hyperbenthic organisms. and
m what form. remains unclear Difterent species are hikely to take advantage of this

a ual mflux i ditterent wavs, depending on hite histories. modes of nutriuon and
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storage abilities. O 19 hyperbenthic and benthic macromyertebrate species in Conception
Bay studied during three separate vears. Vo mvia exhibited the second ereatest mean
lipid level (2o wet weight) and the highest proportion of neutral lipid (%o total lipid)
during and tfollowing the spring bloom (Parrish et al. unpublished)

The purpose of this research was to investigate the role of lipids in the growth and life
cyele of A mixta. and to establish a trophic connection between the pelagic and benthic
regions of a cold-water bay 1 hyvpothesized that lipid content would vary ontogenetically
as the mysids matured and reproduced. and that lipid tevels in individuals would increase
following the spring bloom as a result of the increased avaitability and qualitv ot tood  In
addition, arcal concentrations of lipid were calculated to determine the degree to which
the population accumulates energyv trom the environment and the quality of the mysids as
tood for predators Together with previously reported population dynamics (Chapter 2).
the seasonal hipid data augments our knowledge of the ecological and energetic role ot

hyperbenthic organisms i a cold-ocean ecosystem

4.2 Materials and methods

=~
o

20 Ntucy site and sample collection

Samples oF Avwiy mixia were collected approximately monthly (December 1998 —
November 2000) from the depositional zone at 240-m in Conception Bayv, Newtoundland.
The large bay 1s 100 km x 30 km wide at the mouth, with a maximum depth of 300 m in
the central basin (deYoung et al 1993) The | abrador Current supplies Conception Bay
with deep water  07C throughout the yvear Detailed sampling methods tor both the
hy perbenthos and the water column (phvsical data) are described elsewhere (Chapter 2)
Briefly. sampling was done during davtime from a 13-metre boat equipped with an
epibenthic sled (mouth area 03 M) with tows commencing at 47°30 5 N_S3°07 5\
and ending near 47732 5 NUS3'07 0 W Orgamsims on the seatloor and those living

within 60 ¢cm ot the bottom were collected with a SOO-um mesh net tapered to a closed

cod end Tows lasted 20 to 30 minutes. with the tow distance ranging trom 620 10 930 m

4 2.2 Specuners

Live, depurated mysids were categorized into life-history stages (Table 4 1), and up to






4.2.3 Lipid analyses

Lipids were extracted from each sample using a moditied Folch procedure (Parrish
1999) Two or three very small juveniles were pooled on a few occasions to obtain an
adequate signal. Samples were ground in 2 1 (viv) chlorotornvymethanol, 0.5 ml of
chlorotorm-cleaned water added. and the lipid layers removed and combined tollowing
cach of three chlorotorm washes Lipid classes of concentrated extracts were separated by
thin-laver chromatography (TLC) on silica gel-coated rods (Chromarods-STi1) and
quantified by tlame-ionisation detection (FID) using an latroscan MK N (Parrish 1987)
Up to 11 lipid classes were identified and quantitied by comparison with FID responses
for the tollowing standards (the hipid class represented tollows cach compound) n-
nonadecane [hvdrocarbon (HC) |, cholestervl palmitate [stervl ester (SE)]. 3-hexdecanone
[ketone (KET)], tripalmitin [triacvlglycerol (TAG)]. palmitic acid [tree tatty acid (FFA)].
I-hexadecanol falcohol (ALC)]. cholesterol [sterol (STH]. T-monopalmitovl-rac-glveerol
[acetone-mobile polar lipid (ANMPL)| and dipalmitovl DL-u-phosphatidvicholine
[phospholipid (PL)] (Sigma-Aldrich Canada 1.td) Methvl esters (ME) were identitied by
their position between stervl esters/wax esters (SE/WE not separable with this method)
and KET. diacviglveerols (DG) were identitied by their position tollowing ST, and non-
lipid material remained at the origin ME and DG were quantitied using the KE'T and
ANPL calibration equations. respectively Frequent peak splitting i the TAG and FFA
regions made these classes ditficult to differentiate W hen peak splitting occurred.
additional developments using alternative solvent svstems separated more saturated trom
polvunsaturated FFEA and TAG (Parrish 1999) These tour liptd molecular species were
identitied by comparison with the standards palmitic acid (C16:0). docosahexaenoic acid
(C22 o). tripalmitin (3<C16°0) and triarachidonin (3 < C20 4) The TAG to FFA ratio was
then applied to the pooled TAG - FEA fractuion quantitied by conventional TLC-FID
Total lipid (TL) was determined by summing all Iipid classes A lipolvsisindex [11 (%)
((free fatty acids = alcohols) (total acvl lipids - alcohols)) - 100, Parrish et al 1995] was

calculated trom all samples to assess sample degradavon during storage and processing
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4.2.4 real concentiations

Following Arts et al (1992). arcal concentrations of reserve (1TAG) and total lipid (mg
m ) were estimated from the products of TAG or TL mvsid " and the population density
ot Vysis muxta in the hvperbenthos on each sampling date Adjusted (1 ¢ back-calculated)
density values for each life-history stage within a cohort were used (Chapter 2) because
within-cohort density in later samples was trequently higher than that in carlier samples.
Densities. and thus arcal lipid concentrations. were under-estimates of the true population
values since tree-living juventles (length 4 mm at release) were not collected until thev

reached 7 mm (Chapter 2)

4. 2.5 Ntanstical analyses

Within-cohort TAG. PL and TL accumulation or utilisation rates were determined
trom slopes in linear sections of regressions of lipid content per mysid (least squares
regression: linear sections were divided according to pre- and post-bloom start periods)
he Durbin-Watson statistic was calculated to detect temporal autocorrelation in the
regressions, and the Cochrane-Orceutt procedure was used to remove anyv autocorrelations
(Neter et al. 1996) Analyvsis of covariance (ANCOVA) was used to determine if rates ot
lipid accumulation or utilisation dittered between sexes within a cohort Changes in
minor lipid classes with development. particularlv in cohorts 2 and 3. were determined
using regressions (spent females were excluded from analvses) Data are reported as

means t one standard deviation (SD . a measure of subsampling and analvtical variance)

4.3 Results

4. 3.1 Lotal lipids

Seasonal lite evele, density. biomass and growth of A /ysss nuxra in Conception Bay
have been described elsewhere (Chapter 2) Four discrete cohorts (C1 C2.C3 and C4)
were identified during the 2-vear sampling period (Fig 4 1) NMysids from C2 collected
between December 1998 and February 1999 were not sexed and were pooled m an
“undifferentiated immatures” category Mysids from C1C3 and C4 were adequately
staged throughout development Overall, increases in TH mysid ' (me) with DN (mg)

were not significantly ditferent in males and temales CANCON AL/~ T OST 5 p GOSN
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(March April. Fig 4.3) Triacvlglveerol in C2 spent temales was lower than in C1 spent
females, resulting m lower T quantities overall

IFemales maturing through summer accumulated some PL (up to 0 32 me month g
Table 4.5). and had maximum PL levels of 620 DN once they became fully mature
autumn (Fig. 4 4). Otherwise, PL levels fluctuated around 4% DN with scasonal patterns
[ess pronounced than those of TAG The PL fevels in mature temales remained
consistently high throughout the brooding period until the females died tollowing the
release of broods in April or May (Table 4.5, Fig 4 3)

The predominant groups of mature females in C 1 C2 and C3 contained similar levels
of all Tipid classes and had higher levels of cach Tipid class than did spent temales and
mature males. Grand mean lipid levels are provided tor lite-history stages collected on
more than one sampling date (Tables 4 6. 4 7. 4.8). The earlv-spawning females in C2 and
C3 had lower amounts of all major lipid classes. presumably because they lacked the time
and the resources to build up the higher levels seen in females spawning later in the year
FFollowing release of the broods. temales were left with lipid class profiles similar to those
i mature males

4.3.2 2 Vales

NMost mature. post-spawned males had very low levels of TAG (mean range 0 07
[4%0 DML Fig. 4 3). The lipid pool ot age 2+ males in C'1 was not dominated by TAG.
unlike that ot all other lite-history stages including vounger mature males in C2 and C3
Low TAG in C1 mature males resulted in consistently higher values tfor ST and FF A than
tor any other neutral lipid (Table 4 6) Thigh TAG accumulation rates in maturing males
began in March and continued for several months (14 -1 7 mg month ' Table 4 4).
imdicating that males required significant energy reserves for reproduction. as did
females ITtis unlikely that these energy reserves were utilised tor overwintering since
lipid levels dropped during the spawning period in autumn. Like females. maturing males
accumulated TAG at slow rates prior to the initiation ot the spring bloom ( Table 4 4 Fig.
4 3) Highest TAG levels in males occurred following spring bloom settlement in May of
both vears (15 - 1826 DN g 4.3) In general. PL Tevels remained tarly consistent

throughout development (Tables 4 6.4 7.4 8 4.9) Small increases in PLowere observed
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winter between 1994 and 1997] trom Trinity Bayv. a nearby flord, that encompassed the
value derved trom Conception Bay Values of primary production i both New toundland
bavs are consistent with total annual phyvtoplankton production reported tor fjords in the
Northern Hemisphere (49N 77°N), which ranges from 10010 150 ¢ C m™yvr (Falk-
Petersen et al 1990) The proportion of fixed carbon recovered as TEH in seston is
normally between 10 and 20°0 (Sargent et al. 1V85) The hmited information available on
the changes in seston lipids within Conception Bav (Ramos et al 2003. Parrish et al
unpublished) indicate similarities to seasonal conditions in Trinity Bay (Parrish 1998) In
Trimity Bav, TAG Tevels in diatoms increase substantially during the peak of the spring
bloom. particularly as nitrate and silicate are exhausted (Parrish [998) The |G increase
is followed by increases in PE coinarding with the growth of dinotlagellate and
zooplankton populations Following the bloom. rapid flux results in the arrival of high
quality seston to the benthos of Trinity Bav and Conception Bav where the fresh organic
material is consumed. Up to 70%6 ot the total annual primary production i ice-tree
temperate and polar regions oceurs during the spring phytoplankton bloom (FFalk-Petersen
et al 1990y, and the spring bloom produces 38 - 75%, of the annual flux ot particulate
organic carbon to the hyperbenthos ot Conception Bay (Redden 1994 Tian et al 2003)

Choe et al (2003) determined the seasonal abundance of stage VI temale copepods
(Temora spp Nemidia spp - Pscudocalanies sppand Calamies spp ) in Conception Bay
during 1997 and 1998 theh abundance of copepods. important prev of immature and
mature mysids (Hansson et al 1990). comcided with the primary production cvele. albent
with a 3-week tume lag similar to the zooplankton increase observed i Trimity Bay
(Parrish 1998) Naximum numbers of mature copepods were therefore assumed to oceur
m carly or late Mav in Conception Bay duting the present study. with maximum numbers
of copepodite stages occurring in late summer and carly tall (Davis 1982)

Given high chl a concentrations copepod abundance and hipid content in seston
associated with the spring bloom_ it s hikelv that ipids in hvperbenthic zooplankton such
as M omuxia correspond i some predictable way to bloom pernods Nithough not strictly
herbivorous. A mxia can rapidiy exploit the high quahity organic material produced

during the bloom, presumably in part owing to the vertical migrations that bring it into the



water column each night (Rudstam et al 1989) This diel migration provides the mysids
with carly access to freshlv tormed aggregates produced in shallower water. whereas non-
migratory hyperbenthic organisms must wait until the material has settled The
commencement of the spring phvtoplankton bloom coincides with both the release of
broods from mature temales (Chapter 2) and the rapid accumutation of lipid in maturing
mysids. Lipid-rich mysids are high quality prey for demersal and pelagic predators, and
organic material consumed by the mysids is repackaged and redistributed through tecal
pellet production during diel vertical migrations The continual process of AL mixia
“drawing down™ organic material within the water column and the seasonal release of
juveniles into the hyvperbenthos probably have a large influence on the energetics of the
hyperbenthos and on the coupling of the benthic and pelagic regions in Conception Bay.

Within-cohort TL in AL mixta varied substantially throughout the study period. Some
difterences were observed among the four cohorts, possibly owing to individual
variabtlity and to inter-annual variation in environmental tactors. and general patterns
retlected both seasonal food availability and the reproductive cyele The smallest free-
living mysids contained small quantities of TL. and lipid was initally accumulated slowly
Rapid lipid accumulation commenced in maturing mysids concomitantly with the start of
the spring phytoplankton bloom in April and continued through the periods of maximum
abundance ot adult copepods and copepodite stages in summer and autumn. Slower
accumulation or rapid utilitisation of hipid. depending on the life-history stage. occurred at
other times of the vear. Specifically. once females were tully mature and bearing broods
they began to utilise therr fipid stores rapidlyv. in a manner similar to that ot post-spawned
males. The apparently comparable net loss of lipid in some groups ot mature females and
mature males (significant utilisation of liprds by C1 and C2 males was assumed owing to
the very fow lipid content in post-spawned males compared with immature males or
mature temales) suggests that the process of mamtaining broods may not require
exceptionally high energy stores. Detailed examination ot brood lipids in relation to those
of the parent will help to elucidate the energy changes in each constituent

With the exceptions of spent females, post-spawned males and late-brood stage

females. larger individuals ot AL mixia generally had higher quantities of lipid than
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Nvsis pvra in Conception Bav accumulates substantial amounts of lipid despite its
flexible feeding habits and its apparent yvear-round access to food in both the pelagic and
hy perbenthic realims This population has probably evolved to mature and spawn using
accumulated reserves, and to refease uventles durimg the period ot greatest tood
abundance The primary storage lipid ot AL nuxia s TAG which 1s commonly
accumulated in zooplankton species within 1 or 2 months of the spring bloom in
preparation tor gametogenesis and brooding (Clarke 1983 Gardner et al 1985 Hill et al
1902 Tlopkins et al. 1993) Triacvliglveerol is produced in great amounts by diatoms and
flagellates (Parrish TU88) and 1s more prevalent in the water column during
phyvtoplankton blooms In A/ puxia. the most rapid accumulation of TAG (up to 17 mg
month " in maturing mysids) occurred during the months following the start of the
phytoplankton bloonm in March 1999 and 2000. Axs in the decapod Pandalus horealry
(Hopkins et al 1993). TAG levels increased from 20% of TL in smallest juvenile M.
mxia 1o 74%6 of TL in temale mysids nearing tull maturity (¢ 20% DN i some
mdividuals) Triacvlglyeerol is mobilised taster than Wi and Sargent & Tenderson
(19806) noted that copepods not experiencing prolonged periods of starvation deposit
storage lipids in the torm of TAG rather than the more common WE V/ysus mivia mav
store casilv-mc ilised TAG to take advantage of the higher tood availability and quality
during the spri 1 bloom, but it mayv not necessarily require lipid stores to survive and

reproduce. as evidenced by low lipid quantities in carlv-spawning temales The tew carly-

spawners were much smaller and produced smaller broods (22 56 larvae hrood™ ) than

the dominant group of large mature temales spavwning later in the vear (up to 11 farvae
brood™) Although brood sizes dittered. Tarvace from carly-spawning and late-spawnimg
temales had similar quantities of TL ¢ 18 pe TH larva™ and 17 S4 e FL lanva’
respectively).  nce most temales postpone spawning until the second year. tollowing
accumulation of substantial lipid reserves. there must be a reproductive advantage tor
mdividuals that are ipid-rich prior to the production and release ot larvae

In contrast to TAG. Pl levels remained relativelv Tow and stable with very low rates

ot accumulation occurrmg i maturing mysids (up 1o 0 32 me month 1 the spring)

Fhahest PL Tevels were observed i immature and mature females (up to 6 520 DN and
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mclmereni. the chactognath Parasagitta elezans is the onlv hyperbenthic species in
Conception Bav tor which Iipid dyvnamics have been determined in relation to the
reproductive evele (Choe et al. 2003). The TL contentin /7 ¢legans. a highlv motile and
carnivorous species. shows small increases in maturing indviduals, with maximum lipid
fevels reaching 16%0 DM (Choe et al 2003),

Female AL miuxra accumulated higher quantties of lipid than all other hite-historv
stages (up 1o 38%0 DN or 19 mg mvsid ') High levels of reserves in temales are common
in brooding zooplankton (Adare & Lasenby 1994) and retlect the energy requirements of
temales tor brood production and possibly protection \lales accumulated lipid at the
same rates but never achieved the high quantities observed inage 2+ mature temales
(maximum TL in males was 30% DN or 9 mg mysid ') With tfew exceptions, TAG was
the most abundant lipid class in AL muvia throughout the study period. whereas in other
sooplankton species TAG 1s predominant only during and tollowing the spring bloom
(Gardner etal 1985 Hill et al 1992, Hopkins et al 1993y Phospholipid was most
abundant in those few instances when TAG was not the major lipid class in AL mixra

Total lipid decreased in mature females. primarily as a result ot TAG loss concomitant
with larval development trom utilisation of stored volk Females fed while brooding
(personal observation). so loss of lipid tor maintenance was not the likelv cause ot the
observed decrease The presence ot one-vear-old spavwners in both €2 and €3
demonstrates that reproduction is possible n females with lipid concentrations as low as
826 DN although nothing is known ot the survival ot carly -spavwned juveniles Thii et al
(1992) have hvpothesized that amphipods not able to store hipids at a level ot 20% DM
mayv have to postpone reproduction for an entire year In A/vses relicra. it appears that
body size and TL content. rather than Lipid level, are the most important factors
determiming time of reproduction (Adare & Lasenby 1994) Female AL relicra studied in
two ditterent lakes required 14 mg TL betore they produced broods ¢ Adare & Fasenby
1004) In contrast carlv-spawning female Vo mixia m Conception Bav contaimed 2 - 3 myg
TL. compared with the 7 - 19 mg in two-vear-old temales Release time ot larvae by early
spawners was estimated as late summer or earlv autumn, perhaps when the abundance ot

predators was low
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Chapter 5. Seasonal changes in the lipids of Acanthostepheia malmgreni

S.1 Introduction

The hyperbenthos is a poorlv understood but highlyv productive oceanice realm that is
difticult to sample. resulting in relatively few studies on hvperbenthic ecology. However.
the intormation available suggests that hyperbenthic zooplankton successtully exploit a
variety of energy sources and are important intermediate trophic hinks between small
(bacteria, phvtoplankton, detritus and meiotauna) and large (fish and predaton
mvertebrates) size fractions in the marine food web (¢ ¢ Nees et al 1995 Nlees & Jones
1997). Zooplankton commonly rely on stored lipids to reproduce or to survive through
periods ot low tood availability. and determination of seasonal lipid content with respect
to lite evele can be critical for an understanding of the energetic role of a species within a
food web Scasonal fipid patterns in kevstone species. particularly in the energy storage
lipid classes, can be used to deduce the critical periods ot energy transfer from one
trophic level to another (Arts et al. 1992) Svmpatric species with dissimilar lite styvles
and nutritional requirements may have different critical periods ot energy accumulation
and utilisation.

Acanthostepheia malmgren Goges. a semelparous breeder with a 2.5-vr lite span
(Chapter 3), was the most common and abundant amphipod in the hvperbenthos of
Conception Bav, Newtoundland. from April 1997 to June 1998 (Deibel et al.
unpublished) Brooding requires a S-month period. and juveniles are released into the
hyvperbenthos during April and May Juveniles feed on small particles. including
phytoplankton and detritus (Richoux. unpublished). whereas older stages prev on
copepods and other small invertebrates (Sainte-Marie & Branel VOSS) o1 malmgreni s
capable of rapid bursts of swimming (Samte-Marie & Brunel 1985) although i the
laboratory individuals often remaimn partiallsy buried in the sediment (Richoux.
unpublished) There have been no mvestications to determine whether the population
migrates vertically within Conception Bav

The atm of the present study was to examine the seasonal energyv storage in .
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2.2 3 Lapid coralyses, areal concentrations and siatistics

Lipids were extracted from amphipods and broods and analy zed using the methods
described in Chapter 4 Likewise. calculations of arcal concentrations of total lipid (T1.)
and triacvlghy cerol (TAG) (mg m %) and statistical analvses follow Chapter 4 All mean

values are reported = one standard deviation (SD)

5.3 Results

Scasonal life cyvcle, density. biomass, growth and production ot dcanithosiepheia
madmgren in Conception Bav were described in Chapter 3 Amphipods trom tour cohorts
(C1.C2.C3 and C4) were sampled between October 1998 and November 2000 (Fig
S 1TA). although only one C4 amphipod was available for lipid analvsis. and C2 was a
minor cohort with only a tew representatives. The dominant lipid classes were TAG and
PL.with ST, AMPL. DG, SE-WE.FFALHC, KET. MLE and \LC representing the minor
classes.

The highest TL (13%0 DMy and TAG (7°0 DN levels oceurred in large adults from Cl
and immature individuals from C2 and C3 (Figs S 1B C Figs S 2B. C) whereas highest
PL levels (420 DN occurred in C1 mature temales early in the brooding period (Fig 5 3)
TL content in mature females (mg per individual) decreased at 14 mg month ' during
brooding (Table S 3). primarily due to decreases in Pl rather than TAG (Tables S 4.5 5)
Females released their broods in April and Mav. leaving spent temales with low
quantitics of TL (May 1999 2% DN1) TL concentrations in targe non-sexed amphipods
m C1averaged 90 DN from October 1998 to NMay 1999 atter which this group
disappeared from the hvperbenthos. together with the mature and spent temales. The
mixed group ot amphipods showed a signiticant accumulation of TL (1 4 mg month ',
Table S 3). resulting primarily trom increases in TAG rather than PL (Tables S 4.5 5).

IL in C2 juveniles averaged 4%¢ DN from | ebruary 1o November 1999 C2 amphipods
accumulated TAG at 078 mg month ' following spring bloom sedimentation (Table S 4).
although no significant accumulation of PL was detected (Table S 5y Very tew (2
samples were collected. so it was not possible to determine conclusively seasonal or

developmental changes in the lipids ot this cohort.
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Specimens from C3 collected on T4 August 2000 were starved i the laboratory .
resulting in curtailed growth (DN decreased trom S0 <4 4 mg to 43 -7 0 mg. 14 A\ugust
I November). whereas field amphipods trom the same cohort grew to 85 mg DN by
November 2000 Naturing males and temales from € 32 were present in Conception Bay
during and tollowing the spring dratom bloom ot 2000 When collected. the amphipods
contained 4 mg TL (8°6 DM). and atier utilizing TL at a rate of 1 2 mg month ' tor 2 8
months while starved in the laboratory. they contamed only T 4 me TE (3°0 D\ (Fig
S 5) In contrast. amphipods collected from the tield in November showed an icrease in
TI content tup to 8 mg per individual)y The lipid composition in starved amphipods
began to change within the first few davs without food. and a marked increase was
observed in the level of AMPL (maximum 9% DN on 23 August. Fig S 0A) TAG
content deercased at a rate of 0 54 mg month ' throughout the starvation period. while PL.
content remained constant (Fig S 6A) Individual variability i most lipid classes was
extremely high throughout the 2. S-month period (Fig S 6) Except tor SECWED which
decreased at rate of 010 mg month ' lipid classes FEA and ST remained constant.
although an unexpected peak in FEA occurred in carlv October (Fig S 0By

Lipolysis index (LI) values (Parrish 1998) remained below 15%6 in most ot the
samples. indicating that their integrity was maintained during storage and analysis

Maximum LI values of 190 were calculated m only a tew juveniles trom €2 and €3

5.4 Discussion

Lipid content, level and composition in zooplankton are attected by numerous tactors,
including geographical location. temperature. season. tood availability, tood quality and
quantity, body size. salinity. physiology and hite evele Femporal changes in lipids result
from interactions among these external and internal tactors. and lipid dynamics in one
species have the potential to atfect the energetics of an entire ccosvstem (Arts 199 1)
Fivperbenthic organisms living in deep arcas of Conception Bav experience temperatures
consistently - 07C (Chapter 2) owing to the vear-round itluence ot the Labrador Current

Deep areas of Conception Bav represent a typical subarctic marine environment onwing to
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the perpetually Tow temperatures and the influence of a scasonally productive cuphotic
cone  Even highly motile hyperbenthic zooplankton that undergo diel vertical migrations
arc unlikely to reach shallow water (< 50 m) characterized by temperatures 2°C
Similarly. salimity remains between 32 0 and 34 0 psu below 50 m depth (Chapter 2)
Food availability and quality (related to season. location and dict). in addition to the
reproductive evele (related to body size. physiology and life-cvele stage). are probably
key regulators ot lipid content and composition in Acarthostepheia malmgren inhabiting
Conception Bay

Scasonal hipid data have been documented for only a tew invertebrate species living in
the hvperbenthos of Conception Bay and similar cold-ocean regions In addition to the
Lipids of Ao malmgreni those of both the mvsid Avses mixia (Chapter 4y and the
chactognath Parasagitica elegans (Choe et al 2003) vary with the eyceles of reproduction
and local pelagic production. As in Mo nnxvia and P, elegans. total lipid levels in .
malmgreni increase with maturity stage Lipid levels in /2 e/legans are highest in spring
and summer. when there 1s an abundance ot copepods rich in energy derived trom the
spring bloom (Choe et al. 2003) The AL mixra population exhibits a particularly striking
response. and rapid accumulation of lipid occurs in dey eloping mvsids as soon as the
spring diatom bloom begins (Chapter <) In contrast. Tipid accumulation i A malmgren
occeurs following bloom settlement and is not as pronounced as the response in A/ mixiu
Gelatinous zooplankton are protem-rich rather than ipid-rich. and in the studyv of Choe et
al (2003) the TL levels i /2 elegans ranged from 9 to 16%0 DN with lowest values
occurring in winter months Scasonal lipid variation in the two brooding crustaceans was
areater and ranged trom 4 to 32% DN AL mvra (Chapter 4) and from 3 10 13 %6 DN in
Aomalmgrenr Maximum lipid concentrations were observed m idividuals nearmg full
maturity in cach species, although the maximum value tor A nuxta was more than twice
that of . malmgren (Chapter 4) In contrast. maximum lipird content per individual was
approximately equivalent (amphipods T4 mg: mvsids 16 mg). owing in part to the
relatively heavier carapace of A malmgreni Calculated as proportions ot the digestible
portion ot dry mass (%o ash-tree dry mass. AFDNM). maxamum TL levels in the two

species were shightly less disparate (amphipods 2020 AFDAL myvsids 38%6 AFDM)



[he lipid content maxima arc consistent with observed fipid accumulation rates in the
two crustacean species The highest rate of liptd accumulation in Vo nuxia was 27 my
month ' whereas A. malmgreni accumulated T1 at a maximum of' 1 4 mg month™ Rapid
lipid accumulation in maturing mysids occurred between March and November in 1999
and 2000 (Chapter 4) Maturing A, malmgreni; on the other hand, accumulated significant
amounts of lipid during 2000 only (C3) The 1999 cohort (C2) was probably too sparse
and short-lived to provide sufticient information on lipid dyvnamics in the population. and
C 1 consisted of larger age-2+ amphipods nearing the end of their life span As mentioned
above. C1 mature amphipods contained the highest quantities ot lipid - Untortunately. this
study did not encompass the critical period of maturation and hipid accumulation for €1
(summer and autumn 1998) In view of the 2 S-vear lite span and the apparent
maintenance of low lipid levels during the tirst vear. maturing female A. malmgrens in Cl
must have accumulated lipid at 1 2 mg month ' tor 12 months to reach the 14 mg peak in
TL in February 1999 One-vear-old amphipods in €3 accumulated lipid at a similar rate
of 1 4 mg month ' and mean lipid content in maturing individuals in November 2000 was
8 mg i tfemales and 9 mg in males To obtam the maximum lipid content achieved by
thew progenitors (C1temales. T4 mg). C3 temales would have had to increase hipid
accumulation to a rate of 3.2 mg month™ from December 2000 to February 2001, a period
when tood quantity and quality were probably low Ttis more likely that C3 amphipods
continued to accumulate lipid at a rate closer to 1 4 mg month ' resulting in a lipid
content of less than 10 mg by February 2001 Alternatively . addiional Tipid could have
been svnthesised from protein or carbohydrate. which s possible since 2-vear-old €3
amphipods i November 2000 were as large as 2-vear-old C1 amphipods (non-brooding)
i November 1998 On the other hand. conversion of protein into lipid by C3 amphipods
was unlikely because protein levels remaimed constant at 211 0°¢ DN trom June to
November 2000 (Chapter 3) Carbohvdrate was not measured. since it is assumed that 1t
plavs a minor role i the seasonal energy cvele of the amphipod population (Nair &
Anger 1980) The ccological implications ot C3 A malmereni storing less than the
observed maximum lipid content exhibited by C'1 females are probablv minor and retlect

tvpical year-to-vear variation in this species
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Between-yvear ditterences i the ipid content. level and composition ot 1 miaimgeren:
probably reflected interannual vartation in pelagic productivity - he crucial period tor
accumulating lipids in developimg C1 females (spring 1998) coincided with the highest
chl a concentrations observed between February 1998 and December 2000 The 1998
bloom. like those of 1999 and 2000 started in March (bloom start detined as chl a1 pg
Iy, but its magnitude was greater and its duration longer (Chapter 2) The chl a
maximum was highestin 1998 (5 27 ug I, and high chl ¢ levels (up to 3 00 ug 1)
persisted from mid-Narch to Tate May  In contrast, chl « maxima were 2 22 and 5 64 uy
I 1999 and 2000, respectively. with high concentrations occurring only brietlyv in mid-
April 1999 and throughout Mayv 2000 (Chapter 2) There was also evidence ot an early
setthing event in NMarch 1908 in addition to the usual sedimentation period in May Total
primary production (¢ € m “vr 'y was not measured. although values are available for the
preceding years (1986 1990, 124 137 ¢ Cm vio Tian et al 2003)

Inter-annual variation in lipid accumulation and maximum lipid level was not as
pronounced in the svmpatric A mxra (e g maximum lipid content in mature females was
13 to 15 mg in cohorts 1. 2 and 3. Chapter 4. which suggests that the mvsids are better
able to compensate tor fluctuations i food availability and or quality . owing to a high
degree of moulity - opportunistic feeding and the potential tor diet switching The
amphipod A malmeren may possess few or none of these compensatory mechanisms.
and thus may have no means to adapt rapidhv 1o iter-annual fluctuations m its tood
supply  The superior adaptation of A/ nuxra retativ e to A malmerens is also retlected i
the timing of peaks in areal concentrations of total and reserve hiprd (as in Arts et al
1092) Comparable maximum values of arcal concentrations ol TL were observed in both
species in 2000 (67 me m S in A malmgreni. SS mg m T n AL nvia. Chapter ). but peak
concentrations in the amphipod population occurred several months later than in the
mvsid poputation Maximum arcal concentrations of hiprds in -1 malmierent represent
3 890 of the integrated input of seston lipids to the hyvperbenthos of Conception Bay (1 75
g m 71996 bloom. Ramos et al 2003) Throughout most of 1999 areal concentrations of
total and reserve lipid in A, malmgrent were extremely fow | probably as a result of the

lower quality and shorter duration of the spring bloom Unlike the mvsid population. .



mictlmgrenn exhibited decreases inarcal hipid concentrations during the spring bleom of’
1999 indicating severe limitations in the population’s ability to sequester organic
material during this period

The changes in TL in both male and female . malmigrern were due primarily to
imcreases or decreases in TAG content. presumably to tuel gametogenesis The
reproductive evele appeared to centre around tood availability for newlv released
oftspring. the release period comciding with spring bloom sedimentation (Chapter 3)
When data from all lite-history stages were combined. TL individual™ increased with dry
mass Accumulation ot lipid during growth is common i zooplankton (e ¢ Ouellet et al
1902 Kattner et al 1994). the energy reserve component (TAG or WE) being the main
source of scasonal variation (Arts 1999) In contrast. PL. content and concentration in .
malmgrerns remained relatively constant vear-round. with highest levels occurring in
mature females. One developing temale from C2 (November 1999) contamed more PL (4
mg) than females of the same age from C3 (1 me) This discrepancy mav reflect inter-
annual varitation caused by difterences in food quality or availability. although
unequivocal conclusions are not possible with data available from only one C2 amphipod
Because PL.are a major component of membranes. thev tend to be more stable than TAG
(Arts 1901) and increased incorporation of P typically retlects periods of growth or
membrane production

Increases of lipids i hyperbenthic zooplankton during or tollowing the spring
phytoplankton bloom in Conception Bay are similar to patterns observed in zooplankton

from other environments (e ¢ Gardner et al 1985 Thll et al. 1992) The accumulation ot

~
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large energy reserves is generally associated with orcanisms exposed to an abundant food

fy

supply for only brief periods When nutrients become limiting. such orcanisms must
utilise therr lipid stores to survive and or reproduce Nair & Anger (1980) found high
lipid reserves i the shallow water amphipod Jasaa falcara when tood was abundant in
the North Sea Lipid dyvnamics in ./ falcaia, unlike those of 1 malmgreni. are not related
to the reproductive evele (Nair & Anger 19805 Furthermore. amphipod populations

living in habitats where tood 1s available vear-round do not accumulate large lipid stores
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(Perey 1979 Napolitano & Ackman 1989) or exhibit little seasonal varation n hipid
content (Noore 1970)

U nhike the sympatric AL mixia. earlv-spawning females were not tound in the .
malmgrern population. suggesting that a threshold Tipid Tevel mav be required tor brood
svinthesis Thll et al (1992) postulated such a threshold tor the amphipods Vonoporera
affrrns and Pomoporeia femorata. in which reproduction was postponed tor a vear in
temales that did not store lipids at a level of 20%6 DN The benthic amphipod Diporera
hove (tormerly Pontoporeia hoyvr)y i Lake Michigan accumulated TAG ( -60%0 TL) in
response to the increase in the quahity of detritus tollowing the spring dratom bloom
(Gardner et al 1985) These levels of TAG are similar to those in mature female .
malmgrenn betore and during the 1999 spring bloom in Conception Bav (03 719 of
1Ly Similarly. TAG reserves in the benthic amphipods M affins and 12 fepmorata in the
Baltic Sca mcreased (up to 44%0 DNLin AL affirns)y during and immediately after the
bloom (Thll et al 1992 Lehtonen 1996)

W hile large adult 4. malmgrenr continued to accumulate lipird. mature females utilised
signiticant amounts of PL betore releasing their broods in April or May The use of PL in
this instance was unexpected. since one would expect that any energy reauirements tor
brood irrigation and protection would have been fueled by reserve lipids calthough some
kil species utilize PL as storage lipid: Falk-Petersen et al 2000) Tt is unlikelv that lipid
utilisation was due to a decrease or cessation in feeding because it was not accompanied
by a decrcase indry mass (- 125 mg DN throughout brooding period) Most ot the lipid
was transterred trom the temales to their broods. as evidenced by markedIy lower lipid
content i spent females

I'he energetic cost of reproduction i males is assumed to be mimor in non-broadcast
spanwning species (Clarke & Morris 1983) Although male 1. malmerern presumably
transter sperm directly to the females during copulation. it is ditticult to estimate the cost
of sperm production because all C1adualts without brood sacs were included in a non-
sexed category Tt was assumed that most of the individuals in this mined category were
male. although a significant proportion mav have been females unsuccesstul at producing

broods. Why the large post-spavwned or non-reproductiv e adults imcreased therr hipid



stores until they died remaims unknown_ although the very tow hipid ey cls i adults
particularly during February 1999 may result trom the prevalence of post-spawned
males More information is needed to estimate accurately the cost ot reproduction in male
A malmgreni although rapid accumulation of lipid in developing males, as in females.
suggests that energetic costs may be significant

Cessation of growth was observed i starved Lo malmgereni. although the body
shrinkage commonly seen in other zooplankton (¢ g Virtue et al. 1997, Stubing et al
2003) was not Lipids in A malmgrens were mobilized within the tirst few days of
exposure to starvation. and general stress probably contributed to the rapid production of
ANIPL (Parrish et al 1998) and the high imdividual varation in Tipid class Tevels
throughout the starvation period As expected. amphipods utilised TAG stores while
conserving PLas fong as possible Unlike other species that appear more able to tolerate
long periods of starvation (¢ g antarcuic Loupliausicr superba, Nirtue et al 1997) starved
Aomalmgrem did not maintain Tl relative to body mass or relative proportions of the
major lipid classes Given the increased mortahity and low hipid levels atter only 25
months starvation, it is very unlikely that a ficld population thus starved would have the
ability to recover sutticiently to reproduce  In comparison. the carnivorous amphipod
Themasto libellla Tiving in arctic waters (sample eroup consisted of immature amphipods
collected i autumn) can withstand starvation tor over S months (Percy 1993) In .
malmgrer. v ariation in the ecdvsis evele mav have contributed to the high variation in
lipid composition throughout the starvation period Nicol et al (1992) found onlv weak
fluctuations in lipids during the moult excele of the cuphausid /2 superba, although
responses in stressed amphipods may be considerablyv ditferent from those of relatively

unstressed imdividuals in the tield.

5.5 Summary

The present work represents the tirst documentaton ot the seasonal lipid ¢y ele in A
mictlmgrent a poorly known but abundant species living in the hy perbenthos ot
Conception Bav and other cold-ocean regions The importance of the annual

phytoplankton bloom to this hy perbenthie population is revealed by seasonality in
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development and hiprd dynamies Inter-annual ditferences mothe hiowds of 1 snalimeresn
arce probably caused by variation in production in the upper water column. swhercas
seasonal lipid variation is closely related to the reproductive eyvele: Lipid dynamics in
stary ed o malmgrens indicate that age-1 - individuals lack sutticient reserves to sunvive
and reproduce through the winter in the absence of tood. Divergent hipid dyvnamics among
syvimpatric species inhabiting Conception Bav undoubtedly reflect taxonomy, lite stvle.

diet and migratory behaviour
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Chapter 6. Seasonal and ontogenetic variation in the fatty acid composition of
Mysis mixta and Acanthostepheia malmgreni

6.1 Introduction

Previous examination of population and lipid class dyvnamics in Ayvses nixra and
Acanthostephera malmgren indicated a close coupling between the species™ life-history
and energy eyveles and seasonal production in the cuphotic zone of Conception Bay |
Newtoundland (Chapters 2 S). Despite the important role of hyperbenthic populations
i the energetics of marine svstems (Mees & Jones 1997). hittle 1s known about any
zooplankton species inhabiting the hyperbenthos Secondary production and areal
concentrations ot lipid estimates in AL mrixia and A malmgren indicated that both species
mayv be important ecologically and energetically in the Conception Bay ecosystem
(Chapters 2 5) The aim of this chapter was to determine the seasonal tatty acid
composition ot A mixia and A malmgren. particularly in relation to the reproductive
cyeles. foraging strategies and diet changes resulting from variations in primary
productivity within the cuphotic zone 1t 1s generallv known that hipid composition ot
consumers can vary quantitatively and qualitativelv with the hipid composition of their
tood (Sargent & Falk-Petersen 1988) Information on the accumulation of specific faty
acid markers will indicate when and how successtully cach species sequesters organic
material produced during and tollowing the spring phyvtoplankton bloom

Mvsis nmxra allyeborg (Mysidacca) and Acanthosiephicia malmgrenr Goes
(Amphipoda) are abundant_ lipid-rich crustaccans hiving i the hyperbenthos ot
Conception Bay (Chapters 2 5) Both species protect spawned eggs within a brood
pouch tollowing fertilization. Larvac are brooded for S months, and brood release occurs
i April and May each vear while the spring bloom matenal settles to the hyperbenthos
(Chapters 2. 3) In Concepuion Bav . hife span of females 1s 2 3 vears {from spawning 1o
death. and 2 vears of development are usually required betore reproduction can oceur
(Chapters 2. 3) A/ nuxia s an opportunistic omnin ore that undergoes ontogencetic shifis
inats diet (Chapter 2. Viherluoto & Nutasalo 20010y Ao malmgrens appears more himited

to a carnivorous feeding mode. although juveniles teed on small particles mcluding
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phyvtoplankton and detritus (Chapter 3 Sainte-NMarie & Brunel TURS) In turn. both
spectes are potentially important hinks to higher trophic fevels as they are prey for tish
and a variety of invertebrate species (Mauchhne 1980, Sainte-Marie & Brunel 1985%)
Vertical migrations into shallower depths bring a portion ot the AL mixra population out
of the hy perbenthos every night (Rudstam et al. 1989): however. there is no evidence that
A malmgrenr undercoes diel migrations i Conception Bay - Observations i the
laboratory indicate that A malmgrens. although capable of rapid bursts of swimming to
capture prev. s generally a less motile species than s ML mvia (Richoux, unpublished)
The ditterences in behaviour. diet and moulity in the two zooplankton populations are

likehy to be reflected in the scasonal ontogenetic fatty acid composition.

6.2 Materials and methods
6. 2.1 Stucvosite and sample collecrion

Hyperbenthie zooplankton were collected monthlv between October 1998 and
November 2000 trom a 240-m depositional site in Conception Bav. Newtoundland. with
an epibenthic sled Detailed intormation on sampling methodology in the hy perbenthos is

presented elsewhere (Chapter 2)

0.2.2 Specnnens

Depending on availabilityv. 1 - S rephicates of all hite-history stages of” - malmgrenn
and V. mixta were analvsed tollowing cach sampling dav Life-stage categories and
measurements used. in addition to sample storage protocol. are described in Chapters 4
and 5 The dry mass (DN of each sample was calculated trom body Tength. and the DM
of entire broods was calculated trom brood size (Chapters 4. 5) Lipids were extracted
from cach sample using a moditied Folch procedure (Parrish 1999) and wotal hipid ('TL)
was determimed by summing all ipid classes tollowme thin-taver chromatography and
flame-tonisation detection (Parrish 1987 Chapter 4) Fatv acid composition ot cach
extract was deternuined by gas chromatography (GCH analysis (Omegawax column,
Vartan Model 3400) of tatty acid methyvl esters prepared by transmethylation in the

presence ot boron tritluoride (337C for 1 hry Budge & Parrish 1998) Fatty acid methyl]



esters were identitied by comparison of retention times with known external standards
(Supclco: identifications confirmed using a N artan 2000 GC mass spectrometer). and
quantitied by comparing peak arcas with the arca under an internal standard [23 0. at a
concentration of 0% total fatty acids (TFA)] Integrity of the samples was confirmed
with a lipolysis index that quantified the free fatty acid + alcohol proportions relative to

other lipid classes (Parrish 1988)

6.2 3 Cualculations and statistics

Fach major fatty acid (ng individual™. defined as -1°0 TEA) was regressed against TL
per individual. regardless of sex. season. stage or cohort. to determine its relative
contribution to lipid accumulation (Hagen & Kattner 1998, Kattner & Hagen [1998)
Based on these initial regressions. accumulation rates tfor the six most important tatty
acids and the tour fatty acid groups were estimated from slopes ot linear sections ot tatty
acid per individual over time [pug month™. cohorts and life-history stages were regressed
separately and divided into pre- and post-bloom periods (AL mixta) or according to
development stage (A. malmgreni)]. The Durbin-Watson statistic was calculated to detect
temporal autocorrelation in the regressions. and an Cochrane-Orcutt procedure was used
to remove anyv autocorrelations (Neter et al 19906) Biomarker ratios (16° 107 ~
LG ToS) 160, 22:003/20- 503, sum polvunsaturates/sum saturates. sum C1osum C18 and
I8 19 18 107 were calculated in all cohorts Data are reported as means ~ one standard
deviation (SD) The tunctional relationship between 16 1oy7 and 18 17 was assessed
with regression analvsis  Areal concentrations of polvunsaturated tatty acids (PUFA) in
cach species were estimated from population density values (Chapters 2. 3y multiplied by

mean PUFA content per individual on each sampling date (Arts et al 1992)

6.3 Results
6.3 1 Lary acids in Mysis nmixta

Fortv-three fatty acids were identitied in Afyses nixia (Tabies o 1.6 2) Major saturated
fatty acids (SFA) m all hite-history stages within the population were i40 and 16 0

Principal monounsaturated fatty acids (MUF.A)Y were 16107, 18 Tw9. 18 107
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20 Loty and 22 Tw 1o and primcipal PUE A included 18 206, 18 40320 400, 2075013
and 22 603

In generc  the tatty acids in juveniles were dominated by 20°5w3. 22603, 10:0 and
18109, typical components of phospholipids (PL) (Fraser et al 1989, Hagen et al 2001)
\s the juveniles showed increases in their lipid stores while developing into mature
mysids (Chapter 4). concentrations of these four fatty acids remained high and 161007
and 14:0 increased in importance (Tables 6 1.6.2) Ofall the major fatty acids (g ind™)
regressed against TL (pgind™). these six fatty acids (in decreasing order of importance
200503 I8 19 16 Ta7. 16:0. 14.0 and 22 6m3) had the greatest slopes. contirming their
overall importance to lipid accumulation in AL mixra (see also Table 6 3)

Four cohorts (C 1. C2. C3 and C4) were distinguished during the 2-vear sampling
period Mysids from C2 collected between December 1998 and February 1999 were not
sexed and were pooled in an "unditterentiated immatures” category: Mysids from C1 C3
and C4 were adequately staged throughout development The concentrations (°o DM) ot
the three £ty acid types (SEA. MUFA and PUFA) varied within and among the 4 cohorts
(Tables 6 1.6 2) PUFA. dominated by 20 So3 and 22003, were generally the most
prevalent tatty acids i most juveniles, immatures. spent temales and mature males.
whercas MUFA dominated in most mature temales (Tables 6 1.6 2) SEA concentrations
varied. but were commonly less than those ot PUFA and NUE A

The hig est concentrations of PUFA occurred in immature temales trom C2 (8% DM
Fig 6.1) No change. or slow accumulation. of PUF A was observed i immature mysids
prior to the spring bloom Rapid rates of PUF A accumulation. primarily due to icreases
m 20-5m 3. oceurred once the bloom started in March. parucularhv in immature temales
(Fig 6 1. able 6 3). Throughout development trom uveniles to mature males temales.

wvsids were characterized by increases in SFA and MU A concentrations that were
similar to the changes observed in PUEFA concentrations. and accumulation was often
more pro unced in females than in males (Tables o 1 6 2.6 3) Signiticant amounts of
UEFACSEA and MUFA were uulised by C2 mature temales during the S-month brooding
period (no signiticant utilisation of PUF A by C1omature temales. Table ¢ 3). resulting in

low Teve ot all fattyv acids in spent temales (Table 6 1) Nature females utilised MU'E
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at the tastest rates, and PUEFA and SEA at lower rates (Table 6 3y An carlv-spavwnimg
female trom C3 had very low concentrations ot all fatty acids (Table 6.1) Nature males
showed cither no change or significant decreases in fatty acid concentrations betore death
(Fig o 1: Table 6.3) Juveniles from C4 exhibited tatty acid accumulation rates similar to
those m C3 juveniles although there were no post-bloont data available for comparison

because C4 juveniles were released during the spring bloom m 2000 (Fig 6 1. Table 6 3)

6.3.01 Dicrary miarkers

The diatom marker ratio (16,107 - 16 . 1mS) 16.0 increased rapidly in immature
mvsids beginning in NMarch cach yvear, and reached 1 5 atter the spring bloom had settled
to the hyperbenthos (Fig 0.2) At other times of the vear the ratio remained below 10
except insome C1 females The trend in the dinoflagellate marker ratio 22°0m3/20-503
was opposite to that ot the diatom marker ratio. with values fluctuating near 1 O during
non-bloom times and then dropping rapidlv once the bloom had started (Fig 0 2)
PUEA SEA ratios (using absolute PUEFA and SEA content. proposed as a carninv ory index
by Cripps & Atkinson 2000) increased with development in €3 myvsids. and with the
exception ot C3 immature females that showed a rapid mcrease in PUFA/SEA at the start
of the bloom. the ratio tfluctuated around 2 0 and appeared to be largelv independent of
bloom start and setthing times (Fig 6 3) A gradual dechne in PUFA SEA to ] O was
apparent in mature temales trom €2 In both C2 and C3 mvsids. the ratio 18 1w, 18 17
(carnivory marker. Graeve et al 1997) peaked at 8 0 and then returned to - S0 prior to the
spring bloom (Fig 6 3) Ratios ot C16 CI8 were very irregular and exhibited no obvious
patterns (data not shown_ ratio indicates donunance of diatoms or dinoflagellates.
Claustre et al. 1989). The tatty acid 18109 (°6 DN assoctated with animals) and the sum
ot 201 + 22 1 fatty acids (°o DNL trophic markers of calanoid copepods. Sarcent & Falk-
Petersen 1988) increased in developing mvsids with the onset of the spring bloom. similar
to the changes in total PUEFA (Figs 6 1. 0 4) Unbke PUEFA Tevels. concentrations of the
monoenes 18 1o and 20 1+ 221 continued to increase after the spring bloom had
settled to the hvperbenthos  As a result. mature females carly i then brooding peried had

high concentratons ot both markers in mid-winter (Fig 0 4) Bacteriai ( 7°0 T'FA.

130












relatively low: therefore. bacteria and terrestrial plants were not considered nmportant

sources ot nutrition tor M. mixia

6.3.2 Fatiy acids i Acanthostepheia malmereni

Fortv-three tattyv acids were identitied in A malmerenr (Table 6 4) Tatty acids 14.0
16:0 and 18 O were the major SEA i all Life-history stages within the population Fatty
acids 16 To7, 181w, I8 1To7. 18 1TwS. 20 Tl ) and 20: 107 dominated the NMUFA
traction. and 18 2006, 20:4m06. 20 S®3. 22 So3 and 22:6m3 dominated the PUFA traction.

The most abundant fatty acids in juventles were 20:5m3. 22:0m3 160, 18 107 and
I8 109 These S tatty acids remained dominant while . malmgreni matured and
accumulated hipid stores (Chapter S. Table 6 4. and quantities of 16 1ev7 icreased with
developmental stage. Ot those regressed against T (g ind™). tatty acids 20 Sm3,

I8 19 22 6m3, 16:0. 18 Teo7 and 10107 (in order of decreasing importance) had the
greatest slopes and were most important to hipid accumulation in -1 malmgren,

The concentrations (o DN) of the three acid tvpes (SFA.MUEFA and PUFA) remained
relatively consistent among ditferent hife-history stages in the 4 cohorts (CH C2..C3. C4)
ot A malmgren (Table 6 4) PUTF AL consisting primarily ot 20 So3 and 22°0m3 . were the
predominant fatty acids in all stages. tollowed by MUE A and then SFA (Table 6 4)

Maximum concentrations of PUEFA within the population occurred i mmmature males
from C3 (3 4-1 0% DN Fig 6 5) PUFA accumulation rates in immature amphipods
from C3 were slow prior to the spring bloom but increased once the bloom had settled in
April Accumulation rates were similar in immature males and temales (Fig 6 5. Table
0 3) Only a few amphipods from C2 were collected theretore data from this cohort are
less mtormative than are data derived trom the larger cohorts Tmmature mysids from €3
accumulated MUF A at rates similar to PUF N accumulation rates, whereas SEFA
accumulation was generally much Tower (Table 6 3) NMatwe females utilised signiticant
amounts of SEA and MUTA during the brooding period. although PUFA concentrations
remained relatively level at - 2% DM (Table 6 3y Spent temales contained halt the
amount of PUFA. SFA and MUFA as did matare females (Table 6 4) The non-sexed

group in C1. consisting of mature males and large non-reproductive temales. showed






stentficant increases in all three taty acid types betore it disappeared atter NMay 1909
(Fig 6 S Fable 6 3) Variation in tatty acid composition was high within this gioup.

presumably because it was composed ot more than one lite-history stage

6.3 2.0 Ihictary markers

The diatom marker ratio (16 To7 = 16 ToS) 16:0 was normally below 0.6 and
increased rapidly to 1.0 only in immature mysids from O3 atter the settlement of spring
bloom material (Fig. 0 0) Changes in the C16.CI8 ratios (data not shown) mirrored the
pattern observed inthe 16 1 16 O ratio The dimotlagellate marker ratio 2263 20 Si3
was extremely vartable withim cach cohort with values approaching 1 9 prior to and
during the spring bloom and then decreasing to 0 0 or lower tollowing bloom
sedimentation (Fig 6 0). Ratios of PUFA SEA increased prior to the spring bloom in ('
C2 and O3 (fatty acid analysis was done on only one sampice trom C4). peaked above 4 0
in Narch or April, and then decreased to 3 0in the summer (Fig. 0 7) The ratio
I8 1Y 18 17 did not fluctuate far from 1 410 C2 and C3. although ratios in the large
amphipods trom C1 varied considerably and exceeded 2 2 inthe spring iFig o 7) Trends
in the tatty acid 18 To9 (%0 DN and the sum of 201 22 1 fatty acids (Yo DN were
generally similar to changes observed i PUFA concentrations (1 e the fatty acid markers
mcreased i developimg amphipods tollowing sedimentation ot bloom material, decreased
i mature females during brooding. and varied substantially within C 1. Figs 6 5.6 8).
Highest concentrations (o DN of 18 109, 20 1 - 22 1 and PUFA were reached during
winter in amphipods from C1C2 and C3 (Figs 6 5.6 8) Asin M omivia. storage of

bacterial and terrestrial plant fatty acid markers was nunimal ¢ Tablie 6 4)

G 3.3 Areal U4 calenlations

Maximum areal concentrations of PUF.\ in the hyvperbenthic populations ot M mnixia
(14 6 mg )y and A malmgren (5 77 mg m™) occurred in August 2000 (Fig 6.9) Arcal
concentrations in Mo nxia during 1999 were less than halt those observed 1 2000 (up to
O 30 mg M7 in 1999) with lowest concentrations occurring in June (Fig 0 9) .

malnigrenr exhibited similar maximum arcal concentrations of PUE A in both vears
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6.4 Discussion

Fatty acid composition in Alyses nxia and Acanthostephera malmgreni varied with
lite-history stage and scason. although changes m A/ nyvia were generally more rapid
and pronounced The relatively tew comprehensive studies on ontogencetic and seasonal
changes in fatty acid composition of zooplankton in the tield have focussed primarily on
copepods (maimnly Calarmes spp ) or cuphausiids (¢ ¢ Kattner & Krause 1987 Tande &
Henderson TUSS, Kattner et al 1994 Hagen et al 2001, Stubing et al 2003) In general.
cold-ocean calanoids synthesize Tong-chain MUEFA and utilise or maintain PUFA levels

throughout development (Kattner & Krause 1987, Tande & Henderson 1988, Kattner ¢t
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al 1994) and polar cuphausiids show high variabibity i fatte actd composition
depending on teeding modes and environmental conditions (Falk-Petersen et al 2000) In
polar and temperate regions, ontogenetic changes in fatty acrd composition of
sooplankton have been associated with changes in hipid brosvathesis, behaviour. diet.
seasonal environmental productivity. or a combination ot tactors

I'he ability and extent to which V2 nnxea and AL malmererny assimilate and store
organic material produced during and tollowing the annual phytoplankton bloom was ot
particular interest in this study In 1999 and 2000 the spring bloom tn Conception Bay
began in Narch and reached a maximum in fate April to nud-NMav (chl ¢ maximum was
222 g FHin 1909 and 3 64 ug 17 in 2000 Chapter 2y Settling of the material to the
hyperbenthos occurred in NMay cach year. and an additional secondary bloom appeared m
July 1999 (Chapter 2) As s typical tor Newtoundland tjords. the upper S0 m of
Conception Bay is characterized by a recurring successional pattern of plankton cach
vear Generally, farge diatoms dominate the plankton biomass carly in the spring. whercas
flagellates. bacteria and meso- and microzooplankton tlourish in late summer and early
autumn (Parrish et al 2000, Tian et al. 2003) Consequently. hvperbenthic and benthic
organisms experience a seasonal shift in food availability and quality The dense
diatomaccous material produced during the bioom is quickly and efticrently transterred to
the scafloor. and high concentrations of essential fatty acids produced within the euphotic
sone have been tound in membrane and storage lipids ot benthic organisms trom
Conception Bav (Parrish et al 19906) Input of organic matter to the hvperbenthos
decreases tollowing the spring bloom. primarily because the increased domimance of the
microbial food web augments the retention of organic carbon within the upper mixed
laver (Tian ctal 2003y By August. many calanoid copepods that have spent the summer
accumulating hipid stores within the cuphotic zone descend through the water column to
beein diapause (Davis 1982, Deibel et al unpublished) The downward migration ot these
liptd-rich lTate-copepodite stages provides an added food source tor deep-living organisms
m autumn and winter The hipid composition of stage V' calanoids collected trom

Conception Bay during the winter. characterized by refativelv low levels of PUFA and
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high levels of monounsaturated 20 19 and 22 1o 11T (Stevens 2003)is typical off
diapausing Calarmies spp. from other marine systems (Lee 1974)

Chlorophvll ¢ and total fatty acid concentrations vary with environmental conditions
and algal physiologyv, and chl ¢ tluctuations are gencerally consistent with variations in
total tatty acids (Reuss & Poulsen 2002) In addition. clear relationships exist between
algal fatty acid composition and taxonomy. providing an opportunity tor tracing trophic
paths back to the primary producers within a tood web. Phyvtoplankton produce essential
PUT A that are necessary for proper membrane structure and function. and are theretore
usctul as biomarkers (Sargent & Falk-Petersen 1988) PUFA are particularly important in
cold-water organisims because cell membranes must remain sutticiently fluid despite the
tendencey tor mcreased rigrdiey with fow temperatures (Hall et al 2000) Altering tatty
acid composition to cttect changes i membrane fluidity 15 one of the principal methods
that organisms use to adapt to changes in temperature (Gurr & Harwood 1991) As a
result. variations in temperature can influence both total lipid and fatty acid composition
i zooplankton on a scasonal basis. Because water below 80 m depth in Conception Bay
does not tluctuate tar trom 0°C vear-round (Chapter 2). temperature is not considered a
highlv influential variable i the present study

Prior to the spring bloom in 1996 PUTE N levels i plankton from the upper 8O m ot
Conception Bay were  29%0 TIEA (Parrish et al unpublished) After the bloom started in
Narch, PUFA levels increased up to 53%0 TEA and remained above 40%0 TEFA until July
(Parrish et al. unpublished) PUFA levels i sediment trap contents at 220 m increased
trom 21°%0 TFEA. prior to the bloom, up to 35%, TI-A atter the bloom material had settled
m April PUFA in the deep sediment trap material returned to low levels by June 19906
(Parrish et al unpublished). In Trinity Bav. a ncarbyv tjord with similar physical and
biological characteristics to those in Conception Bav more detaited analvses ot plankton
Fattv acids in the upper mixed faver during the 1996 spring bloom revealed maximum
quantities ot diatom tattv acids in Mav (Parrish et al 2000) During such periods ot high
phyvtoplankton production. zooplankton tvpically contar increased proportions ot PUT A
particularly o3 fatty acids, in therr neutral hipid stores (e g Sargent et al 1985 JORT,

Falk-Petersen 1987, Fraser et al 1989h) Accumulation ot phvtoplanktonic &3 PUF A 1n
phvtog






Areal concentrations of PUFA were similar in A/ sxra and L malmerens trom
December 1998 until March 2000 when concentrations in the Mo niuvia population
increased markedly until thev peaked in August Maximum arcal concentrations ot PUFA
i the AL mixa population represents 4 2% 0 of the integrated input ot seston PUEFA to the
hyvperbenthos of Conception Bay (345 mg M~ measured trom sediment trap material
collected at 220 m during the spring bioom ot 1996: Parrish et al unpublished). whereas
highest areal PUT-A concentrations in A nalmgrens represent only 1 7%0 of integrated
input. These disparate results are particularly interesting because arcal concentrations ot
T1 and TAG were remarkably similar i the two species. albeit with rapid accumulation
periods occurring at shightly ditferent times durig a vear (Chapters 4 5) Lower areal
concentrations of PUEFA in the A malmgreni population probably reflect decreased PUFA
content i decomposed organic material that has settled to the hy perbenthos. whereas A/,
nixia has access to PUFA-rich material and zooplankton prev found higher in the water
column

High levels ot algal tatty acids in M nxia and A malmgreni suggaest that
phyvtoplankton is an important dietary component tor these hvperbenthic zooplankton
Fligh concentrations of 16:1m7 and 20°So3. with 16 17 increasingly prevalent in older
life-history stages, demonstrate the importance ot diatoms as a source of nutrition in both
spectes (Sargent & lralk-Petersen T988) AL nuxra contained consistently higher
concentrations ot 1o Toy7 and 20°5m3 (Yo DN than did 1. malmerenr The dinotlagel<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>