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Abstract

The purpose of this thesis was to 1nvest1gate several aspects of the energetic costs of
activity in the Northern abalone, Haliotis kamtschatkana

The percentage of daily consumed energy partitioned to activity was calculated By first
measuring summer and winter energy budgets in which abalone were inactive during
measurements of respiration and mucus secretion, then by measuring respiration end mucus-
secretion for active animais by integrating summer and winter actiVity budgets with energy
eqniva;lents for each activity. Energy expenditure due to fnetabolic changes dunng' exposure to
environmental stressors, measured as increases in blood-glucoSe levels and oxygen
consumption, was also related fo the .summer energy budget; Abalone locomotion was
mvestlgated in several ways. Cost of transport was deterrmned for a range of speeds and sizes
by inducing abalone to locomote in respirometers and measurmg oXygen consumption at known
speeds. Relative contributions of aerobic and anaerobic metabolism were measured by
analyzing muscle tissues for anaerobic metabolites after’locomot.icn had occurred and
comparing amounts of accumulated metabolites to amount of oxygen consumed during
locomotion. Pedal morphology during locomotion was also investigated tc determine if
possible energy- savmg changes occur. Th1s was accomplished by vxdeotapmg the peda.l soles
of locomoting abalone and measunng various foot morphometries.

Act1v1ty, in the form of increased respiration and mucus secretion, acc.ounted for a
substantial pbrtion of daily censumed energy .during both seasons. Exposure to predafory
~ seastars signiﬁcantly increased blocd_-glucose titers and oxygen consumption, resulting in a
metabolic increase equivalent to 0.3% of daily summer energy consumption. Cost of transport
for abalone was less than that of other gastropods, possibly due to its larger relative size.
Mucus secretion during locomotion did not vary with speed, but was less than the amount
needed for substfatnm adherence. During locomotion, tauropine and D-laciate levels increased
significantly in foot muscle while arginine decreased. Morphological analyses of pedal waves

“showed that the pedal sole area decreased with increasing speed, and the area of the foot



incorporated into pedal waves increased. Together, these changes translated into a decrease in

pedal sole area in contact with the substratum.




Table of Contents

ADSITACT oot i
List- of Tables..........cicevmiiiiiiiniiicciiieeee, TR vi
List of Figures......coooiiiiiiiiiiiiii e, VI
Acknowledgments....................... e, s viii
General Introduction......... et et e e e e e r e e US|
~ Chapter 1: Summer and Winter Energy Budgets for Resting Abalone................ 6
1.1 Introductlon............................................, .................... 6
1.2 Materials and Methods.................... e, 8.
1.3 Results...........coooiiiini, e TP SO 12
1.4 DiSCUSSION...cc.civvioveereiirerieianans e —— SR 17
Chapter 2: Cost of Transport and Mucus Production During Locomotion............ 21
2.1  Introduction..............c..ovvuen... J T UPPPTTTRRI 21
2.2 Materials and Methods..... JRTIOR e, : 22
23 . Results......ccooorrirennnn.n. e ISR 25
24  Discussion...........cceiiiiiniiiniiiinnnn. e e 30
Chapter 3: Time-Energy Budgets and the Contnbutxon of Activity to the .
Seasonal Energy Budgets of ADAIONE ...t ereeene — 35
3.1 Introduction.........c..ccoevviiininiinnn.. e, 35
3.2  Materials and Methods.........cccovvevveuvveerennennnnn rerrrreeeeeeseene 36
- 33 ResUlts. .o 39
| 3.4 Discussion.................... evererereree et et e, 47
Chapter 4: Contribution of Anaerobic Metabolism to Locomotor Costs in '
. Abalone......... SO e e, 51
4.1  Introduction.................... e e e 51
42  Materials and Methods................... e e 53
43 . Results........... Lotenentnnsnsssasasanasensaentarasestans crerrireeennenis 56
44  Discussion........cccceeeeeeennn... e SUUTI SRR 58
Chapter 5: Blood-Glucose Levels and Oxygen Consumptlon of Abalone
Exposed to. Environmental Stressors...' ................................................ 67
5.1  Introduction.........c.c......... PN 67
5.2 Materials and Methods....'....;...............................7.; .......... 68
053 Resultsii i e STURRI (1]
54 Dlscussmn .................... e R s 16

iv




Chapter 6: Changes in Pedal Morphology Durmg Locomotion as Possible

Energy-Saving Strategles for Abalone.............ovvvveeemeeiiiciniivnnienereeceeaes 79
6.1  INtroduCtion........cooeeeeveeeeereeeeeeeennn eeerreeaens e, 79
6.2  Materials and Methods.................... eeereerte e eanes RS 81
63 ReSUltS......oococooiiieeeeeeeeeeennns e 83
6.4  DiSCUSSION...cciiiiitiiiiiiti vt - 89
General ConClUSION....iiiiiiiiiiii e e 91
| 105 3 (1 1 L1 T S PSPPSR 94




List of Tables

1-1

12

1-4
2-1

3-2

3-3
34 .

4-2

4-3.-

4-4

Regression statistics for summer and winter energy budgets:.......cccc.ivvvnunnnnnn. 15
Energy budget values for a 50-g abalone not including activity............coeccenvee 16
Energy budgets for three species of abalone........cccccccceiiiiiiiiniinniiniiiiinniicee. 19

Morphometric relationships of various measurements of abalone size

and mucus secretion............ eeeee e ——— —————— i 29
Summer and winter time budgets..........cocooiiiiiniininiiiniinin e 41--
-Activity-budget calculatioﬁs for respiration and mucus secretion............ reeeeaes 45
Energy budget values fof a 50-g ’abalon:e including activity........... R 46

Energy budgets for three species of abalone including acﬁVi;y

for the present study .......... 49
Opine dehydrogenase levels in abalone tissues......... e 57
Anaerobic metabolites in abalone righted to exhaustion and air exposed.............. ‘59
Anaerobic metabolites in locomoting abalone........ e S s 60

Tauropine dehydrogenase and D-lactate dehydrogenase levels

in five species Of abalone..........iccoeieiiiiiiiiiiiineeiinin e 61

vi




List of Figures

‘Fig. 1-1 - Oxygen consumption over- 24 hours....... ............................. e 13
Fig. 2-1 ~ Oxygefl consumption as a function of speed................. T 26
Fig. 2-2 Total and net costs of transport as a function of SPEEd..vnnnnvvrrrrerrernen. 28
Fng 2-3 Comparison of costs of gastropod adhesive crawling with |

other forms of locofnotion ............ JE R rerreenas 32
Fig. 3-1 Summer and winter laboratory aCtivity eattems ................................. 40
Fig.3-2  Field aCtivity.ooosooovoeorrrmroneen e, eefeeas e reser et eraaeseeearans 42
Fig. 3-3 Energy expenditure during various states of activity |

as a function of live mass...........ccccoveiiiiiiiiiininniinncnneee. 43
Fig. 4-1 Comparison of costs of gastropod adhesive craWﬁng, including

anaerobic energy, with other forms ‘of locomotion..................... 66
Fig.5-1  Blood glucose levels during predator exposure......... e s 71
Fig. 5-2 Blood glucose ‘levels‘during AT EXPOSUIE......uvecvurcmncrsiimcenienseneniens 13
Fig. 5-3 : Blood glucose levels during temperature shock......cceeeeeeen. et 74
Fig. 5-4 ‘ Blood. glucose levels during salinity shock....... ............... i 75
Fig.6-1  Ventral view of a locomoting abalone........ ....... reteneteineenn veveeeaees 82
Fig. 6-2 Pedal §vave frequency as a function of speed....... R .... 84
Fig. 6-3 Step length as a function of normalized speed........cceverenrinnnniennnnene. 86
Fig. 6-4  Area of the pedal sole as a function of speed................... S _— 87
'Fig. 6-5 Area ef pedal waves as a function of speed 88

vii




Acknowlédgments

Many péople at UBC provided support‘ and encouragement. My advisor, Tom
Carefdot, provided generous funding and ideas. Barbara Taylor, Mike Harris, Richard
Kincaid, Steve Land, and J. P. Danko were always available for advice and mechanical
expertise. Josie Osborﬁe, Christine Ellidt, Anne-Sophie Miel, and Susan Far helped with
different aspects of the lab work. John Gosline_ and membefs of his lab provided many helpful
comments on the manuscript that became Chapters 2 and 6 of this thesis. This project was
funded by a Kit'Malkin Memorial Schola'rshipb and é University Graduate Fellowship to D.A.
Doﬁovan and a Natural Science and Engineering Research Council (NSERC) grant to T.H.
Carefoot. | _ |

Much of this work was performed at the Shannon Point Marine Center and I am
extremely grateful for the support I received there. In particular, Steve Sulkin, Suzanne Stroni,
Brian Bingham, Gisele Muller-Parker, Dave Schneider, Gene McKeen, Mimi Brainard, and
Sherri Rogers provided‘encouragement'and technical support. Other parts of the study wer e ;
performed at the Bamfield Marine Station where Andy Spencer and his staff provided logistical
support during animal collections. ' '

John Baldwin was very generodS with his time and expertise and I appreciate his help
with enzyme puﬁﬁcation and anaerobic metabolite analysis. Much of that work was performed
in Peter Hochachk;fs laboratory. Some of it was done in the Chemistry Department at Western
Washington University and I'm grateful to Gerri Prody for arranging laboratory space for me.

Finally, I'm very grateful for the love and support of h1y family, particularly tﬁat of
Todd and Fiona Mary.

viii




General Introduction

Increasing world demand for abalone h_as caused severe declines in most pdpulations,
| including those of British Columhia's Haliotis kamtschatkana (Emmett and Jamieson, 1989).
Efforts have been made to manage this resource including closure of the fishery (1990),
férming, and reintroducing abalone into depopulated areas. Studies have shown that
transplanting H.‘ kamtschatkana from wave-exposed habitats to more wave;sheltered habitats
leads to increased growth andultimately to greater population density (Breen, 1986; Emmett
and Jamieson, 1989), suggesting that this may be a feasible means to enhance depleted British
Columbla stocks. Successful reintroduction and stock enhancement w1ll depend on |
identification of suitable habitat, which will in turn depend on complete knowledge of the
biology of the abalone. Ernmett and Jamieson (1989) point out that H kamtschatkana do not
. grow to marketable stze in high wave-exposure areas, but also note that the cause of the
decreased growth is not known. Suggestions of inadequate food supplies or high rates of
mortality illustrate the need for information about the energy balance of this speeies.
~ While there is a substantial body of literature on abalone, the majority of the studies
have focused on.reproduction (Ino, 1952; Webber and Giese, 1969; Poore, 1973; Shepherd
and Laws, 1974), growth (Leighton and Boolootian, 1963; Poore, 1972;> Shepherd and Hearn,
1983; Keesing and Wells, 1989;), diet (Leighton and Boolootian, 1963; Barkai and Gri_fﬁths,
1986), population biology (Tegner and Butler, 1985; Tegner et al., 1989), and culturing (Uki,
© 1981; Morse and Morse, 1984; Morse, 1984; Ebert and Houk, 1984). These research topics
have been pursued mainly due to their applicability to abalone mnriculture. Less work has been
done on H kamtschatkana but, again, in such studies reproduction (Breen and Adkms 1980),
growth (Quayle 1971; Paul et al., 1977 Paul and Paul, 1981), and diet (Paul etal., 1977)
have been emphasized. There has also been subst'antial interest in aspects of population size
and distribution as they pertain to abalone fisheries and the worldwide decline in abalone stocks

(see Sloan and Breen, 1988).



One area that is not well understood for abalone and, indeed, for gastropods in general,
is energetic cost of aetivity.‘ Activity is potentially co>st1y to gastropods since, along with the -
requisite rise in respiratory energy expenditure, mucus must also be secreted. Therefore,

' although gastropods are notably sedentary and slew-moving, any increase in activity has the
potential to inﬂuence greatly an animal's energy balance. In fact, there are times when abalone |
move quite' quickly, such as when they are being threatened Ey seastar predators or when they-
are actively congregating for reproductive purposes. They may also actively forage for food
when drift algae is not abundant. | |

Abalone exhibit a variety of movements including shell-twistiﬁg, righting themselves
when overturned, trapping algae with raised foot, climbing kelp, elevaﬁng their shell during
spawniﬁg; and locomoting. These movements are accomplished by contraction of a
complicaﬁed array _of muscle fibers in the massive adductor and foot muscles in concert with a
-hydrestatic system of hemolymph in the muscles (Trueman and Brown, 1985; Voltzow, 1986).
Abalohe do not heve a single large herhocoelic cavity to act as a hydrostatic skeleton and to
provide muscular antagonism. Rather, they rely on a three-dimensional array of muscles which
. Trueman and Brown (1985) have termed a "muscular antagonistic system." As such, the
contracﬁon of different sets of muscle fibers running in different directions allews fof a wide
range of movements. Specifically, tﬁe adductor muscle is responsible for changes in pesture
such as elevating and retracting the shell, twisting, and clamping onto the substratum, while the.
foot is mostly used during locomotion (Voltzow, 1986). |

Most studies on activity bin abalone he.ve focused on locomotion. Abalone must
locomote in order to forage, escape predators, ﬁnd adequate refugia, and reproduce, and they
do this by generatiﬁg waves on their broad foot. Several studies have documented the
movements of individual abalone and have shown that abalone vary \évidely~ in their motility.
For example, in Australia the highly motile Haliotis rﬁidae migrates distances of up to 1 km
annually, while members of a syﬁpatﬁc speeies, H. cyclobates, may spend their entire lives on
a single rock (Shepherd, 1973). Observations of H. discus hannai and H. sieboldi over a 24-h

period by Monim_a and Sato (1969) showed an average locomotory range of 2.5 m per day. In



a study of tagged‘ Northern abalone, Haliotis kamtséhdtkana, Quayle(1971) found that average
movement was less than 50 m annually, with most occurring laterally along'the.shore'. The
longest distancé recorded for a tagged H. kamtschatkana was 125 m in a year (Emmett and
Jamieson, 1989). However, as tagged abalone.are often difficult to recover due to the
complexity of their environment and cryptic behavio‘r, these types of studies probably
uhderestimate amount of movement.

Along with the different forms of activity described above, abalone have variable states
of “alertness.” ‘These are characterized by the extent to which the shell is elevateci above the
substratum and the tentacles are protruded from the mantle _cavity. Shell elévation isro_btained
through contraction of radial and circumferential muscle fibers (Truemé.n and Brown, 1985),
and thus requires en_ereg to maintain. As well, abalone in an alert state often wave their
tentacles, presumably to test the water for food or predators, which also requires energy.

In terms of energy balance, activity is importanf for the single reason that it requfres |
energy. An organism which is expending energy while escaping predators or foraging for food
has less energy with which to grov;/ and reproduce. The overall purpose of this thesis, then, is
to quantify the cost of activity in the energy budget of the Northern abalone, Haliotis
kamtschatkana. |

In Chgpter 1 I measure baseline energy budgéts during winter and summer months.
Energy budgets have been devéloped for two other species of abalone, but neither has
incorporated energy expended due to activity which would affect both respiration and mucus
secretion components of the budget. The seasonal energy budgets measured in this part of the
study will serve two purposes: 1) they will allow comparisons to be made Awith existing energy
budgets for abaloné, and 2) they will serve as frameworks to which energy budgets with
acﬁvity included can be compared. | _

- In Chapters 2 and 3 I determine the amount of energy expended by H. kamtschatkana
due to activity and relate this to the baseline seasonal energy budgets. Chapter 2 focuses on
locomotion and quantifies both respiratory energy expenditure and mucus secretion during

different rates of locomotion. Respiratory energy expenditure is measured as cost of transport
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(the amount of energy expended per unit mass-per unit distance) and is then compared with
existing cost of transport measurements for five other gastropod species as well as to cost of

transport for organisms with other modes of locomotion.  Likewise, I measure the amount of

energy lost as mucus secretion during locomotion and compare it to mucus secretion during

adherence to the substratum. In Chapter 3 I develop a time-energy budget for H.
kahischatkana. I first develop a time budget from 24-h observations of laboratogy-héld
animals, then measure respiratory energy expeﬁditure during different activity 'stateé. After
incorporating the measurements for locomotion described in Chapter 2,1 determine thé daily -
eﬁérgy expended due to activity by éombining thé energy used during the different’ac‘tivities'
with the amount of time spent in each activity. ’fhese mea;urements allow me to asSeés the
impact of activity on the baseline seasonal énergy budgets from Chapter 1.

Chapter 4 investigates the accumulation of anaerobic metabolites in both addubtor and
foo_tmus»cles' during locomotion. These data are necessary to interpret the measurements of
energy expended dﬁring locomotion, since anaerobic as vwelll:as aerobic énergy sources are
included. They also allow me to determine tﬁe eitent to which abalone rely on anaerobic energy
sources during locomotion. '

~ Chapter 5 investigates the effects of stress on the ﬁletabolism of H kamtschatkana. 1
méasure changes in blood-glucose levels and oxygen consumption during exposure to fhe
seastar, Pycnopodia helianthoides, a predafor which elicits a strong escape response in H.
kamtschatkana culminating in rapid locomotion away from the seastar. Stress can markedly
increase the metabolic rate of organisms, causing potentially large changes in energy balance.

Firally, in Chapter 6 I examine changes in pedal morphology during locomotion from

the standpoint of possible energy-saVing strategies. Specifically, I measure changes in the area

-of pedal waves as well as total pedal area in contact with the substratum in relation to

locomotory speed. Observations of locomoting abalone indicate that abalone decrease the

amount foot in contact with the substratum which possibly decreases the amount of mucus

secreted and the amount of friction geriefated.




Overall, my thesis research will improve our understanding-of the impact that activity
has on energy allocation in Haliotis kamtschatkana and thus provide us with insight into the

habitat requirements of this species. It will also further our knowledge of the energetics of

~ adhesive crawling.




Chapter 1. Summer and winter energy budgets for resting abalone -
1.1 Introduction

Essential to understanding the biology of a species is knowledge about the energyl usage
of individuals, as well as populations, of that species. An understanding of the balance |
between energy intake and outflow allows for 1ns1ght 1nto growth patterns reproductive
strategies, population dynamics, and mortahty Insrghts into these life-history parameters can
be gained by constructing an energy budget; that is, a catalog of energy consumption and

- expenditure wrthin a single individual or a population of individuals.‘ "The standard energy
budget (Petrusewicz, 1967), modified for gastropods, is defined by the eduation:

| C=F+U+P+P, +R+M

where Cis the energy consumed, F is t_heenergy lost in undigested material rn the feces, U is
the energy of nitrogen compounds excreted, Pg is the energy used for the production of somatic
tissue, P; is the energy used for the formation of reproductive tissue, R is the energy used for
metabolism, and M is the energy of mucus productlon It is obvious, over the long term that
thlS equatlon is balanced; that is, the amount of energy consumed by an organlsm equals the
amount of energy expended.

The value of an energy budget is in its exposure of trade-offs between the different
budget parameters and in its elumdatron of behavroral strategies that enable an orgamsm to.
optimize energy intake and output (Townsend and Calow 1981). If an anrmal is partltlonlng '
energy into one parameter, then that energy is uniavailable to the other parameters. For | |
example, animals may‘ seasonally decrease somatic growth (Pg) during gametogenesis in order
to expend more energy 'in the production of gametes (Pr) as is the case with some species of
abalone (Keesmg and Wells, 1989). Th1s example illustrates one of the more srmphstrc trade; |

» offs that can occur, but the complexity increases greatly when behavroral factors and populatron -

parameters are consrdered For example, in an attempt to explarn reproductrve strategles and

populatlon ﬂuctuatrons of mammals, McNab (1980) correlated basal metabolism with the




amount of energy available as different types of foods in the diets of the different species of ?
mammals. Then, since the intrinsic rate of population increase (r) is directly related to standard
metabolism, McNab was able to implicate food type as a constraint to reproducti\}e tactics and
population fluctuations. Clearly, the degree of complexity increases as several dimensions of
the energy budget are considered simultaneously. Adding variables such as season and age of

the organism can further c'omnlicate the issue.

Energy budgets have been developed for only a few species of marine gastropods [see
Bayne and Newell (1983) and Carefoot (1987)], and abalone are no exception. Only two have |
oeen reported for Haliotis: Barkai and Griffiths (1988) generated a field budget for H. midae
and Peck et al. (1987) developed a laboratory budget for H. tuberculata. Both studies nrovide a
sound base of knowledge about the energy allocations in abalone, but both are deficient in one
way or another. Specifically, both cite the importance of activity to the respiratory component
of the energy budget, yet neither incorporates activity into measurements of respiration.
Activity has been found to cause an increase in gastropod respiratory rate by 100-600% of
resting values (Honlihan and Innes, 1982), and thus can potentially cause a severe under-
estimation of respiratory energy expenditure if not accounted for. Several studies. of gastropod
energetics have mensured the inetease of respiratory rate during activity over resting' rates
(Newell and Roy, 1973; Caiow 1974' Fitch 1975; Crisp, 1979; Houlihan and Innes 1982)
but few have d1rectly related this increase to the overall energetlcs of the animal or estimated the
cost of activity to the ammal | |

The purpose of th1s pan of the study was to develop a basehne energy budget for
Halzotzs kamtschatkana (one in which resplratory and mucus components were measured on
inactive animals), to which measurements of energy utilization during active states could be

compared. Energy budget parameters were measured during both summer and winter in order

to gain insight into how activity may affect energy allocation during different seasons.




1.2 Materials and Methods

Collection of ammals _ '

Abalone (N—20 13 175 ¢ hve mass) were collected in the area of the Bamfield Marme
- Station, British Columbia and transported to the Shannon Point Marine Center, Washmgton. '
This size range is slightly smaller than the natural size range, although animals larger than 200 g
live mass arerare (Sloan and Breen, 1988). They were held in a vlarge tank with a constant
supply of Ifresh seawater and fed ad libitum on Nereocystis luetkeana a preferred kelp food.
Since I was initially interested in potential gender d1fferences in the energy budget parameters,
10 females and 10 males were used for each component of the energy budget (unless otherwise.

stated) None of these abalone was used in other experiments.

Energy Budgets
Energy budgets were calculated for H. kamtschatkana by measuring all components at
various times over a 16-month period. The components not directly affected by activity, C, F,
U, Pg, and Py, were measured once during summer (June—Aug 19955 and once during winter
(Nov 1995-Jan 1996), except for. Py which was measured monthly (March 1995-July 1996)
and P; which was measured once at the end of the experiment. The tWo components directly
- affected t)y activity, R and M, were also measured once during the summer (June-Aug 1995)
and once during winter (Nov 1995-Jan 1996), but here they were estimated for inactive animals
by measuring each component using quiescent abalone and extrapolating these Values over a 24-
h period. These measurements of Quiescent R and M will be used as comparisons for R 'an.d M .
values’ derived from active abalone in Chapters 2 and 3.
Temperature ranged from a monthly mean low of 7°C in Feb 1996 to a mean high of -

12°C in July 1996. In both years, mean temperature was below 9°C from Nov-Apr.

Laboratory temperature was generally 1-2 °C higher than field temperature.




Consumption ( C). Abalone were kept in plastic mesh cages and fed pieces of kelp of known
mass each day at 1500h over a 4-day.period. Uneaten kelp was removed each following day at
1500h and weighed. Each day, three pieces of kelp were plaéed into empty cages as controls
and change of mass recorded. The mass of the uneaten kelp from each abalone's cage was
subtracted from the initial mass of the piece and the result corrected for any. difference in mass
exhibited by the mean of the controls.to determine the wet mass of kelp consumed; _

To determi_ne the energy content of food eaten, samples of kelp were weighed fresh,
then dried at 60°C to constant mass. Samples of dried kelp were combusted in a Phillipson
microbomb calorimeter to determine their energy content. Ayerage daily energy consumption
(J-day- 1) for each abalone was calculated by mult1ply1ng the daily wet mass of consumed kelp

| by the energy content per gram wet mass of the kelp

Feces Production (F). Abalone (N=5; 20-128 g liye mass) were held individually in 1fliter
aerated‘plastic containers filled with'5 pm-filtered seawater-at ambient temperature over a 4-day
period. Kelp of known mass was fed to each animal on the first day, and uneaten remnants
removed and weighed on the following day. The abalone were held in the containers for three
-more days during which feces were collected dajly Animals were not st‘arved prior to the
experiment. ‘The feces were dried. at 90°C to constant mass then combusted in a microbomb

calorlmeter The mean energy value for the feces was used to calculate F in the energy budget

Nitrogen eaccretion (U). ’ Individual abalone were placed in sealed c.ontainers and maintained at
ambient temperature. Dupliéate 1-m] aliquots of the water in the containers were collected after
1-h and analyzed for ammonia following the method of Solorzano (1969) Since nitrogen
excretion by H. kamtschatkana does not ﬂuctuate darly (Taylor and Carefoot, in prep), mtrogen
excretion was measured at 0900 h and the values extrapolated to a 24-h perrod Energy costs

(J-day-1) were calculated from ug ammonia excretron by multlplylng by 24.83.J- ‘mg NH3

(Elhot and Dav1son 1975).



http://24.83.J-mg

Somatic growth (Pg) and reproductzve growth (P,). Mass and length of each abalone were
recorded monthly for the duration of the experiment (16 months) At the end of the exper1ment .
when the anlmals were ready to spawn (August 1996) they were Weighed a final t1me and k
removed from their shells Each abalone was separated into five components 1) shell 2) pedal :
and adductor muscles W1th head, and tentacles 3) visceral mass- including stomach digestive -
_ gland and gills, 4) gonad, and 5) hemolymph mucus, and mantle water that drained off the -
abalone durmg dissectron Durmg dissection the visceral mass Was separated from the large

_ pedal muscle and the gonad removed from around the digestive gland by aspirating it 1nt0 a -
clean glass vial. Wet mass of shell, muscle, viscera, and gonad were recorded for each animal '
The soft tissues from each animal were homogenized 1nd1v1dually, dried, and energy content

_ determined by combustion ina rmcrobomb calorimeter. Shell caloric content was estimated
from Pame (1971), assuming that abalone shell was'1. l% protem and protem has an energy :
value of 23 83 Jrmg-1. Smce it proved impossible to collect enough mucus and hemolymph
from each animal for analysis, and lacking an estimate for the energy value of hemolymph this
mucus and hemolymph port1on was assumed to be similar in energy value to pedal mucus

(23 97 J- mg'1 Calow, 1974)

Somatic growth was determmed by regressmg monthly mass of each abalone on time,
with the slope of the regression being then a measure of growth (g-month‘l)._ This method was |
used, as opposed to subtracting final mass from initial mass and dividing by time, since there
was considerable monthly ﬂuctuation in wet mass. Mass change during Winter (Nov-Mar) Was
" compared to mass change during summer (Apr-Oct) Daily gam in 11ve mass was converted to
energy galn {- day'l) by partitioning total gam m live mass into gain in mass of individual body
parts ,(_shell, muscle, and viscera) estimated from the proportion of Whole mass that each of
these tissues constituted. Each component was then multiplied by the energy content of the
respective tissue. - | |
| | An attempt was made to spawn the animals during summer (August, l9l95) using
hydrogen peroxide (Morse et al., 1977). However, since only one animal spvawnedv, energy

devoted to reproduction (Py) was estimated from gonad mass (including 'gametes) at the end of

10



the experiment. Reproductive growth (J:day-!) was determined for each abalone by multiplying

gonad mass by its energy content.

Respiration (R). To determine whether H. kamtschatkana exhibit diurnal variations in quiesoent
respiration, abalone (N¥5; 27-52 g live mass) were held individually in round, perspex
respirometry chambers for 24 hours. Temperature was maintained at 10°C, and oxygen
consurnption was monitored continuously with a polarographic oxygen electrode connected to a
computerized data acquisition system (Datacan, Sable Systems). The respirometer was opened .
~ for 2-min periods to replenish the seawater once oxygen tension fell below 60% of émbient_.
Oxygen consumption was determined for each hour of the 24-h period.

Asa component of the energy budget,.quiescent metabolic rates of abalone were
measured individually over 1-h periods in respironieters as described above.“ Energy Costs
- (J«day-1) were calculated from oxygen consumption (ul Op+day-1) by multiplying by an
’ oxycalorific coefficient (Qox) of 20.88 J -ml 0O,-1 (Elliot and Davison, 1975). This represents a
weighted value for the catabolism of carbohydrate, protein, and fat based on .the proportion of
each found in N. luetkeana. Since qurescent oxygen consumption of H. kamtschatkana does -
not fluctuate daily (see Results), oxygen consumptions were measured between 0900- 1200 and -

the values extrapolated to a 24-h period.

Mucus productzon (M). The amount of mucus needed for substratum adherence by restlng
animals was determined by allowmg 1nd1v1dual abalone to attach to a clean glass plate immersed
in a tank supplied with fresh seawater. Afterran abalone had been stationary for 10 min
| following adherence, it was removed quickly from the plate. A lO-min period was chosen
because Davies (1993) found that stationary limpets stop producing mucus within 10 min nfter
~ attachment. The plate was then rinsed with distilled water to remove salt residues, and dried at
60°C for 30 min. The dried mucus was carefully scraped from the plate and its carbon content
determined (NA-1500 Elemental Analyzer, Carlo ‘Erba Strumentazione). Mass of carbon (1g)

was converted to dry mass of mucus (lg) by assuming that gastropod pedal mucus is 24.5%
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~carbon (Peck et al. 1993). Mucus dry mass was converted to energy (J) assuming a conversion
of 23.97 kJ-g-1 mucus (Calow, '1974). Mucus energy was converted to a daily rate (J-day-!)
by assuming that quiescent abal,one. adhere once per day then remain. fixed to the substratum.
Th_is assumption was made for‘the purpose of estimating mucus secretion by inactive animals.
Actual numbers of adherences perbday and resultant mucus secretion for active animals will be

measured in Chapter 3.
1.3 Results

Energy Budgets _
- Weight-specific oxygen consumption did not change significantly during the day (Fig.
1-1; Fp3,92=1.23, p—O 24, repeated measures ANOVA). -

There were no dlfferences in values for any of the energy budget components between
male and female abalone (all t<2 0, all p>0. 06) save for some aspects of reproductlon Gonad
energy content (+SE) was hlgher in females than in males (females 23.410.9 J'mg dry gonad |
mass-1, males 20.0+0.5; t=3.21, p=0.01; Table 1-1). ‘However, there was no gender
difference in gonad mass as a percentage of total live mass (+SE) (females 61 %, males
710. 6 t=0.38, p=0.71) and ultimately no dlfference in yearly reproductlve energy expendlture
| (+SE) (females 4.210. 7 kJ-year-1, males 2.8+0.3; r=1. 89 p=0. 09) Thus, values for-both
males and females were combined for the regressions of energy budget components on mass.

The percentage of total live abalone mass of the various body tissues after dissection and
their energy equivalents are presented in Table 1-1. Muscle and shell comprised the largest
_percentages of live mass (29 and 28%, respectlvely) followed by mucus/hemolymph (19%),
viscera (12%) and gonad (6%)

‘ Regression equations for each logj component of the summer and winter energy
budgets (J-day-1) on logig mass (g) are presente'd in Table l-.2land values for each component,
calculated for a representative 50-g aoalone, are presented in Table 1-3. None of the slopes'of

the summer regression equations were significantly different from the winter regressions (all
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Table 1-1. Percentage of total live mass of various abalone body tissues after dissection,
along with their energy equivalents. Values are expressed as mean + SE of N=20. .

- Percentage of - Energy equivalent
Tissue total live mass (J-mg dry tissue-1)
shell 28+3 : 0.3* -
viscera . 12+1 202 £ 0.5
muscle - - 29+3 19.2+0.3
mucus/hemolymph - 1917 24 .0%* -

. gonad (females and males) 6+0.5 21.7£0.7
gonad (fernales) - =~ 6%1 : 23409
gonad (males) 7+0.6 . 720005

* Value from Paine (1971).

** Value from Calow (1974) for pedal _fnucus. .
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1<0.66, all p>0.10), except for the slopes .of somatic growth on rnass’ (t=2.'02, p<0.05). R
However, all y-intercepts of the summer regressions were significantly higher than those of the |
winter regressions (all #>3.44, all pI<Q.005).: .fThus, except for somatie growth, the sealed
relationship between energy and size remained constant between snmmer and winter, but
summer values were greater than wintér values. Cons_urnption and qhiescent respiratory rates
w,ere 2.2 and 1.7 times greater, .respectively, in summer as compared with winter. Respiration
was the largest oomponent.of both budgets, even without activity. Mucus secretion for these

inactive animals accounted for about 1% of total consumed energy during both summer and

"' winter. Somatic growth was negligible during winter. Both energy budgets failed to balance,

by 19-20%. The missing energy is accounted for by activity of animals, as will be discussed in _'
Chapters 2 and 3.

There was no relationship between shell growth (mm-month‘l) and abalone mass (g
(summer and winter regressions of loglo shell growth on logjg mass both #<1.5, both p>0. 15)
There was, however, a general trend in which abalone showed accelerated growth from Apnl to
November, followed by little to no growth until the following March when growth rate
increased again. This did not occur with all of the experimental animals‘: two small abalone
exhibited fairly constant increaées in shell length throughout the year, and four larger animals
did not grow appreciably at any time during the experlment Mean (+SE) i increase in shell
length during the summer growth phase was O 58+0 45 and 0.17+0.26 mm-month-! during the

winter.
1.4 Discussion

| As expected; values of summer and winter energy-budget components differed for .
Halioti-s kamtschatkana. For a representative .50—g abalon'e' winter consumption was only 45%
of summer consumption with nearly all consumed energy gomg towards maintenance (energy o
needed by the animal to maintain body tissues w1thout growth that is, R, M, and U). The

proportions of energy lost as feces and nitrogenous waste remained relatively constant between

17



winter and summer. Winter rates of mucus secretion were 30% of summer rates, but because
winter consumption was less than summer consumption the proportion of consumed energy

- represented by mucus remained constant. Davies (1993) also found seasonal differences in
mucus secretion for the limpet Patella vulgata but attnbuted them to differences in actiyity

Here activity level was constant during summer and winter measurements (e.g. all abalone were
quiescent during mucus collection) so the reduced mucus secretion during winter months must

~ be due to intrinsic physviological or metabolic differences in the abalone. ‘

Two other energy budgets for abalone, one by Peck et al. (1987) for the European
abalone Haliotis tuberculata and one by Barkai and Griffiths (1988) for the South African
abalone H mzdae are shown in Table 1-4. My summer energy budget can be compared to that
of Peck et al. (1987) who, based on their data for reproduction, appear to have determined a
summer energy budget for their species. Haliotis kamtschatkana has a much higher respiration
‘component than does H. tuberculata, even before activity has been considered (51% of
consumed energy compared to 27%, respectively), while H. tuberculata diverts more energy to
growth. Barkai and Griffiths (1988) found that H. midae loses 63% of consumed energy to
feces, a much larger proportion than | |
measured for either H. kamtschatkana or H. tuberculata (both 18%). The resp_iration
component for H. midae was only 8% of consumed energy, but the authors note it would be
higher if they had incorporated activity into their measurements. All three energy budgets
indicate little energy lost to nitrogen excretion. |

The technique used in this study to collect gonad tissue allowed for analysis of male as
well as female reproductive effort. This was not the case in the energy budgets presented by
Peck ét al. (1987) and Barkai and Grifﬁths.(1988) owing to the difficulty of collecting sperm
released from live abalone. No difference in ireproductive effort yvas found between males and
females in the present study, even though eggs are energetically more costly to produce than
sperm (Table 1-1). The anlmals in this study produced slightly less gonad tissue than did field "
H. kamtschatkana. Carefoot et al. (in prep) found that H. kamtschatkana collected Just prior to

_spawning in summer have gonad indices (GI: mass of wet gonad divided by mass of live
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abalone excluding shell) around 10%, with rnales-having a significantly higher GI than females. -

~ My mean value of 8% (calculated from Table 1-1 to exclude shell from live abalone mass), with

no difference between maleé and females, was intermediate between their summer and winter
GI: Vztlues. Thus, it is likely that field abalone allocate more energy to reproduction than these
laboratory animals did. | |

Growth of Héliotis kamtschatkana in the present study wets less than that found in other
studies on the same species. Qnayle (1971), for example; found a yearly growth increment of
10 mm in anirnals 70-80 mm long, while my similarly-sized abalone averaged five mm. This
could be due to temperature. Maximum shell growth occurs bettveen 13-14°C (Paul and Pa‘ut,

1981), temperatures which were rarely reached during the present experiment. Other factors

' ~ besides temperature are known to affect growth, such as food availability (Leighton and

Boolootran 1963), gametogene51s (Paul et al, 1977, Keesrng and Wells, 1989), and habitat

 (Keesing and Wells, 1989).

Althongh diurnal cycles in oxygen‘ consumption (Vo2) were not evident in this study,

this could be,due to the laboratory conditions. Many species of abalone exhibit nightly

increases in Vo due to increased foraging activity [e.g. 42% increase for H. discus hannai,

Tamura (1939); 20% increase for H. discus hannai, Uki and 'Kiknchi (1975), '20%"increase for
previously starved H dtversicolor Supe'rrexta, Jan et.al. (1981Db)]. Since food was abundant in
my study, any change in Voy might ha\re been ‘suppressed as noted by Peck.'étv'al (1987)
Barkai and Griffiths (1988), and Jan et al (1981a) for other Halzotzs spec1es Greater nlght -time
activity would potentially raise the respiratory component of the energy budget.

In this chapter, it was determined that a 50-g abalone has a-quiescent respiratory energy

expenditure of 971 J -day'1 during summer and 582 J-day-! during winter. Likewise; mucus

secretion during adherence to the substratum was 20 J during summer and 6 J during winter.

These values will serve as baselines to which _Values estimated from time-energy budgets can be
comparedT Respiratory energy expenditure and mucus secretion during locomotion in abalone
will be investigated in Chapter 2, and a time-energy bt_ldget will be determined in Chapter 3,

allowing these seasonal energy budgets to be modified to include activity. |
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Chapter 2. Cost of transport and mucus production during locomotion

)

2.1 Introduction

The energetic costs of locomotion have been studied intensively. for running, swimming
and flying, but the costs of adhesive cravtll_i_ng are not as well understood. Several studies have
shown that craning snails increase their energy expenditure above resting costs (Newell and
Roy, 1973 Calow, 1974), but only two have correlated oxygen consumptlon with speed to '
determine cost of transport, the energy needed to transport a unit-mass over a unit distance
(calculated by dividing mass-spemﬁc energy expenditure by speed). Denny (1980) calculated .
the cost of transport for the terrestrial slug Ariolimax columbianus, and Houlihan and Innes
(1982) investigated transport costs for four marine gastroood species.. Both studies showed
adhesive crawling to be energetically more expensive than other types of locomotion. Houlihan |
and Tnnes (1982) briefly investigated the effects of‘ animal si,ze on cost of transport for the |
marine gastropod Monodonta turbinata, and they found that total mass-specific cost of transport
decreased as size increased. |

- Mucus is essential for gastropod locomotion. Adhesive crawling_l invol\r,es the secretiori |
of a thin layer of mucus from glands in the foot to form a sheet between the foot and the |
substratum. Mucus production may be a prlmary reason that adhesive crawling is ..so |
energetically expensive com[-)a_red with other forms of locomotion (Denny, 1980). As well, the
importance of mucus to the gastropod energy budget is well known (Paine, 1971' éalow 1974;
Horn, 1986; Davies et al, 1990). Horn (1986) found that mucus production accounted for 70%' -
of consumed energy in the chiton Chiton pellzserpentzs Most values are not that high. For
example, Calow (1974) estimated mucus production to represent 13- 32% of absorbed energy in-
P. contortus, and Carefoot (1967) estimated that mucus accounted for 15% of the energy
budget of the oplsthobranch Archzdorzs pseudoargus

‘Recent studies have focused on 1ntraspec1flc as well as 1nterspec1ﬁc variations in mucus

production. Davres (1993) showed that the limpet Patella vulgata produced varying amounts of
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mucus depending on season and habitat, perhaps due to differeﬁces in activity level. Peck et al.

| (1993) found that 80% of the daily mueus secretion of the limpet Nacella concinna could be
attributed t.o adhesion,l with the rest presumably due te locomdtory activity. Likewise, Davies et

-al. (1990) found irlcreased mucus secretion in motile compared with stationary llmpets. Not
only does the amount of mucus secreted change duritlg locomotion, but there is evidence that

: the nature of the mucus is d1fferent Connor (1986) found that mucus secreted by stat10nary
hmpets in the field persisted 51gn1ﬁcantly longer on the substratum than trail mucus.

| The purpose of this study is to determine the energetlc cost of locomotlon of Haliotis
kamtschatkana I determine the cost of transport of H. kamtschatkana as well as the amount of
mucus secreted during locomotion. These values will be used in determmmg the cost of activity

in H. kamtschatkana's energy budget..
2.2 Materials and methods

'Animal collections

Northern abalone Haliotis kamtschatkana were collected at the Bamfield Maritle Station,
BI‘ltlSh Columbia, and transported to the Shannon Point Manne Station, Washmgton They
~ were held in large tanks with a continuous supply of fresh seawater at a mean temperature of

lOOC during the expenments The abalone- were fed ad libitum on kelp, Nereocystzs luetkeana

Oxygelt consumption and cost of tran_sport

Abalone (N=29' 4-122 g live mass) were placed individually in round, Perspe)t '
: resp1rometry chambers (100, 450, 720 and 1850 ml, dependlng on animal s1ze) at 10°C and -
were allowed to move freely. A shelf located 1 cm above the bottom of the chamber supported
a plastic mesh screen, beneath which rotated a magnetic stir bar. The abalone often circled the
respirometer, either on the wall or on the shelf protecting the stir bar. Duﬁng these revolutions,
* _speeds were measured by recording the time at_.which distance markers around the slde of the

respirometer were passed. Oxygen consumption was monitored continuously using a
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polarographie O)tygen‘ electrode connected to a eompnterizect ciata-acquisition system (Datacan,"
Sable Systems, Inc.). Since this system allowed the times between Inarkers to be recorded,
oxygen cons'umption during periods.of known speeds could be c’alculate’d.. Movement usually S
occurred within the first 15 min of a trial, and at no time did the oxygen partial pressure drop to
below 75% of saturation during the triat. Energy expenditure (J °h'1) was calculated from ‘
o)tygen consumption (1l O+h-1) by multiplying by an oxycaloriﬁc coefficient (Qox) of21.10__
Jeml O;-1. This represents an accepted value for the catabolism of carbohydrate (Elliot and
Davison, 1975) and was chosen because nrost gastropods rely on glycogen stores for energy.
during activity (Carefoot, 1987). |
Resting metabolic rates were determined for each‘abalone by measuring oxygen
consumption during quiescent periods. If the abalone had been active, resting oxygen
consumptions-were measured at least 20 min afte_r each activity bout in order to ensure' that there
- was no residual elevation of metabolrc rate. Resting oxygen consumption was measured 1-3
times for each abalone, and the resting metabolic rate used to calculate net cost of transport for
" each anrmal was the average from the 1nd1v1dua1 animal's tr1als
Minimum cost of transport for H. kamtschatkana ‘was calculated from the slope of the
regression of speed on total oxygen consumption during locomotion (TayIOr et al. 1970; Fuli et
al. 1990). Total cost of transport (total amount of energy needed to 'transport a unit body mass
over a unit distance, including resting metabolism) was calculated for individliat abalone for
each perrod of known speed and energy consumption by dividing total rnass-speciﬁc energy
expenditure (J*kg 1h-1) by speed (mh-1). Net cost of transport, or the transport cost above
resting metabolism, was'calculated by subtracting resting mass-specific oxygen consumption
. from total mass-specific oxygen consumptlon during locomotlon for each abalone then
dividing by the speed at which that abalone had traveled. Net cost of transport represents the
energy devoted solely to locomotion, which here 1ncludes any postural costs (energy required to
hold the body in the posture of locomotron) “This method of calculating net cost (as opposed to
also subtracting out postural.costs) was chosen since total oxygen 'cOnsumption during

locomotion and resting oxygen consumption were both measured directly for each animal,

23




whereas the postural cost for locomoting abalone was calculated indirectly from the difference
- between average resting mass-specific oxygen consumption for all the animals and the y-

intercept of the regression of speed on total oxygen consumption.

Pedal area at rest

Abalone (N=21; 4-150 g live mass) were placed individually in a glass aquarium with a
constaﬁt supply of fresh sea water and were allowed to-adhere to the side of the tank. An
animal was left undisturbed until its foot was fully eipanded. A 1cmx 1 cm piece of pléstic
was placed next to the abalone as a reference, and a photograph was taken. The photographs
were analyzed using a Sigma-Scan area-measurement software éysterﬁ (Jandel Scientific, CA,
USA) to determine thé area of the foot adhering to the glass surféce. th mass (including shell)
and shell length of the abalone were recorded.

Since abalone have body parts with very different densities (i.e. shell, viscera and
muscle),‘thc volume of the animal, rather than its wet mass, was used as a measure of abé_lone
size for morphological compa.risbn with foot area. Wet mass wés converted to volume by
den’ving a relationship between maés and volume for H. kamtschatkana. Abalone (N=IQ; 41-
191 g live mass) weré weighed in air and in sea water. Abalone volume (V) was calculated
using the equation:

VMoo My

dW

where M3 is the mass of abalone in air, Myy.is the mass of abalone in sea water, and dy is the

density of sea water (assumed to be 1.025 g-ém‘3).

Mucus secretion .

The amount of mucus needed for an abalone to adhere to bthe sﬁbstratum was determined
by allowing individual abalone (N=16; 17-143 g live mass) to attach to clean glass plates .
immersed in a tank continuously supplied with fresh-sea water. Each abalone was'ther'l'

" removed quickly from the plate, using a spatula, after it had been stationary for 10 min
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following adherence. This period was chosen because Davies (l993) found that stationary
limpets stop producing mucus 10 min after attachment. It is probable that abalone cease to
produce mucus much sooner since my observations suggest that they are able to attach to a
surface faster than limpets and are difficult to remove froma snrface only 30 s after being
placed on it. The plate was then rinsed with distilled water to remove salt r'esidues and dried at
60°C for 30 min. The dr1ed mucus was carefully scraped from the plate and its carbon content ‘
determlned using carbon analysis (NA-1500 Elemental Analyzer Carlo Erba Strumentazione).
Mass of carbon (J1g) was converted to dry mass of mucus (lLg) by assumjng that gastropod
pedal mucus is 24.5% carbon (Peck et al. 1993). |

Mucns secretion during locomotion was determined by inducing si.milarly Sized abalone
'(].V=7; 95-99 mm shell length; mean + SE resting pedal area 42 + 4 cm?2) to locomote over glass
plates. Three clean 8 cm x 31 cm glass plates were placed in series on glass bowls resting in
the tank. An abalone was placed on the ﬁrst plate and allowed to travel over the middle plate -
onto the third. The tlme taken to traverse the rniddle plate was recorded, the plate was rernoxrcd,
and the mucus co'llected» as described above. This procedure ‘was repeated nntil each abalone '
had traversed the middle plate at five different speeds with as Wide'a range of speed as possible.
Locomotory rates ranged from 9.6-105.1 cm-min'1 for the seven animals. Trials for an . |

individual abalone were at least 24 h apart.
2.3 Results

Oxygen consumption and cost of transport

Total mass-specific rate of oxygen consumption (Vgy) increased linearly with increasing S

speed, rising by 0.58 pl Oz-g'lh'1 for every 1 cm-min-! increase in speed (Fig. 2-1; N=29;
t=2.19; P=0.04). Total Vo, was also dependent upon mass (b=-0 l5 1=2.59; P=0. 02) -
decreasing with increasing abalone mass. The mean V02 (£SE) of resting abalone (20.7£1.7

ul Oy g‘lh'l) was nearly half the value of the y-1ntercept of the line relating Voz to speed
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Fig. 2-1. Total rate of oxjrgen consumption V, (Ul 02'g'1h'1)
as a function of absolute speed v (cm;min'l).' The regrésSiQn
line is: V5,=40.1 + 0.58v-0.15m (r2=0.35; N=29),-where

m is body mass (in g). The data presented on the graph

have been a_djuSted for the mass component of the régression

equation by calculating the mass component for each abalone
and adding it to the measured V,,,. The speeds of the

individual abalone were then plotted against the adjusted

V02 values.
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(40.1+4.5 ul Op-g-l hrl) (Fig. 2-1). The dlfference of 19.4 ul Og-g:lhlis l1kely fo represent
a "postural effect” of locomotron for crawhng abalone. =
The minimum cost of transport, calculated from the slope of Voo verSus speed (in-
mr h 1y, for H. kamtschatkana in this study is 20.3 J- kg'lm L (slope of V02 versus speed
regression line is 0.96 Wl Op+g-lm-! when speed is in mh- 1), Total cost of transport (total
amount of energy needed to transport a unit body mass over a unit distance) and net cost of
transport (energy above resting metabolismﬂre.quired for tranSport, here includingpostnral
costs) calculated for individual animals locornoting ata variety of speeds (Fig. 2-?) decreased to
‘minima of 86.0 Jkglm1 and 29.7 ] kg-lmr1, respectively, at the highest speed measured in .
the respirometer (maximum speed, 26.8 cm-m‘in'l). Because the postural component at high
| speeds is very small relative to the cost of movement, the total_cos't of transport should
asymptotically approach the net cost ot transport, which should in turn approach the minimum
| c‘ost of transp'ort (Fig. 2-2). Owing to the closed respirometry system, a whole seastar could
not be used to stirnulate locomotion in the abalone s.o a tube foot'of Pycnopodiq"heliantho‘ides
was used. Also, the abalone could not be stinlulated continuously with the tube foot so the
" maximum speed recorded in the respirometer was lower than the maximum speed recorded in
the aquarium (l 13 cmin-; see Ch. 6). | “ |
| Both relationships between total and net cost of transport and speed became linear when
the var1ables were log;o-transformed. Total and net cost of transport (COTT and COTN,
respectlvely, in n J- kgl m1) decreased both with speed (v in cm: rmn'l) and /mass (m in g) W1th
regression equat1ons logloCOTT 3.35- O 9Olog10v -0. 2110g10 m (r2—0 89, N=29) and
log10COTN = 2.29 - 0.69 logigv - 0. O9log10m (r?=0.48, N—29) respectwely All regressrons
were significant (all £>2. 97; all P<0.006) except the regressron of logjp net COTN versus logl()

mass (¢=0.58; P-—O 56)

Pedal area at rest
Logloétransformed resting foot area increased linearly with log volume (Table 2- 1“). : -

The slope of 0.83 is significantly higher than the predicted slope for isometry (b,) of 0.67
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Cost of transport (J 'kg'lm'l)
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Fig. 2-2. Total and net costs of transport (COT)

as a function of absolute speed. Regression equations

for log, -transformed data are given in the text. The

data presented on the graph have been adjusted for the '
mass components of the log-log regression equatibhs given
in the text by calculating the mass component for each
abalone and adding it to the measured cost of transport. -
The speeds of the individual abalone were then plotted

against the adjusted cost of transport for each animal.
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(t=4.12; P<0.001). Likewise, logio foot area increased allometrically_ with loglo'shell length
(1=3.75; P<0.002). This indicates that the sole of the foot grows disproportionately larger as

abalone increase in size.

| “Mucus secretion
Logl()-transformed mucus secretion (g dry mucus) of stationary animals increased in
direct proportion to log;o foot area (cm?) (Table 2-1). ‘Thev slope of the regression line was not
‘significantly different frorn 1.0 (=0.28; P>0. 5) the predicted slope for isometry. Since.
abalone foot area does not scale 1sometr1cally with volume (b=0. 83) this means that larger
, abalone secrete relatively more mucus per unit body volume to adhere to the substratum than do
- smaller abalone
None of the regressions of amount of mucus (Lg) on- speed (crn min-1) was s1gn1f1cant
(N—7 all P>0.1), so a mean mass of mucus secreted per centimeter traveled was calculated for
~each animal. Means (+SE) ranged from 2.0+0.4 to 10.0£1.3 pug dry mucus-cm-! , with a grand
aggregate mean of 5.3%0.7 g dry mucus-cm-! (N=35‘).. Expressed it terms of abalone foot- - .

area, this aggregate mean becomes 0.1240.02 pg dry mucus-cm-2 foot .area-cm'1 locomoted.
2.4 Discussion

The energetics of locomotion observed in this study were similar to those found for .ﬁve
other gastropod species for which this type of data is available (Denn‘y‘, 1980; Houlihan and.
Innes, 1982). Total Voz increased linearly with speed (Fig.2-1), While cost of transport was
high at low speeds an_d quickly decreased to a minimum as speed increased (Fig. 2-2).
Minimum cost of transport is equal to the slope of the regression line of total Vo3 versus speed
(Taylor et al. 1970; Full ez al. 1990) and, at high speeds, total cost of transport should reach
this value asymptotically as the rate ofi oxygen consumption increases and resting metabolic
costs and postural effect become a smaller proportion of the total metabolic rate. Indeed, total

cost of transport was nearly equal to net cost of transport at a speed approximately e_qual to the
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Amaxrmum velocity of H. kamtschatkana recorded in this study (1 13 cmrmin 1) Thus, 20.3

T kg‘lm 1-appears to be the minimum cost of transport for H kamtschatkana. This value is
much lower than yalues for other gastropod species fo_r whrch similar measurements are -

available (Fig. 2;3) This may be dlre to the"edmparatively large size of abalone, and it Would
be of i interest to measure the cost of transport in larger marine gastropod species to determine

whether thrs trend is consistent. In fact, when net cost of transport is calculated for an abalone
of similar size (1.0. g) to the other marrne snails in Frg. 2-3, the transport costs of the abalone
fall within the range of transport costs for marine snails (147 Jkglm! for abalone c‘ornpared. to
141_;485 Jkg-lm-1 for the other«marine snails; Houliltan arld Innes, 1982). For the terrestrial |

. slug (Denny,1980) the high cost of transport of 912 J.kg-lm-1 compared with 64 J-.kg-1m-! for

| a similarly sized abalone may bel due to differences in the cost of crawling in air versus water.

Abfa.lone would benefit from the buoyancy provided by water, and mucus requirements may be ‘ '

| lese in a wet environr_nerlt. Also, Denny (1980) measured total Voa over a 24 h period and SO

aleo recorded oxygen consumption after activity ceaséd, this taking into account any O debt

incurred by anaerobic metabolism. Interestingly, the cost of transport for an abalone (20.3

J -kg-}_lvm'l) is slightly less than the cost of transport of a _similarly'—sized running vertebrate (26

J-kg'im'l; Fedak and Seetlerman, 1979), but is twrce that ef a sirnilatrly-sized ﬂying bird (10

Jkg-lm-1; Tucker, 1973) and seven times that of a s_wirrlrnjng fish (3 Jkg-lm-1; Beamish,

7 _ 1978). ‘Houlihan and Innes (19‘825vatlso found that trarlsport costs for their largest ihdiVidu_als -
of the marine gastropod Monodonta turbinata were below those of similarly-sized running
vertebrates (the value represertted in Fig. 2-3 is for an average-sized M. turbinata).

The hnear relationship between energy consumption and speed during adhesive
crawling is similar to that found for runmng homeotherms travehng at their preferred gaits -
(Hoyt and Taylor 1981; Taylor et al. 1982). In comparrson this relatronshrp is curvilinear for
sw1mmrng and ﬂyrng (Brett, 1965; Tucker, 1968). Likewise, total cost of transport decreases

~with increasing speed in terrestrial locomotion (Peters, 1983; Full ét_ el., 1990). In all forms of
locomotion, maSs;speciﬁc rate of oxygen consumption and transport eosts decrease with animal

size (Taylor et al. 1970; Beamish, 1978; Schmidt-Nielsen, 1984).
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Cost of transport (J 'kg'lm'l)
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.Fig. 2-3. Minimum cost of transport of abalone (Haliotis
kamtschatkana) compared with that of other marine snails
(Monodonta turbinata, M. articulata, Gibbula richardi, G.
rarilineata; Houlihan and Innes, 1982) and a terrestrial slug
(Ariolimax columbianus;, Denny, 1980). Regression lines for
running, flying, and swimming animals were taken from
Schmidt-Nielsen (1972). .
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The.y-_intercept of the regression of total Vo versus speed (40.1 ul Oy-g-lh-1) was 1.9.
times larger than the mean resting Voy of the abalone (20.7 ul Oy g-1h-1) (Fig. 2-1). Since the
y-intercept represents the rate of oxygen consumption when the animal is not moving, the. |
difference betweén it and the resting metabolic rate represents the ﬁostural effect for locomoting -
abalone. Schmidt-Nielsen (1972) defines a postural ,éffect as the increase in energy expenditure’
needed to hold the body in the position of locomotibn. Postural costs are probably incurred by
abalone due to the lifting of theif éhells and the subsequent shifting of the visceral mass prior to
locomotion, as is the case for other snails (Houlihan and Innes, 1982). Postural effects of
similar mégnitude have been determined for other gastropodsv(0.9-1.3 times resting metabblic
réte; Houliﬁah and Innes, 1982), mammals (1.7; Taylor .et al., 1970), lizards (1.5; John-Alder
et al., 1986) and arthropods (1.5-4.0; Full, 1987; Herreid et al., 1981). ., |

The amount of mucus needed to travel a unit distance was highly variaﬁie between
animals, and no clear trends were evident with increasing speed. Hoyvever, the mean amount .

' of mucus secreted during locomotion was low compared with the amount of mucus required to

" adhe'fe to the substratum. For exampl_é, a 95 mm H. kamtschatkana_ secreted 640 ug of ’dfy

mucus dufing adhesion (calculated using the regressions of shell length on résting foot area,

and__restir'lg foot area on mucus secretion while stationary; Table 2-1). If this abalone were t§ :

crawl 10 éhe_ll lengths (95 cm) while secreting the same amount of mucus per shell length as

used for stationary adherence, then 6400 pg of mucus would be pro‘ducéd. However, since the

- average .amount of mucus secreted per centimeter during locomotion was 5.3 pg dry mucus-cm-
1 only 504 ug of mucus would actually be produced by this abalone to travel 95 cm.. Althoughl
these values aré only estimates, théy corroboréte the conclus'io}ns‘of Peck et él. (1993) that ratés .
of mucus secretion differed betWeen stationary and lo’comotin'gl'- limpéts. Davies and Willl'iams
(1995) rﬁeasured values of 21-152 pg dry mucus-cmr! for locomoting iimpets Cellana grata,
Which is considerably larger than the 5.3 pg dry mﬁcuscnfl value determined in the prese.nt
study for H kamtschatkana, despite the 10-fold larger foot area of the-'abaidne.-

| The decrease in tfanspbrt costs with increasing body size in abalone indicates that thé_ _

R proportionately larger pedal soles of larger abalone (Table 2-1) do not increase theif cost of
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- lbéomotion. The function of a larger foot area may be to inérease tenacity whe’n the animal is at
rest. Juvenile abalone tend to be more cryptic, occupying crevices that would protect them from
heavy surgé, while adult abalone are found more often in the open (Sloan and Breen,. 1988).
Thus, larger abalone may need a disproportidnately larger pedﬂ area to allow them to remain
affixed to more eXposed substrata. -

In the present stu(iy, cost of transport was calculated solély from‘.aeerbic ’enéfgy
expenditﬁre. As such, it may not represent the total amount of energy needed for locomotion.
Given the reliance of marine invertebr_ate's' on anéerobic metabolism during tifnes of stress
(Hochachka, 1980; Gade, 1‘988.) and the open nature of the abalone circulatory system (Bourne
and Redmond, 1977a,b; Jopes,.'l 983), it is likely that abalone make use of anaerobic reserves .
even at low speeds. In fact, two aspécfs of the data pbint to’ ai lérge anaerobic componc.ant'durihg
locomotion. First, the stéep, negative logjg-logg slopes of both'total and net costs o_f_transpoft .
vérsus speed (-0.90 and -0.69, respectis}ely) suggest that energy requirements de;:reaSé
dramatically at high speeds when, in fact, it is possible that ausubstantial.”portion of the energy
expended at these speeds (the anaerobic componént) .Wa.s not measured. While transport costs
may indeed decrease with speed, as they do in othef locomotory forms, addition of an anaerobic
component would cause this decrease to be less substantial. Second, the minimum cost of |
transport measured in this study was an order of magnitude lower thén the minimum cost éf ‘

transport calculated by Denny (1980). His measurements of Vg included oXygen consumption
after activity had ceased, which would have included any O, debt incurred by anaerobic .

metabolism. The extent of the contribution of anaerobiosis to the cost of transport in abalone is

the focus of Chapter 4.




Chapter 3. Time-energy budgets and the contribution of activity to the seasonal energy

budgets of abalone
3.1 Introduction

While energy budgets, such as the one developed in Chaiﬁterl for Haliotis
kamtschatkana, catalog the flow of consumed energy to various energy outputs, energy may be
 further bartitioned within a given energy budget parameter, as is seen in the division‘of
‘respiratory energy to the variety of activities 'engaged in by an organism. Beginning with
Pearson's (1954) wofk on hummingbird’s, time-energ.y budgéts ha\_/e“'b_een used to investigate -

* activity costs and benefits. A time-energy budget integrates the énergétic c'bst of an activity with
the amount of time spent on that activity to quantify respirAatory‘energy expenditure over a
period of time. In this respect, time-energy budgets can be used to explain behavioral strategies
such as foraging and predator evasion.‘ For example, Huey and Pianka (1981) outline the |
ramifications of foraging mode (sit-and-wait versus active foraging) of lizardg on energy
budgeting and on life-history paraineters such as daily food c.onsurn'ption; rﬁetabolism, clutch
size, aﬂd morphology. In this case, the energetically inexpensive st’rategy of si‘t—aﬁd—wait
foraging involved a low daily energy consumption which was reﬂ_ected by a low metabolic raté.
| - Activity is energetically costly to gastropods due both to increased metabolic rate and to
mucus secretion. Many studies have shown a rise of oxygen consumption (Vo) during
activity in gastropods (Newell and Roy, 1973; Calow 1974; Fitch, 1975; Crisp, 1979;’
Houlihan énd Innes, 1982). Cost of transpbrt, or the amount of energy needed to transport a
unit mass over a unit distanpe, has also been measuréd (Chapter 2; Denny, 1980; Houlihan and
Innés, 1982). Calow (1974) estimafed that 20% of "routine metabolism" of the pulmonate
Planorbis contortus was devoted to activity. Likewise, several authofs have poihted out the
importance of mucus as a contribution to molluscan energy expéhditure (see Chapter 2) -
Metabolic rates of marine organisms depend on a myriad of internal and e_nvironmental

factors which interact in different ways at different times of the year (Newell, 1973). Seasonal
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temperature differences affect both or(ygen consumption (see Bayne and Newell, 1983;
Carefoot, 1987) and activity (Newell, 1969; Poore, 1972; Newell and Kofoed; 1977). Newell
and Pye ('1 971) showed interaction between activity level and temperature in Litforina littorea in
‘that the active rate of respiration was more temperature dependent than the standard rate,
suggesting that activity would have a different impact on a gastropod energy budget at different
times of the year. Indeed, Widdows and Bayne (1971) found that both ﬁltration rate and
oxygen consumption m the mussel Mytilus edulis Were affected by acclimation to high and low
temperatures which, in turn, changed the animal's energy allocations. Evidence for effects of
temperature on mucus secretion is more scarce, but Kideys and ~Hartnol‘1.(199.1) found that
mucusl secretion in the whelk Buccinum undatum decreased at low temperatures. Changes in
mucus secretion at different temperatures and dtlring different seasons would cause further
changes in the impact of activity on an energy budget. | |

. The purpose of this part of the study is to determine .the contribution of activity to the
seasonal energy budgets of Haliotis kamtschatkana developed in Chapter 1, in which the |
measurements of respiration (R) and mucus secretion (M) were made on quiescent animals.
Values for cost of transport and mucus secretlon during locomotlon from Chapter 2, along with
measurements of resprratory energy expenditure during other states of activity, will be
integrated with a time budget to determine the daily eontribdtion of activity to the respiration and '
mucus secretion components of the energy budget. These values will be compared to the values

measured in Chapterv 1 for inactive animals. .
3.2 Materials and Methods .

Collection of animals
Abalone were collected at the Bamfield Marme Statlon British Columbla and
transported to the Shannon Point Marme Center Washmgton They were held i ina large tank

with a constant supply of fresh seawater and fed ad libitum on Nereocystzs luetkeana.
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Time blidgets ‘

Activity states of quibtis kamtschatkana were fponitored in both laboratory and_ field,
and activify budgets determined from the amount of time speﬁt in different activity states. In
total, ﬁQe étates which appearéd important to tilé energetics of H kamtschdtkana wefe' :
identiﬁed: 1) quiescent (shell held tightly to the substrétum, cephalic and mantle tentacles
retracted), 2) alert (shell raised .off the substratum, tentacles extended), 3) active (back and forth
movements in a small area without moving any appreciable distance), 4) locomoting (moving an
apprecilable. distancé in one direction), and 5) feeding. In addition to laboratbry and field

observations, videotapes were made of locomoting abalone.

Laboratory. Abalone were placed in a large open-air tank exposed to natural light an.d with a
constant supply'of fresh séawater. They were observed‘.hourly, and the numberiof .ébalone in
each of four states (quiescent, alert, locombting, and feeding) was recorded. This experiment
" was conducted in summer (June 1994; N=105) and winter (January 1996; N=70). Daily

activity budgets were calculated from these summer and winter data.

Field. ’Activity states (quiesbent, alert, and locomoting) of field abalone were recorded during
daytime SCUBA dives in Barkley Sound, near the Bamﬁeld Marine Station. Dives were made
‘between 0900-1200 h, in alternate months from April 1994-April 1995, Diver§~‘followed 100-
m transects and recorded ;che activ'ity state of all abalone seen (N=52-203 for each‘v(x).uting).

These data were used to compare the amount of activity in the laboratory with that in the field. )

Videotaped locomotory activity. Abalpne (N=15; 70-120.g live mass) were placed three ata
time in a glass aquarium (30x540x1'5 cni) with an adequafe ﬂow of fresh seawétgr'(é l-nﬁn'l), :

and were videotaped over a 24-h period. Videotapes were analyzed for 1) rate of locomotion,

2) total distance moved during locomotion, and 3) numberrof' locomotory bouts.




Energy Equivalents for Each Activity

Energy equivalents for quiescent, alert, and active states were determmed by measuring
oxygen consumptlon of abalone in each state. ‘Since T was unable to 1nduce abalone to feed in i
the respirometer, I assumed that energy expended during feeding state was equrvalent to energy
expended Iduring the active state. Shell posture is similar in both states and both involve

muscular activity, thus they appear energetically similar. .

Oxygen consumption measurenrtents. Abalone (N=2 1, 13-144 g live mass) ywere placed :
rndividually in round, Perspex respirornetry chambers. Temperature was mai_ntained at 10°C in
a water bath, and oxygen consumption was moni_tored continuously with a polarographic
oxygen electrode connected to a computerized data acquisition system (Datacan, Sable
Systems). The state of the animal (quiescent, alert, active)‘was recerded every two. minutes for,
the duration of the trial. Often each animal did not exhibit all states during one trial, so animals
were placed in the respirometer multiple times over a period of several days (separated by at
least 48-h). Thus, oxygen consumption for each state was measured 2-4 times, permitting an-
~ average for each state to be calculated. . | |
Respiratory energy exnended duringl'econlotion \yas estimated .from the total cost of

transnort determined in Chapter 2.

Mucus secretion. Mucus secretion during adherence to the substratum for a 50- g abalone was
calculated from the regression of mucus secretion (J-day-1) on mass (g) from the inactive energy
~ budgets (Table 1-2). Mucus secretion during locomotion was deterrmned in Chapter 2. Mass
of carbon (ug) was converted to dry mass of mucus (ug) by assunu'ng that gastropod p'edal'
mucus is 24.5% carbon (Peck et al. 1993). Mucus dry mass was converted to energy (J- day 1

assumrng a conversion of 23.97 kJ-g-! mucus (Calow 1974)
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3.3 Results:

Acti\tity
Laboratory activity. During the summer, definite diurnal trends were seen, with greater
locomotion during night time (18%) and increased quiesce}nce (iunng the day (only 1-2%
locomoting; Fig. 3-1, top). Peak quiescence occurred during day time, with usually 5..0% or
more abalone being in this state. The abalone fed at a low level throughout the day as kelp was
plentiful in the tank. »
During the winter abalone were more quiescent and less active than in the summer, and
there was less of a diurnal trend (Fig. 3-1, bottom). Peak locomotlon was generally 1900—
'2400h but the percentage locomotlng was no greater than 2-6%. Throughout the day 60% or
more of the abalone were quiescent, w1th an increase in alertness occurring during the period
1700-2300h. -
| Time spent by an average laboratory-held abalone at each activity during.éurnmer and

'Winter 1s shown in Table 3-1.

Field Activity. Abalone exhibited more activity in the warm summer months (Fig. 3-2). For
example, about 20% of all abalone were observed to be locomoting during June, August, and
October. Few animals were locomoting during the winter months; instead, they were most

often quiescent or alert. No animals were observed feeding.

Videotaped locomotory activity. Locomotion was not continuous, and the average abalone
stopped and started again twice for every meter moved. Average rate of locomotion was 1 body

length-min-1.

Energy Equivalents for Each Activity
Oxygen consumption measurements: Oxygen consumptlon increased with activity level over a

w1de range of abalone mass (Flg 3-3). The slopes of the logp-log( transformed regressions

39




Percentage of abalone observed

100 -

Summer

°r X | /o e ._; /\/ \ o\. .\o’ alert
) ":?\ (

oF d o-0-*
T

o /° _quiescent
\o A \ r
20 |- Y-y : ' v/ .

/0 Y locomoting

A - : I,
\ "y iy , 4 /
V9. AR 73/ ’ P 4 - Lo
0 v Wéwﬁwlfkﬁ““¢h¢ﬁ¢¥&wkaw%
Winter
80 R /'o\°~
o o
o . O'o\o / \o o . .
~o \/ ©° : O quiescent
c/ \ ‘ ° \ i
60 - © -~ o0 \

40

/ ¥~v__v v, vfeedmg 3
v '\_ _ _,Y~Ylocomoting
J.,V—V\-lY-V’ Y—-V-V

0400 0800 1200 1600 2000 2400 ,

Time of day

Fig. 3-1. Seasonal activity patterns of Haliotis
. kamtschatkana in the laboratory.

40




Table 3-1. Average amount of time (h) spent each day by Halzotzs kamtschatkana in dlfferent
activity states during summer and winter, in the laboratory.

\
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of oxygen consumptions on mass for quiescent, dleﬁ, and active abalone were not significantly
different (Fp.05(2),2,56=0.43, p>0.05; ANCOVA) but the Y-intercepts were |
(F0.05(2),2,56=32.7, p%0.00l; ANCOVA). For a 50-g abalone, then, oxygen cohsumption
incfeased,33% from quiescent to alert, and By a f.urtherv29% from alert to active. Thus, a SQ—g
abalone's inactive sumﬁ_ler réSpiratory energy e){i)enditure of 40 J-h-! (calculated from the :
regression of mass on respiratory energy from the summer energy budget; Table 1-2) Wouldv '
increase to 53 J-h-1 while alert, and 68 J-h-1 while éétive. Likewise, the winter quiescent rate
of 24 Fh-! would increase to 32 J-h-1 while alért and to 41 J-h-1 while active.
The total cost of transport of a 50-g H. kamtschatkana locomoﬁng at8 cm-min‘l_is 151
J -‘kg"lm'v1 (calculéted from the multiple régression of log total cost of transport on logig ‘r‘nass

and log1o speed; Chapter 2). Thus, a 50-g abalone uses 8 J-m-1.

Mucus sécreiioﬁ. The amount.of energy lost as mucus secreted while adhering tlolthe
substratum for a 50-g abalone was 6 J-day~! during the winter and 20 J-day-! during the
summer. Since it was assumed that inactive abalone adhere once to the substratum each day
then remain -still, this represents a value for energy per adhesion.

Abaione secrete 0.12 ug of dry mucus-cm2 foot area for every cm they locométe
(Chapter 2). A SO;g (71 mm) abalone has a fo_ot area of 18 cm2 (Table; 2-1), which yi_elds a
mucus secretion rate of 2.2 ug of dry rﬁucus-_crﬁjb1 locomoted. This converts to 5 J ‘m-! lost as

mucus. -

When the time budget is combiﬁed with the energetic costs of the different agtivity states
(Table 3-2) a large increase is shown in the respiratory energy component of the budget (R) and
in muéus secretion (M) compared with those.calculated for inactive _abalone. (Tavble. 3-3). The. |
| new values show that during summer R was 1132 J -day-1, compared with 971 J-day-! from the
baseliné energy budget for iﬁactive animals, and now represents 60% 6f total 'co'nsﬁmed enéfgy
rather than 51%, a difference of 9%.v Likewise, the estimate of energy lost to mucus secretion

for inactive abalone in summer rose from 20 to 315 J-day!, an increase of 16% of consumed
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Table 3-2. Total daily respiratory and mucus energy expenditures for a 50-g abalone. The
daily time budget (Table 3-1) was integrated with energetic costs of each activity. Summer and
winter quiescent respiratory energy rates (J+h-1) were calculated from regressions of energy
budget components on mass (Table 1-2). Alert and feeding rates (the latter assumed to be
equivalent to alert rates) were calculated from increases over quiescent rates determined by
measuring oxygen consumption during different activity states. Distance (m-day-1) was
estimated from average time spent locometing (1.5 h in summer, 0.4 h in winter; Table 3-1) and
average locomotory rate (8 cm'min-!; videotape data). Energetic cost of this movement (cost of
transport) was determined in Chapter 2. Number of adherences per day was estimated from
average number of locomotory bouts per meter over total distance (videotape data).

" Respiration _ : ‘ . ,
- energy distance - cost of total
time . equivalents ‘moved transport ~ . energy
(hy - @bl (mday')”  @ml) o (day))
Summer o S ' ' - ’
quiescent 9.8 : 40 . - 392
alert 120 53 ~ 636
feeding 07 6 o 48
locomotion - 7 8 56
' ' : ' 1132
Winter _ ' - : o
quiescent 15.8 24 ‘ ' . 379 -
alert 55 .32 o E o 176
feeding 23 4 - 94
locomotion : : 2 8 __16
- : : 665
Mucus Secretion , : : N
v energy distance energy , total
No. adherences equivalents moved - equivalents _‘ energy
_ per day (J-adherence'l) (m-day-1) (J‘-m'l) ' (J-day'l). :
Summer ' : | )
adhesion 14 20 ' 280
locomotion 7 : 5 c 35
' ‘ 315
Winter ‘ : _ |
~ adhesion 4 6 2
locomotion ‘ _ : 2 5 ; 10
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energy. Thus, activity can be shown to account for 25% of the energy consumed during the
summer. In the same manner, activity accounts for 12% of energy consumed during the

winter.
3.4 Discussion

This study has shown that activity, represented by increased respiration and mucus
secretion during locomotion, accounts for 25% of the enérgy consumed by laboratory-held .
Haliotis kamtschatkana durmg the summer, and 12% during the winter. In fact, we have
probably underestlmated the activity component of the energy budget of field H.
kamtschatkana, since abalone locomote less in the laboratory than they do in the wild. Abalone
are known to increase foraging actiyity when food is scarce (Poore, 1972, Shepherd, 1973;
Sloan andv Breen, 1988), which did not occur in therlab_oratbry. Likewise, field abalone inust
locdmote to find refugia and escape predation. Shepherd (1986) haS shown thét motility of H.
laevzgata is related to crevice space, with abalone increasing their locomotion until they find a
suitable crevice. Predators of H. kamtschatkana include octopus crabs, fish, and seastars
(Sloan and Breen, 1988), and H. kamtschatkana exhibits a large increase in locomotory rate in
the presence of the seastar Pycnbpodia helianthoides. Comparison of activity levels iﬁ
laboratory and field also supports'thé idea fhat field abalone are more active than laboratory
abalone. During observations of field abalone by SCUBA divers in June, 19% of all abalone
observed were ldcomoting during the daytime. This was not the case during the daytime
summer observations in the laboratory (only 2-5% of abalone locomoting during daytime).
Winter daytime values were closer to each other, with 5% of abalone locomoting in the field in
' both December and Febmary, and 0-2% locomoting in thé laboratory. Although it was.‘not
possible for the divers to discern causes of loéomotion in the field, it could have been due to the
presence of predators or to searching for food. In fact, large H. kamtschatkana appear not to
locomote when food is abundaﬁt siﬁce those living near kelp fields are often observed in home

scars (Sloan and Breen, 1988). My laboratory observations indicated that abalone initially
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exhibited the foot-raised behavior to capture drlft algae when kelp was put into the tank, and |
they often increased their locomotion and moved towards the kelp.

It is interesting that seasonal differences in activity levels were seen in both field and
laboratory. Seasonal variation in activity in field abalone has been explained by’ storms (Poore,
1972) and reproduction (Ino, 1952). Another possibility._could be seasonal shifts in‘predation'. K
intensity. However none of these explanations is adequate for the laboratory-held animals |
since predation and storm exposure were absent during both trials, and all of the animals were
'in close proximity for reproduction (although no animals spawned) It is p0551ble that observed
seasonal differences were due to food intake. Although both groups of abalone were fed ad
libitum, the quality and caloric content of the winter kelp would be greatly decreased, leading. to
less energy available for movement. However, it is most probable that seasonal differences in
activity were due to changing water temperature and the direct dependence of the abalones'
metabolic rates on thern. |

The increase in activity shown in the night-time for laboratory animals agrees with -
observations on other abalone species (Momma and Sato, 1969; Poore, 1972; Shepherd
1973) Although field act1v1ty was only observed durlng the daytime in this study, it is likely |
that the diurnal ﬂuctuations seen in the laboratory are also pr_esent in the field since night dives _

- have shown that Northern abalone are more active at night (Sloan and Breen, 1988).

When activity is considered, respiration and mucus secretion comprise two of the largest
components of the summer energy b.udget (60% and 17% of consumed energy, respectively).
Respiration was also the largest component’ of the winter budget, accounting for 77% of
consumed energy For the summer budget all energy consumed was accounted for (actually,
overestimated by 4%) and, for the w1nter budget, 94% was accounted for. A more meaningful

comparison can now be made with the respiration and mucus secretion‘components of the other“
| two energy budgets for abalone by Peck et al., (1987) and Barkai and Griffiths ("19‘88)
considered‘in Chapter 1 (Table 3-4). Respiration was a much larger component of H. |
kamtschatkana's budget than it was for either H. tuberculata or H. mzdae (60% compared to

27% and 8% respectively). Mucus was as large a component for H. tuberculata as respiration
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accounting for 26% of consumed energy, while it was lesé for H. kamtschatkana (17‘.%)'.,
Howevef, both budgets show that mucus is aAsub‘stanbtial corhpenent of energy Budgets of
Haliotis spp. |

~ This part of the sFudy has ehdwn that activity hasf.é 's'u;t).stantia.l impact on both sumher
and winter energy budgets of the abalone Haliotis kamtschatkana. Tn the field, it»isl.likely that
more energy would be expended on activity, especially m areas where food is scérce or
predation intense, and this has potential ramifications to the dynamics of abﬁlone populations.
In the case of predation by organisms eliciting a locofneteril eécape response, such és fhe
seastar Pychopodia helian;‘hoide‘;v; predation Would. not only affect population dynamics by
increasing mortality, but could- alsoA cause decreased sematic growth and reproductive effort as
_energy is diverted from these energy budget parameters to resbiratory and mucus components.
This would not only cause decreased fecuhdity due to decreased gamete production ‘but would
also cause a delay in reproductlve maturity since abalone start reproducing at a spe01flc s1ze

“The result of this would be fewer recruits to local abalone populatlons
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Chapter 4. Contribution of anaerobic metabolism to locomotory costs in abalone
4.1 Introduction

Chapters 1-3 focused on the contribution of aerobic energy to activity, paﬁioﬂarly
locomotion, in Haliotis kamtschatkana. There was, however, evidence of anaerobic ‘
contribution to locomotion. In Chapter 2, the steep slope of logq cost of transport versus logio
speed indicated that energy requirements decreased greatly at hjgh speeds and suggested the
possibility of an unmeasured anaerobic component. Likewise, Denny's (1980) measurements
of cost of transport for the slug Ariolimax columbianus, made over a 24-hour period and thus
accounting for oxygen debt, were an order of magnitude higher than those presented here for
H. kamtschatkana, again .sug'gesting an'unmeasured anaerobic component to their locomiotion.

| - Intertidal molluscs have generally well-developed anaerobic canabilitieé which enable
them to cope with fluctuating environmental conditions. They have developed several ’str‘ategies
| for increasing anaerobic capabilities, including genetating different'fypes of metabolic end-
~products via novel metabolic i)athways and storing fermentable energy (Hochachka, 1980).
For example. during functional anoxia (anoxia induced in muscles during exerciée due to
increased energy demand and lack of adequate blood ﬂow) abalone use a novel anaeroblc .
. . pathway that reduces glycogen -derived pyruvate to the compound tauropine via the enzyme
tauropine dehydrogenase (Sato and Gade, 1986; Gade, 1988; Baldwm et al., 1992). This
pathway is similar to other novel pathways found in invertebrates, and these, in turn, are
‘analogous to the lactate/lactate dehydrogenase pathway found in mammals. These novel
anaerobic pathways are charactenzed by the accumulatlon of "opines"” (octopine, stromblne
“alanopine, and tauropine), and they function to reduce pyruvate in the presence of an amino acid
and NADH (Fields, 1983‘; Gade and Grieshaber, 1986). These pathways ensure avconstant '
supply of ATP and a replenishment of NAD*, critical fof ‘maintaining glycolytic flux, during
periods of oxygen depfivatiOn (Gade and Grieshaber, 1986).

51



Metabolic pathw‘ays and their endproducts may vary within”an ofganisnl depending on
the stage of anaerobiosis (early or late after onset; Hochachka and Mustafa 1972), type of
tlssue (Gade, 1983, 1988) and type of anox1a (Gade 1983 Melnardus-Hager and Gade
1986). In this respect, Gade (.198§) noted that during functional hypox1a Haliotis lamellosa .
. produced mostly tauropine in 'shell adductor muscle,_ vvhile'only D-lactate was formed in foot
muscle. The authors found the same to be true dur'ing‘environmental anoxia (anoxia produced
by lack of oxvgen in the environment), and similar results havebeen reported by Baldwin et al. .
(1992) for Haliotis iris. |

There are othér compounds that indicate anaerobiosis besides opinesin invertebrates.- : _' |
Phosphagens such as arginine phosphate are often used as a major source of energy by
invertebrates in anaerobic conditions (Gade, 1983): In such cases, use of a phosphagen store
during anaerobiosis is 1ndlcated by a decrease in arginine phosphate levels and an increase in
arginine levels. For example, the major part (62%) of the escape response exhibited by the
cockle Cardium tuberculatum is fueled by the breakdown of arginine phosphate (Meinardus-
Hager and Gade, 1986) and, _sirnilarly, the major souroe of energy for swimming in the scallop
Placopeeten magellanicus is suppiied by this substfate (de Zwaan et al., 1980' Livingstone et

al 1981). Gade (1988) additionally found that abalone subjected to environmental hypox1a

| eXhlblth decreased arginine phosphate levels while those induced to right t themselves unt11
exhaustion did not. |

Aerobic versus anaerobic contributions fo inveltebrate locorriotion have beenstudied‘in a -
few organisms. Livingstone ef al. (1981) found that 96% of the energy used by the phasic
muscle of the swimming giant scallop. Placopecteh.magellanicus was supplied anaefobicaily
from the breakdown of ATP and arginine phosphate and from the formation of octopine, while
- only 6% of the energy was derived aerobically Conversely, smmrmng in the squid Lollgo
pealeii appears to be Completely aerobic, based on the lack of anaerobic metabolite buildup after

burst swimming (Sto_rey and Storey, 1978). Anae’robio contributions to the shell-twisting

escape behavior of whelks have also been investigated '(Koormann and Grieshaber, 1980; Gade




- et al. 1984), but aerobrc contributions were not measured To my knowledge, no study has
been done comparmg anaerobic and aeroblc metabohc output during gastropod crawlrng
Abalone, lrke other gastropods, haye an open circulatory system. Blood flows from the
heart through an arterial system and intoﬁsinuses. Itis retumed to the heart via a Venous system
(Crofts, 1929 ; Bourne and Redmond, 1977a), and flow is unidirectional due to a series of
valves in and around the heart (Jones, 1983) Abalone have hrgh penpheral resrstance (Boume
and Redmond l977b) and low blood pressure d ones 1983) which, together, result in a slow
circulation time. Since adequate blood flow is essential for continued aerobic respiration, itis
possible that this open circulatory system may inadequately supply oxygen to muscle tissues
during intense activity in abalone; hence, leading to greater dependence on anaerobic systems.
The purpose of this part of the study is “to investigate the extent to which abalone use
anaerobic metabolism during locomotion (opine dehydrogenases and arginine phosphate) and
then to refine the calculation of cost of transport done in Chapter 2 to include anaerobic energy -

sources.
4.2 Materials and Methods

Determination of opme dehydrogenase actrvrtles in Haliotis kamtschatkana
In order to determine which opmes may be produced by Hallotzs kamtschatkana durrng
. anaerobiosis, tissues from adductor and foot muscles of H. kamtschatkana were first analyzed
to determine which opine dehydrogenases‘.were present The selection of specific enzymes to
be studied (shown below) was based on prevrous studies on‘opine dehydrogenases in other
specres of abalone (Gade, 1988; Baldwin et al., 1992) ‘ |
Approximately 1 g each of adductor and foot muscles were dissected from freshly
shucked Haliotis kamtschatkana (N=5). The tissues were individually minced wlth chilled
scissors and scalpel and then immersed in 5 ml of ice- cold 50 mM mndazole HCI buffer
(contammg 1mM EDTA and 1 mM d1th10thre1tol pH 7.2). The tissues were homogenrzed wrth‘

an Ultra-Turrex homogenizer and the homogenates centrifuged for 1 minute at 5000 rpm and
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40C. The supernatants were asseyed within 1 hour. The compositions of the reaction mixtures _
for the various opine dehydrogenases were as follows: tauropine dehydrogenase: 80 mM
-'taurine, 2.5 mM pyruvate, 0.15 mM NADH, 50 mM imidazole-HCI buffer, pH 7.0; lactdiel :
dehydrogenase: 2.5 mM pyruvate, 0.15 mM NADH, 50 mM imidazole-HCl buffer, pH 7.0; .
octopme dehydrogenase: 20 mM arginine, 2.5 mM pyruvate, 0.15 mM NADH, 50 mM |
imidazole-HCI buffer, pH 7.0; strombme dehydrogenase 200 mM glycme 2. 5 mM pyruvate,
0.15 mM NADH, 50 mM 1rmdazole-HC1_ buffer, pH 7.0; alanopine dehydrogenase. _100 mM
‘alanine, 2.5 mM pyruvafe, 0.15 mM NADH, 50 mM imidazole-HCl buffer, pH 7.0; lysopiﬁe'
‘dehydrogenase: 100 mM lysopine, 2 5 mM pyruvate 0.15 mM NADH, 50 mM mndazole HCl
buffer, pH 7.0. The ox1dat10n of NADH was monitored at 340 nm at 12°C w1th controls run

simultaneously.

Preparation of tauropine dehydrogenase from abalone tissue

-Since tauropine dehydrogenase was found to be one of the ‘mainsopine dehydrogenases
in both adductor and foot muscles (see Results) and is unavailable throngh supply companiee; I
purified it from adductor tissue of Haliotis kamtschatkana following ;he method of Gade (1986) -
as modified by Baldwin ef al. (1992). |

Approximately 10-g of adductor muscle was removed from a freshly shucked abalone,
quickly diced w1th scissors, and suspended in 50 mM imidazole- HCl buffer (contalmng ImM
EDTA and 1 mM dithiothreitol; pH 7.2) ata 1:8 mass/volume ratio. The tissue was
homogenized and the homogenate centrifuged for 15 min at 5000 rpm. The supernatant was -
decanted througn filter paper and the pellet resuspended in buffer, homogenized, and
centrifuged. The supernatants were pooled and appliedx to a column (45X2 cm) of DEAE-
sei)hacel (Pharmacia LKB Biotechnology) which had been eqﬁilibrated with the homogenization
buffer. The enzyme was eluted using a linear grédient of 0-250 ‘mM NaCl in 800 ml buffer.

Eluted fractions were tested for lactate dehydrogenase, malate dehydrogenase and tauropine

dehydrogenase. Those fractions containing only tauropine dehydrogenase were pooled,




concentrated by membraﬁe'ﬁltration (Diaflow), and dialyzed against 80% saturated ammonium
sulfate. The purified enzyme was stored at 4°C until use. - |

A commercial preparation of D-lactate dehydrogenase, the other rﬁajh opine
dehydrogenase found to be preseflt in Haliotis kamtschatkanq (see Results), was purchased

frorh Sigfna, Corp.

Muscle metabolit¢ ‘levels under differént experi’mehtél conditions

Eﬁ‘écts of righting to eihaustion and air exposure on anaerobic metabolites. Abalone were
collected from Barkley Sound near fhe Bamfield Marine Station, Vancouver Island, British
Columbia, and transported to the University of British Columbia where they were held in tanks |
~witha reéiréﬁléting supply of seawater. They were randomly pl_aced into three groups. The
first group (V=5) was held undisturbed iﬂ the tank and comprised the control. Animals in the
second group (N=10) were exercised by placing them on their backs and allowing them to right
themselves until exhausted (determined when righting failed to occur within three minutes). To- '
test the effects of environmental hypbxia, énimals in the third group (N=12) were kept in nioist,
cool air for 16 hours. The abalone were removed from their shells immediately following their

: tréatments,» and samples of adductor and foot muscles Wer:e‘taken for the muscle metabolite
analyses described beloW.' The absolute ﬁumber of individuals used for analysis of each
metabolite was less than the st.aﬂing totals owing to my initial unfamiliarity with the analyses

and consequent wastage of some samples.

Effects of locomotion on le-vels of anaerobic metabolites. Animals were collected and
transported as de_scribéd above. Tissues from one group of animals (N=5) were sampled when _
- these abalone were quiescent, and these cofnprised a control group. Another group (N=32)

was exercised by iﬂducing each abalone to locomote over a specific distanée. This was N

achieved by touching them with a tube foot of the seastar Pycnopodia helianthoides. The time

‘each animal took to locomote 6 m was recorded, thus providing its speed. Abalone were




remoyed frem their shells immediately' following their treatment, and.samples of adductor and

foot muscles were taken for muscle metabolite analyses.

Muscle metabolite assays

Approximately 1-g portions of foot and adductor muscles were removed from a freshly
shucked abalone, 1mmed1ately frozen in liquid mtrogen welghed and crushed Samples were .
homogemzed in ice-cold 6% perchlorlc acid (1:10 mass/volume) and a 1 ml subsample | removed

for glycogen analysis. The remaining sample was centrifuged for 15 min at 5000 rpm. The

. supernatants were neutralized with 5M K>CO3 and allowed to stand on ice for 2 h.

Supernatants were removed and stored at -80°C until analysis. Similarly, the glycogen

~ subsamples were neutralized and frozen until analysis.

' D-laetéfe and tauropine were assay.ed.in a hydrazine/glycine buffer (1 mM EDTA, pH
9 0). The reduction of NAD*L was monitored ét 340 nm. Conﬁnercial LDH was first added to
the cuvette and the reaction allowed to run to completion. TDH was then added and the reaction
again allowed to run to completlon .Glycogen was determined following the method of

Bergmeyer (1983). Arginine and arginine phosphate were measured following the procedure of

Gade (1985). For arginine, the oxidation of NADH by the enzyme octopine dehydrogenase

(Sigma) was monitored at 340nm. - Arginine phosphate was determined as the increase in

arginine following incubation of the samples in HCI and neutralization with NaCl.
4.3 Results

Opine dehydrogeriase activitﬁes
Activities of opine dehydrogenase enzymes found in foot and adductor muscles of
Haliotis kamtschatkana are presented in Table 4-1. Tauropine dehydrogenase was prominent in

both adductor and foot with activities (£SE) of 29.0£2.5 IU-g _Wet tissue-1 ‘and 20.1£2.9,

respectively. Lactate dehydrogenase was next most abundant and was found in greater




- Table 4-1. Opine dehydrogenase activities in adductor and foot muscles of the abalone
Haltotls kamtschatkana (N=5). Values are presented as means + SE.

~ activity (TU-g wet mUscle‘lmin'i)

Adductor ~~ Foot

Enzyme

Tauropine DH 290+25 20129
D-Lactate DH 1.2+0.1 9.1x0.7
Octopine DH <0.2 - <0.2
Strombine DH <0.2 <0.2
Alanopine DH <0.2 <0.2
Lysopine DH <0.2 <0.2
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* quantities in foot (9.1£0.7) than in adductor (1.240.04). Only trace activities of other opine

dehydrogenases were found (<0:2 IU-g wet tissue-1).

Muscle metabolite levels under different experimental 'conditiqns

Effect of righting to exhaustion and air expositre on anaerobic metabolites. The only significant
change for animals induced to right themselves to exhaustion was an.increase in adduétor
tauropine (Table 4-2). Abalone exposed to air for 16—.h showed increased levels of tau’ropiné
and also D-lactaté in both foot aﬁd adductor muscles. As well, adductor muscle had

significantly more arginine and less arginine phosphate as compared with controls.

Effect of locomotién on anaerobic metabolites. Maximum locomotory rate induced in this
experiment was 99 body lengtﬁs-nlinjl, a value close to the 'mean maximum rate of 12.7 body
lengths_-r'nin'1 found in a later pért of my study (see Chapter 6). Since none of the fegressions
of metabolite levels on speed were significant (all t<1.77, all p>0.10; data not shown here), the
following analysis was performed. First, the results for each metabolite were pooled int(; two
groups: those animals traveling sloWer than 5 body lengths'min-! and those traveling faster than
5 body lengths'min-l. An ANOVA comparing thesé two groups with the quiescent control
animals, followed by Tukey's test, showed that abalone traveling at speeds slower than 5 body
~ lengths'min-1 did not show any significant differences in metabolite levels as compared with
control animals (Table 4-3). However, abalone rﬁoving at speeds faster than 5 body |

lengths'min! had increased levels of tauropine, lactate, and arginine in foot muscles.

4.4 Discussion

It is clear from this study that Haliotis kamts'ch’atkana uses. the same opine
dehydrogenase enzymes during anaerobiosis as do other haliotids _(Table 4-4), since tauropine
- dehydrogenase (TDH) and D-lactate dehydrogenase (LDH) were the only opine

dehydrogenases found in substantial quantities in adductor and foot muscles. As well, relative
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levels between the two rhuscle types follow the same pattetn as other abalone with TDH higher
than LDH in both tissues, but with increased LDH fouhd'in,the foot compared to the adductor.
It is interesting that foot LDH is relatlvely high compared to most of the other species (H. .v
" lamellosa is the only species with higher levels). Since gastropods which have high levels of
anaerobic enaymes are generally those whjch are often subjected to anaerobic conditions
(Morris and Baldwin, 1984), the relati\tely high levels of foot LDH“may indicate that H. .
kamtschatkana is more often s.ubjected to functional hypoxia, and thus possibly more active,
than the other species. However, this is purely speculative owing to the lack of information on .
relative levels of activity of the different species. ’ }
The only response of Haliotis kanitschatkarta to functional hypoxia induced by righting
to exhaustion was a 5-fold rise in adductor tauropine (Table 4-2). Thus, it appears that TDH
supplies at least some of the energy needed in the adductor for righting, while any energy used
by the foot muscle is supplied aerobically. In contrast to this, Gade (1988) and Baldwin ez al. '
| (1992) found acctmlulations of both tauropine and lactate in both adductor and..foot muscles' of
H. lamellosa and H. iris. This indicates a broader response to rightingl-induced functional
hypoxia in these species, with both muscle types deriving energy anaerobically.
When H. kamtschatkana was subjected to 16 hours of exposure to moist air, anaerob1c :
energy was supphed by argmme phosphate stores as well as opine dehydrogenases (Table 4-2).
In adductor muscle, arginine phosphate levels decreased 22-fold, concormtant with a 2.7-fold
rise in arginine levels, while foot levels were unaffected. HoweVer, both muscle types
exhibited significant increases in tauropine and'D-lactate levels. Gade (1988) found similar
results in H. lamellosa subjected to six hours of anoxia, although in this case arginine -
phosphate levels in both adductor and foot were affected. Similarly, Baldwin er al. (1992) and
- Wells and Baldwin (1995) found increased levels of tatlropine and lactate in both adductor and
foot muscles datihg air exposure in H. iris an.d H. australis, respectively.
In this study, functional hypoxia was also investigated by inducing abalone to loconlote
at a variety of speeds. Changes in metabolite levels indicated that only the foot muscle became

~ anaerobic during locomotion and only at high speeds (Table 4-3). Both tauropine and lactate
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levels incteased significantly in Vfo‘ot muscle compared with quiescent abalone, but only in
animals traveling five body lengt'hs-n_lin'1 or faster (there was, however, statistical O\tetlap with
the slower gtoup). The evidence for the use of arginine phosphate as an energy source during
locomotion was not as‘clear. ‘A_rgtnihe levels showed a significant 1.8-fold increase 1n foot
muscle, but although arginine phosphate levels decreased, this change was not signiﬁcapt,
probably due to the large variability in these analyses. Any energy used by the adductor muscle
during locomotion appeared to be derived from aerobic sources, as no changes in any. of the
anaerobic metabolites were found at eithet high or low speeds. |

The significant accumulation of anaerobic endproducts only at high speeds nﬁght be
explained given the relatively low levels of TDH and LDH in foot muscle of H. kamtschatkana
compared with adductor muscle. Morris and Baldwin (1984) found.that ‘species of gastropods
and crustaceans which use more anaerobic energy than other species 'have higher level_s of
anaerobic enzymes. Furthermore, tissues Whicti often function anaercbically within an |
orgartiSm will also contain higher levels of these enzymes compared with tissues which |
primarily function 'aer.obically. Both Baldwin et al. (1992) anleade (1988) suggest.that‘:the
high levels of TDH in adductor muscle of abalone are a reflection of that muscle's need fcr
quick energy in order to pull the shell close to the substratum in times of danger or stress. '
Additiohally, Gade (1988) suggests that the low levels of TDH and LDH found in. foot'muscle
of Haliotis lamellosa is due to the possibly aercbic nature of the slow adhesive gliding for-
whicttthe foot faﬁctions Givetl that abalone usually locotnote at relatively low speeds (abcut
one body length-min-1; Chapter 3) and given the lower levels of TDH and LLDH in H
kamtschatkana foot compared with adductor (Table 4-1), it might be expected that foot muscle
only resorts to anaerobic metabohsm at high speeds. |

G1ven the accumulatlon of anaeroblc metabolites at high speeds it is now poss1ble to
cotnpare amounts of energy derived from anaerobic and aerobic sources during rapid
locomotion in abalone. Of all the anaerobic metabohtes measured, only foot tauropme lactate
and arginine changed significantly (Table 4-3). In this study, since abalone locomoted 6 m

before tissue samples were taken, these changes in metabolite concentrations represent the
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- amounts of anaerobie metabolites generated per gram of foot muscle over a 6-m distance. The
average abalone traveling faster than 5 body lengths'min-1-was 9.2 cm in length and 107 g in
live mass. Since total live mass of H. kamtschétkaﬁa repre'senitsv29% muscle (Chapter 1), and |

“my observations indicate that foot comprises '50% of abalone muscle, the éVerage foot mass
would have been about 15 g. Takiﬁg the values for increases in tauropine and lactate (1.2
pmol-g foot-! and 0.7 pmol-g foot;l,_res‘pectivefyg Table 4-3) and the conversion of 1.5 [mol
ATP-umol tauropine er lacvtate'l., it can be calculated that 42 p.;nol of ATP were produced frem
the reduction of these amouhts of taurine and pyruvate. Additionally, although 7.5 umol-g
foot-! of arginine were produced (presumably from the brea‘kdown Qf argAinine phosphaté), only
4.3 umol-g foo't"1 of .arginine phosphate were lost’(Table 4-3). Using this srﬂaller value and the
equivalence of 1 umol ATP-umol arginihe phospha‘te'l,‘ it can be further calculated that 64 ;,Lmel
of ATP were produced from arginine ph’osphaté. This yields a totél of 106 jumol of ATP from -
anaerobic sources. | |

The amount of O; an average abalone from this study needs to travel 6 m can now_-be o
calculated. For an ebal_one traveling faster than 5 body lengths-min'l,. .zli\;e'ra'ge speed v'vas‘ 66 |
body lengths'min-! (which corresponds to 61 cm-ﬁlin'l), and average time of locomotion was
10 rmn Inserting average speed (cm-min-!) and average mass (g) into the regression of rﬁéss_
specific Vop on speed (Fig. 2-1) yields 59.4‘;11 Opg-1h-l. Thus an 107-g abalone locomoting |
for 10 min requires 1060 il O3 (equivalent to 47 umol Oy) to travel 6 m. Given the generation
of 6 umol ATP per pmol Oy, this yields a total of 282 wmol of ATP from aerobic sources.
Thus, of all energy needed for H. kaﬁtschatkana to locomote at high speedsv.(total cost vo‘f
transport; 106 pmol of ATP from anaerobic sources and 282 pumol of ATP from aerobic |
sources, for a total of 388 ;imol of ATP), 27% corhes from anaerobjc and 73% from _aerobic
sources. If resting metabolism (20.7 pl Oz'g'lh"'1 ) and postural costs (19.4 pl Oy-g-lh-l ) are
subtracted from total oxygen consumption (assuming these costs are met aerobically), then the

'107-g abalone usés 19.3 Olz-g'lh'1 which converts to 344 pl O or 90 ;Lfnol ATP. In this
case, anaerobic metabolism would a'c‘cou'nt for }547% of transport cdst(s (minimum cost of

transport).
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It should be noted that the anaerobic corriponent of ‘high-"s‘peed locomotion has possibly
been underestimated in this stlitly since the breakdoWn of ATP stores was not Considered. |
However, Gade (1988) fou_nd no significant changes in adductor or foot adenylate levels in |
abalone induced to right until exhausted. Thus, if ATP stores supply ehergy during
locomotion, the contribution is probably small compared to energy derive'd,.from arginihe
phosphate and opine dehydrogenases. | | ,

Addltlon of this 54% anaerobic component to the minimum cost of transport (COT)
determined for Haliotis kamtschatkana in Chapter 2 Would lead to an increase in COT.from 20.3
to 44.1 Jkg-lm-! (20.3, the aerobic comporlerlt, is 46% of 44, 1) This new value 'places
abalone above the regression line of COT on mass for running vertebrateS‘ (Fig. 4—1); indicating
that transport costs for abalone are more expensive than for a sirnilar-sized running vertebrate E
Abalone COT remains within an order of magmtude of Denny's (1980) estlmatlon of COT for

the slug Ariolimax columbianus (912 Jkg'lm1l).




Cost of transport (J 'kg'lm_l)

10° |- A. columbianus

_ _ m G richardi
M. articulata WM. turbinata

02 - » ‘B G. rarilineata

ol kamtschatkana

flying
10" |- " running
0 S\&
10°. | _

Fig. 4-1. Minimum cost of transport of abalone (Haliotis -
kamtschatkana) compared with that of other marine snails
(Monodonta turbinata, M. articulata, Gibbula richardi, G.

rarilineata; Houlihan and Innes, 1982) and a terrestrial slug

(Ariolimax columbianus; Denny, 1980). Regression lines for .

running, flying, and swimming animals were taken from
Schmidt-Nielsen (1972). This figure is similar to figure 2-3
except that the value for H. kamtschatkana has been revised |
to include energy from anaerobic metabolism.




Chapter 5. Blood-glucose levels and oxyg‘eh consumption of abalone exposed to

environmental stressors
5.1 Introduction

_ In Chapter 3 I calculated that activity accounted er 25% of energy consumed by
laboratory—heltl Haliotis kanitsehatkana during summef. ‘I concluded that éctivity. probably."» -
represented a greater propertion of consumed energy for field abalone since they are more active
than laboratory-held animals (Figs. 3-1 and 3-2), and I suggested that the presence of ptedetors
could be one reason for these differences in activity. In this chapter, 1 explore the effects of
env1ronmental stress, including that induced by a predator, on the summer energy budget of H.

| ,kamtschatkana
| A variety -of biological indicators are used to determine the.effects of environmental
stressors on metabolic processes (see Bayne, 1985). As was shown in Chapter 4, the build-up
of taurepine and D-lactate reflect a shift to anaerobic metabolism during both functional and -
environmental hypoxia in H. kamtschatkana. Snmlarly, Wells and Baldwm (1995) used the
relat1ve accumulation of these metabohtes to evaluate the effects of stress during transport from |
field to laboratory in two species of abalone. One widely used indicator of stress is change in
‘blood-glucose levels. These have been used to detect er_lvironmental stress in crustaceans
(Telford, 1968, 1974; Johnson and Uglow, 1985; Santos and Nery, 1987; Spaargaren,' and
Haefner, 1987; Taylor and Spicer, 1987; Spicer et _al., 1990);.but have ‘Only recently been
investigated in gastropods. For example, Ratn and Young (1992) found that mild electric shock
caused a 50-150% rise in blood glucose levels in Aplysia californica, and Carefoot (1994)
found that natural stressors such as changes in salinity and temperature, as well as air exposure,
caused 1.5-2.3-fold increases above baseline levels in A. dactylomelq. 'Although the
mechanisrh leading to increased blood-glucose levels has been well.characterized in vertebrates
(Pickering, 1981; Tepperman end Tepperman, 1987), it is not as well uhderstood in o

invertebrates. Whatever the mechanism involved, a rise in blood glucose clearly occurs to )
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support increased metabolic demands during times of stress in a wide range of invertebrates
(Santos and Nery, 1987; Spaargaren and Haefner, 1987; Taylor and Spieer, 1"987; ‘Spicer etal.,
1990). Thus,‘ ene would also expect metabolic rate to increase during stressful periods in
abalone. The effects of predator presence on blood-glucose levels in gastropods has not been
examined. Haliotis kamtschdtkana exhibits an energetic escape response when contacted by the
seastar Pycnopodia helianthoides (see Chapter 2), culminating in rapid locomotion away from |
the threat. However, even when actual contact does not .occur, abalone are more alert and active
in the presence of Pycnopodia (see Chapter 3). It is possible that merely the presence of
Pycnopodia can cause changes in blood-glucose levels, and consequently in metabolism, 1n H
kamtschatkana. |

Increased oxygen consumption has also been used to determine the 'ir.npa:ct of stress on
invertebratesl (Widdows, 1985), but‘is confounc_ied by the fact that many invertebrates are |
» oxygen-conformers. Thrls, stressors which change levele of ambient oxygen, such as
‘temperature and salinity, may have multiple effects. However, in the cvase of predator detection
by abalone, an increase in oxygen consumptien should indicate a stressful situation.

The purpose of this part of the study is to determine changes in blood-glueose level and
oxygen consumption of Haliotis karhtschatkaﬁd in the presence of a predator in order to
’inves.tigate the effects of this type of stréss on energy allocation. In addition, stress responses
to air exposure,'terrrperature, and seliﬁity will be inveStigeted to determine if these stressors

could also cause metabolic changes in abalone, and for comparison with other gastropods.
5.2 Materials‘.andi Methods

‘Animal collections
Abalone were collected from Barkley Sound near the Bamfield Marine Station, British

- Columbia, and held in large outdoor tanks exposed to natural lighting with a constant supply of

fresh seawater. They were fed ad libitum on Macrocystis integrifolia, a preferred kelp food.




Blood-glucose levels
For each experiment, animals were divided into experimental and control groups of
equal mean live mass (N=5-8 for each). Hemolymph samples (0.3 ml) were drawn from the
pericardial sinuses of individuals using a hypodermjc syringe and #21 needle. All samples
were immediately transferred to 1 ml containers and frozen for later analysis. SMples were
analyzed spectrophotometrically for glucose usi_‘ngv"the hexokinase method (Sigma Diagnostics |
Glucose Kit).
In the first experiment, designed to test the effects of exposure to a predator on blood-
glucose titers, abalone (63-85 g live mass) were drvrded into two groups each of N=8. Each
group was placed in a tank with a constant supply of fresh seawater at 120C. At time-zero, a
| blood sample was taken from each individual. hive predator'y'seastars Pycnopodia
: helianthoides were then placed into the experimental tank for 30'mln. Immediately following
removal of the seastars, blood samples were again taken. Subsequent samples were taken
hourly for‘the next three hours. |

The second experiment tested the effects of air eXposure on blood-glucose titer.
Abalone (58F79 g live mass) were divided into two groups each o.'f N=5. A blood sarnple was
taken from each individual. The expenmental group was then removed from seawater placed

intoa contamer with moist towelmg, and floated in the tank to maintain ambient temperature
(12°C). The control group was left in the tank Blood was drawn from each anrmal every 1.5
h over a 6-hour period.

To test the effects of temperature on blo'od'-glucose titer, abalone (61—78 g live mass) :
were divided into two- groups of N-S each and blood samples taken from all 1nd1v1duals The
experimental animals were placed ina 10 liter contamer of 20°C seawater. After one hour
blood samples were taken from each 1nd1v1dual m both control and experimental groups, and
the experimental animals were returned to seawater at ambrent temperature (120C) Blood
samples were taken every hour for the next three hours from all anlmals A

In the final experiment, designed to test the effects of salinity stress on blood-glucose

level, abalone (60-80 g live mass) were divided into two groups of N=5 each and blood:
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samples taken from all individuals. Th.e> experimental animals were placed in a 10-liter container
of seawater at 50% salinity, prepared by diluting a volume of ambient seawater with an equal
volume of distilled watér at the same temperature (12°C). After one hour, a blood sample was
taken from each individual in both control and experimental groups, and the experimental
animals were returned to seawater at ambient salinity (32%o). Blood samples were taken evefy

hour for the next four hours from all animals.

Oxygen consumption 4
Individual abalone (N=9; 60-178 g live mass) were held in flow-through respirometers
(081 vqlume, 40 m_l-rnin'1 flow réte) for 60 min to establish baseline rates of oxygén
consumption. Oxygen levels were monifored cbntinuously with a Polarographic oxygen
electrode connected to a computerized data acquisition system (Datacan, Sable Systems, Inc.).
After 60 min, the seawater entering each respirometer was changed from fresh seéwater to
seawater flowing from a container (10-liter vol) holding five predatory seastars, Pycnopodia
helianthoides (10-20 cm diameter). Oxygen consumptions of individual abalone were

‘monitored continuously for 60 min following the change of seawater.

Results from repetitive sampling of experimental and control groups were analyzed by | .
repeatéd-measures analysis of variance (R-MANOVA) coupled with a Student-Newman-Keuls
test. In cases where the assumptions fo_r R-MAN OVA were not met (ie., such as when
distributions were not normal), a Friedman repeated-méasqres analysis of variénce (Friedman

R-MANOVA), coupled with a Student-Newman-Keuls test, was used.

5.3 Results

Blood-glucose levels
Exposure to Pycnopodia caused a significant change in blood-glucose titers in the

experimental abalone over time (X2=1 3..5, p=0.009, Friedman R-MAN OVA; Fig. 5-1), with :‘
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and vertical bars show standard errors of the mean.




the values at 1-,2-,and 3-h followihg the start of the experifnent forming a stétisti'cally
homogenous subgroup (Student-Newman-Keuls, p<0.05). A maximum level (SE) of 62i20 A
pgml-! was reached 2.5 h after exposure to thé.seastars. Biood-gluéose levels fell to below
contfol levels by 3.5 h post-exposure. Control levels did not change signiﬁcantly~(X2¥3.2,
p=0.53, Friedman R-MANOVA). | |

Air e){posure; also caused a significant chahge in bldod—glucosé level’/s (F. 4’,16='1’3.46,
p<0.001, R-MANOVA,; Fig. 5-2), with values at 3-, 4.5-, and 6-h fqllowing the start of the -
experiment forming a statistically homogenous subgroup which was significantly larger thaﬁ :
valués at 0- and 1.5—h (Student-Nerman—Keuls, p<0.05). As in the previous experiment, -
- blood-glucose levels of control animals did not change significantly (F4,16=2.60,‘ p=0.08, R-‘
MANOVA). | o | |

| Neither an increase in temperature nor decrease in salinity caused significant.changes in

~ blood glucose (both X2<4.7, both p>0.43, Friedman R-MANOVA; Figs. 5:3 and 544). '

Oxygen consuinption

To remove the influence of ﬁlass oﬁ OXxygen consumption (Vozj, Vo2's for all abaione
were converted to that of a "standard" 100-g animal by the equation: '

Vog (xg)= (100/experimental mass)P(Voy experimental) . |
where x is 100 g and b is 0.74, the experfmentally derived scaled lo'glo-logl()‘. relationship -
between resting metabolic rate and abalone mass defcrmined previously (Chaptér 1).

Vo2 increased signiﬁcantly by 30% from a control mean (£SE) of 1.540.2 ml-hr*l_ to
1.9+0.2 ml,-hrl‘, after water previously in contact with seastars was introd_uced to the .
respifometer (t=2.26, p=0.05). Seven animals shifted from a quiescent state to an alert or

active state following introduction of the Pycnopodia water, and two also exhibited escape -

‘locomotory behavior.
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5.4 Discussion

This part of the study has shown that the presence of a seastar predator causes 1ncreased N
metabohsm in Halzotzs kamtschatkana in the form of 1ncreased oxygen consumption and higher
blood-glucose levels. The rise in oxygen consumption exhibited by H. kamtschatkana during |
'exposure' to the seastar Pycnopodia helianthoides can be explained by an increase in activity.

The 30% increase in Vo of the test abalone after Pycnopodia water was introduced into the
respirometer was close to the 33% difference in Vo between abalone in quiescent and alert
states found~earlier (Chapter 3). Although only two-of the test abalone showed actual escape
behavior, all \i«/ere clearly in alert states following detection of the seastar. It is interesting that
the predator did not need to be in contact with the abalone_ to produce these results; rather,
compounds presumably exuded into the water were enough to affect the metabolic rate of the -
abalone. It is well l<nown that‘gastropods are able to detect minute concentrations of chemicals’
from food (Kohn, 1961; Carr, 1967; Carefoot, 1982) and'that homogenized‘extracts of
predators will ehcrt escape responses (Bullock 1953; Kohn, 1961). |

~Blood- glucose levels were apparently affected by both exposure to Pycnopodia.

Although blood-glucose levels of both control and experimental rose at the begrnning, probably
due to the repeated blood sampling, animals exposed to Pyc'nopodia had blood-glucose levels

2x those of control animals 2.5 h after the seastars had been removed from the tank contaimng

the abalone (Fig. 5-1). This increase is poss1bly explained by moblhzatron of energy stores in
preparation for the escape response. However, Thompson et al. (1980) found that the scallop
Placopecten magellanicus induced to Valvey snap for2 rninby repeated stimulation with a
hornogenate of the seastar Asterias vulgctri's did not exhibit significant changes in blood-glucose" |
levels. Unfortunately, the_experimental design (all experimental animals in one tank, all control - |

“animals in another tank) leaves doubt about these results. It is possible that some other tank
effect caused the changes in blood—glucose levels and it 1s thus impossible to conclude that
seastar presence was the cause of the increase in blood-glucose titers. However, the observed o

increase in respiration after exposure to Pycnopodia is evidence that predator presence does
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indced affect abalcne metabclism, thus blood-glucose levels may indeed be elevated by
detection of a uredator. |

Air exposure for 6 h caused a 2-fold increase in blookd-glucose titers in H
kamtschatkana (Fig. 5-2), which is comparable to the 1.5—‘fold increase found by Carefoot
) (1994) in Aplysia dactj)lomela exposed to air for 1.5 h. These values are also similar to those
found for crustaceans (2.8-fold increase after 3 h in air for Nephrops norvegicus, Splcer etal,
1990; 2-fold increase after 4 h in air for Carcinus maenas and 4-fold increase after 4 h in air for
Liocarcinus puber Johnson and Uglow, 1985; and 4-fold increase after 2 min in air for
crayfrsh Telford, 1974). It has been suggested that increased blood- glucose levels in
Crustaceans is related to mobilization of energy stores for anaerobic metabolism (Spicer et al.
1990) and this may also be the case for H. kamtschatkana since they make extensive use of
anaercbic metabolism during periods of anoxia (Chapter 4). However, the elevated blood-
glucose titers in H kamtschatkana exhibited in this experiment may also be a more general
response to a stressful situation since H. kamtscﬁatkana rarely encouhter air exposure owing to
their subtidal habit of life. In this case, mobilization of energy reserves may be in preparation
for increased actrvrty to escape the percelved threat. Again, the experrmental design casts doubt
about the true cause of the changes in blood-glucose levels.

Neither temperature nor salinity shock caused significant changes in blood-glucose titers
in H. kamtschatkana (Figs. 5-3 and 5-4). In comp.arison, Carefoot (1994) found elevating
effects with both these stressors in A. dactylomela, with a 2-fold increase occurring when sea
hares were placed in 50% seaWater for 2 hand.a 1.6-fold increase when they were held in |
aerated tidepools for 5 h with temperature rises of 6.5°C. Although the evidence shcwing
increased blood-glucose levels during salinity shock in gastrcpods 1s minimal, more work has |
been done in this regard on crustaceans. ‘Interestingly, crustaceans in both hYpo- and
hyperosmotic conditicns exhibited decreased blood—gluccse levels (in contrast with the
increased levels found by Carefoot, 1994).‘ For example, the brown shrimp Crangon crangon
exhibited lowest blood-glucose levels-at extreme salinities of 5 and 37 %o (Spaargaren and

Haefner, 1987), and titers in an estuarine crab Chasmagnathus granulata dropped to zero at
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_extreme salinities of O and 40 %o (Santos and Nery, 1987). Authors of both studies attribute the
decreases to increased metabohc demands for osmoregulation. This might also partially explain
the lack of change in blood-glucose titers in Haliotis and the rise in Aplysia. Both are
osmoconformers and so would not néed enefgy for osmoregulation. Increased blood-glucose
levels in Aplysia could be related to other stress-induced responses such as increased alertness.

Thus, both increased oxygen consumption and increased blood-glucose levels during

" exposure to Pycnopodia likely indicate rising metabolic demands for Haliotis kamtschatkana.

In Chapter 3 I determined that repeated bouts of locomotion resulting from predator evasion
could seriously affect the energy budgeting of H. kanit;chatkana, drawing energy from other
allocations and pot’e-ntiall'y leading to decreased growth and fecundity. It now appears that even
the presence of predators (without actual contact and re‘sultaﬁt escapé locomotion) could cause |
shifts in energy-budget allocations awa§ from growth as réspiratory demands increase. The
degree to which this might happen can be estimated from the rise in oxygen consumption
following exposure to Pycnopodia Because blood—glucose~Ievels remain elevated, compared
with controls, for a 1 hour period following Pycnopodia exposure, and assuming that this is
accompanied by a concomitant elevation in oxygen consumptlon a single exposure to
Pycnopodza would cost a 100-g abalone 8 J (0.4 ml Oy multiplied by an oxycalorific coefficient

| of 20.88 J:ml O,-1). This represents 0.3% of daily consumed energy durmg the summer (2880

J for a 100-g abalone, calculated from the 10g10 loglo regressmn of consumptlon on mass, -“'

Table 1-1). Although,thls is small relative to the components of the daily energy budget,

repeated exposure to Pycnopodia would have the potential to increase substantially the |

respiratory component of the energy budget of Haliotis kamtschatkana. Importantly, this would

occur even in the absence of escape locomotion.




Chapter 6. Changes in pedal morphology during locomotion as possible energy-savirrg

strategies for abalone
6.1 Introduction

Abalone display a dramatic escape response when confronted with seastar predators.
The response begins with a vigorous twisting of the. shell to dislodge' the predator's tube feet,
followed by rapid locomotion away from the threat. Escape locomotion is visibly drfferent
from ordinary locomotion and is charaeterized by an elevated shell, large-amplitude pedal
waves; and a trough running from anterior to posterior such that the‘ middle of the foot is lifted
off the 'substratum. The energetically expensive nature of adhesive crawling (Denny, 1980)
suggests that these characteristics of high-speed locomotion, in addition to providing propulsive
force, may also have energy-saving benefits to allow abalone to locomote more rapidly than
might otherwise be possible. . |

| Most gastropods locomote by generating rhythmic waves on the ventral surface of their '

broad pectal muscle. The wave pattern differs among speciesl depending on the direction in
~which the yvaye travels and the portion of the foot it occupies. Waves that travel from the back
of the foot to the front (i.e. in the same direction as the animal is traveling) are direct waves,
* while waves travehng from front to baek are indireot, or retrograde. A vyave thatreaches from - -
one side of the foot to the other as it travels along the foot is monotaxic, while a wave that
occupies only half the foot is ditaxic. In this case, another wave out of phase with the first is
found on the other half of the foot. Most marine gastropods are ditaxically retrograde whrle the
abalone is ditaxically direct. In most marine gastropods, the waves are generated rhythmically
(Miller, 1974; Trueman, 1983). o | |

Gastropods with rhythmic pedal waves increase’ gpeéd by increasihg step fre‘quency
and/or step length. A step is the distance that a point on the pedal s.ole travels wherl a wave .
passes through it (Miller, 1974). Step frequency can be 1ncreased by 1ncreasmg the -velocity of

the pedal waves or by increasing the number of Waves present on the foot at any grven time.
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Step size can be increased by changing the length or amplrtude of the pedal waves. Abalone
increase their locomotory rate by mcreasrng the veloc1ty and hence, the frequency of their pedal
waves (Voltzow 1986), and there is no evrdence in the literature that they change pedal wave
: length M1ller (1974) describes several gastropod specres which dramatically increase pedal
wave length in order to increase speed.. For example, Tegula ﬁmebralzs increases its wave
* length from approximately_one-third of total foot length' during normal locomotion to greater
than half of total foot length during escape. Conversely, Calliostoma ligatum, a species with
waves similar in type and' size to Haliotis spp., apparently doesi not .change the size of its
waves. Miller (1974), however, measured only the length of the waves; there may be other
more subtle changes to wave area during rapid locornotion that could be measured.

| ~ In fact, characteristics of the escape response described above suggest that the wave ‘
morphology of Halzotts spp does change during rapid locomotion. First abalone differ from
most other gastropods in that their pedal waves are lrfted off the substratum as opposed to -
gliding across a mucus layer, and amplitude (the distance that the wave is lifted off the
substratum) is known to increase with increasing velocity (Miller, 1974). One might expect that
'an increase in wave amplitude could increase speed since more propulsive force could be
generated as the wave pushes off the substratum but it may also decrease the .energy needed for
locomotion srnce as the waves are 11fted off the substratum, they. travel over water instead of
mucus. In this case, less force is required because water is less viscous than mucus. Second
at rapid escape velocrties abalone often lift up the Imddle portion of their foot and the only part
in contact with the substratum is a band along each srde Such a strategy of removing a portion |
of the foot from be1ng able to produce waves Wthh make contact with the ground and thus
generate propulsive force, does not seem likely to contribute to an increase in speed. Rather, it
seems designed purely for energy savrng since, again less force would need to be produced
when more of the foot is traveling over water Decreasrng pedal surface area would also be
energetically beneficialin that less mucus would need to be produced Adhesive crawling
1nvolves the secretion of a thin layer of mucus from glands in the foot to form a sheet between |

the foot and the substratum Mucus productron may be a primary reason that adhesrve crawling
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is so energetically expensive compared w1th other forms of locomotlon (Denny, 1980) While
these morphological and physiological changes are notrceable at high speeds it is not clear to
what extent they are employed at lower speeds. Subtle changes to the pedal sole may occur |
such that energy is conserved throughout arange of speeds | | .

The purpose of this study is to determine if pedal sole morphology changes durrng

locomotion in abalone in such a way that energy could be conserved.
6.2 Materials and methods

Animal collections

" Abalone were collected at the Bamfield Marine Station, British Columbia arld
transported to the Shannon Point Marine Station, Washington. They were held .iIl large tanks
with a continuous supply of fresh sea water at a mean temperature of 100C during the 4

experiments. The abalone were fed ad libitum on kelp, Nereocystis luetkeana.

Frequency of pedal waves

Wave frequency was compared with speed by counting the waves during'periods
(usually 20 s dtlration) in which .abalone were movlng at a constant speed. Pedal waves were
video-taped as abalone (N=8; 39-58 g live mass) loeomoted atd‘i‘fferent speeds acrossvthe side
of a glass aquarium; A pedal wave is defined as a portion of the t"oot which is con_tracting and '
is visible as a dark region moving across the pedal muscle from posterior to anterior (Fig. 6-1).
A stopwatch within the camera recorded elapsed tirn_e onto the ﬁlm.so that a period of constaht |
speed could be selected, and the ndmber of waves traveling up the foot during that period were

counted using the OPTIMAS digital analysis system (Bioscan, Inc., Washington). .

Pedal area and pedal wave variables during locomotion
Abalone (N=8; 13-51 g 11ve mass) were v1deo taped as descrrbed above against a grid of

lcmx1cm markmgs placed along the side of the aquarium for size and dlstance reference.
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Anterior

Fig. 6-1. Ventral view of a locomoting abalone as seen through a glass

plate. The dark areas represent pedal waves.
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" Speeds dﬁring periods of constant locomotion (five for each animal) were calculated, then a
frame from each of these time périods was captured onto computer and measurements made of
the abalone's foot. These measurements included total foot érea (defined as the area of the foot |
visible through the glass), pedal wave area (the area of thé Waves, identified as dark regions on "
the foot), foot length‘ and foot width. Care was taken to analyze the same .wave.conﬁguration
for each animal. Specifically, the foot wés analyzed when oh¢ wave on the right side of the
foot was at the midpoint of the foot and the two wéves on the 1eft side were at the front aﬁd

back of the foot (see Fig. 6-1).

Maximum speed | _ v
Abalone (N=10§ 9-135 g live mdsé) were placéd individually in a large tank which had '.
markers every 10 cm along its side. A live predatory seastar Pycnopodia helianthoides was
held behind the abaloné to stimuiate rapid escape locomotion. As the abalone locbmoted
between markers, the seastar was continuously held behind the abalone to simulate a chase.
Thé, movement of the abalone was tirlned' between the markers, and maximum veiocity was

recorded along with the animal's shell length and live mass.
6.3 Results

Pedal morphology
Pedal wave frequency increased linearly/with speed for all abalone measured (N=8)

(Fig. 6-2). For individual abalone, all frequency (waves min-!) versus speed (shell lengths
min-1) regréssion lines were significant (all £>4.91; all p<0.04); ‘Th‘e‘ individual regression line‘sA
did not differ significantly from each other [Fg ¢5(2),7,20=0.44; P>0.5], so the regression lines
were pooled and found to have a common slope of 2.42. Thus, to increase speed by 1 shell
length per minute, abalone generate 2.4 more waves per n-ljnute.A HoWever, this incre.a‘se in
_frequency is not large enough to account for _thé increase in speed since, speed inb_r’e than -

‘doubles for a two-fold increase in frequency (Fig. 6-2). Therefore, step length (the distance a-
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Fig. 6-2. Frequency of pedal waves, of locomoting abalone
as a function of speed. Statistically significant regression
lines were generated for all eight abalone tested. These
were not found to be statistically different and they had

a common slope b of 2.42. Each symbol represents a
different abalone (N=8).




point on the feot travels during a step) must also increase with increasihg' speed. Step length
was calculated at vérious speeds using the relationship: v =fx L where v is speed (in shell
lengths'min-1), fis frequency (in wavesmin-!) and L is'step‘ length '(4in shell lengths-waye'l)'
and the regreés‘ion equation for the pooled data of wave frequencyz on“speed deternﬁﬁed above: f
=8.71+242 v (Fig. 6-2). As expected, step length increases with ,ir;cfeasing speed (Fig. 6-
.3), but the relationship is not linear because speed and wave frequ_eﬁey are not directly related.

Pedal._morphology changed with speed such that less sole was in contact i;&;ith the
substratum at higher speeds. 'First, tetal. visible sole afea decreased with increasing‘speed'(Fig. |
6-4). Seven out of eight abalone analyzed decreased the area of the sole of their foot
significantly as they increased speed (all £>2.36; all P<0.05). In these seven abalone, the
* decrease was linear, and none of the individual regression"l.ihes differed signiﬁeantly from each
other [F (2),6,42=2-22; P=0.07]'.4 Thei‘r'commoh regression line had a mean slope (£SE) of
-0.02110.008, indicating that pedal area decreased by 2.1% for each shell length per minute
increase in speed. Sec.ond, the'pr_oportion of the total I;edal a;ea occupied by waves increased
linearly and signiﬁcantly with speed in all abalone analyzed (Fig. 6-5; N=‘8; .all'. 52;30; all
P<0.05). The individual regression lines did not differ signiﬁcantly frem.each other [F-
| (1),7;45=1. 1‘7; P>O.25].' They were pooled and found'to have a common mean slope (£SE) of -
O}.Ol8i0.005_. Therefore, for each shell length per miﬁute increase i'n.'spee‘d,' 1.8% more of the |
foet was incorporated into waves. | - o

No significant trends were found for either foot width or foot leﬁgth as a function of

speed.

Maximum speed

The absolute maxirhum speed recorded was 113 cmrmin! by 29.9 cm abaldpe. Thjus
corresponds to a speed df 11.4‘ s_héii lengths~min‘ L, ‘A smaller abalone (5.9 cm) ecﬁieved a .
speed of 14.7 shell lengths-min-!. Mean (+ SE)-maximal speed of the 10 abalene bt_e‘sted was

12.7 + 0.7 shell lengths-min-1..
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Fig. 6-3. Step length as a function of speed in locoinoting
abalone. The data were calculated using the equation

v=Lxf where v is speed (in shell lengths'min'l), fis

- frequency (in waves‘min'l), and L is step length (in

shell lengths'wave'l) and the linear regression equation
from Fig. 6-2 of wave frequency on speed for all abalone
(/=8.71 + 2.4 v). Points are not shown because of the

calculated relationship.
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Fig. 6-4. Total area of the pedal sole of locomoting abalone as

a function of speed. Statistically significant regression lines were A
génerated for seven out of eight abalone tested. These were not
found to be statistically different and they had a common slope b
of -0.021. The solid line shown here represents a composite of the
seven individual regression lines. Each symbol type represents an
individual abalone. S
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Fig. 6-5. Area of the pedal waves as a fu'I'lction of speed.

~ Statistically significant regression lines were generated for

all eight abalone tested. These were not found to be
statistically different and they had a common slope b of
0.018. The solid line shown represents a composite of the
eight individual regressibn lines and each symbol type

. represents an individual abalone.




6.4 Discussion

“This part of the study demonstratesthat the pedal morphology'of Haliotis _kamtschatktma
IChanges with speed :such' that the amount of the pedal sole in icontactwith the substratum
‘ decreases with increasing Speed. This may decrease the amount of energy required for
locomotion, potentially allowing ab'alone to move faster than might otherwise be possible.
Indeed, abalone are capable of locomoting more rapidly than are most other gastropod species.
The fastest absolute speed recorded in the present study (113 cm'min-1 by a 9.9 cm abalone) 1s .
1.5 times faster than the maximum absolute speeds reported f_or othercrawl.ing gastropods by
Miller (1974) in a comprehensive survey of locomotion in a large variety of gastropods. The
only species having faster rates of locomot1on belonged tothe specrahzed leaping Strombrdae
(223.2 cm'min-! for Strombus maculatus and 153.6 cm'min-1 for S gigas).

The apparent linear relationship between wave frequency and speed conﬁrms that
abalone increase step frequency by increasing the velocity of the1r pedal waves rather than by
‘ 1ncreas1ng the number of waves present on the foot at any moment This is supported by the
observation that no more than three waves were present on the foot at any speed. L1kew1se
.step length increased with increasing speed as aresultof a change in pedal morphology In
fact, the pedal morphology of H. kamtschatkana changed in two ways as velocity increased: the ]
total visible area of the sole decreased .(Fig. 6-4) and, of the pedal area visible, relatively more
was incorporated into pedal wayes (Flg '6-5) Although a maximum speed of only 8 shell
lengths ‘min-! was recorded in the Vrdeo-taped experlments abalone ‘were able to locomote at -
nearly 15 shell lengthsmin-! when continuously stimulated usmg a predatory seastar in a large =
tank, but they could only sustain this speed for a few minutes. If the linear decrease in pedal
sole area found in the present study .(a 2.1% reduction for each shell length per minute increase |
in speed) can be extrapolated to this ,maximum speed, pedal' sole area could decrease by as much -
as 32% during the fastest escape responses relative to that at rest. Furthermore, an additional
27% of the remaining pedal area would be incorporated into pedal waves (i;'e. an increment of -

1.8% for each shell length per minute increase in speed)'l.' To put this into perspective, if an
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abalone had a resting visible sole area of 10 cm?2, only.6.'9 cm? would be visible at 15 shell
lengths min-!. Of those 6.9 cm2, 1.9 cm? Wbuld be incofporated into waves, leaving only 5.0
cm? in contact with the substratum. Thus, the pedal area subjected to friction from the
substratum may decrease by as much as 50% at maximal escape velocity relative to the pedat
area at rest. It is important to note that such changes.will occur throughout a range of speeds.
Even at an intermediate speed of 5 shell lengths min-!, pedal adjustment would yield an 18%
decrease in resting foot area.

Such changes in pedal morphology and mucus secretion during rapid locomotion
presumably lead to a decrease in tenacity. MIHCI‘ (1974) found that gastropods with larger pedal
areas had greater tenacity, that gastropods had maximum tenacity while stationary, and that
tenacity decreased as speed increased. Although tenacity was not measured in our study,vthree
observations suggest that our measurements of decreased pedal area associated with increased
speed are consistent with a decreased tenacity: (1) abaloﬂe moving at high speeds are often
unable to cling to the vertical side of an aquarium and fall to the bottom, (2) abalone moving at
any speed are easier to remove from the substratum than are stationary animals, and (3) abalone

escaping from predators in the field appear to skim the surface of the substratum.




General Conclusion

This thesis has two main comi)onents: it ciescribes the impoftance of activity to the
energy budget of the Northern abalone Haliotis kamtséhatkana and it investigates the energ’étics
of locomotion (both aerobic and anaerbbicj of this species. The first part was done over two
seasons which allowed a comparison of summer and winter energy budgeting.

For the first part, respiration and mucus secretion were found to be two of the largest
components of the summer energy budget, representing 60% and 17% of consumed eflergy, :
respectively, and much of the energy.devoted to thesg two components was due to activity. For
example, daily mucus secretion increased from 20 J-day-! for inactive éﬁalone to 315 J-day1
for active abaione; and respiration increased from 971 J-day-! to 11'32 J -day'l. Respiration was
also the largest component of the winter energy budget, .accounting for 77% of consuméd
energy. Mucus secretion accounted for only 4% of consumed energy és activity levels
decreased during winter. After quantifying these summer and Winter energy budgets, I
calculated that activity accounts for 25% of total consumed énergy during the summer and 12%
during the winter. It shouid be hotcd that these values probably underestimate the frue effect of
activity on the energy budgéts of field abalone, since field abalone were more active than those
in the labofatory possibly due to the presence of predators or the ﬁeed to forage for food. In
fact, detection of the predatory seastar Pycnoﬁodia helianthoides, without actual contact by the
abélone, caused increases in activity accompanied by a 30% rise in oxygen consumption over
resting rates. This rise in oxygen consumption was accompanied by (or followed) a significant
elevation of blood-glucose levels. Titérs were elevatedl for 1 .hour with a maximum i.ncrease of‘ R
2x control values occurring 2.5 h aftef exbosure to the seastar. These finding have important "
implications to the ecology of H. kamtschatkana and to the abalone fishery not just in British
Columbia but worldwide. Any biolégical factors in an abalone's habitat which could increase

“activity could severely alter its energy allocations, causing more enérgy to be directed towards
respiration and mucus secretion, and less towards growth and reproduction. Thus, efforts to .

reintroduce abalone to local habitats or to bolster local populations should focus on areas
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adjacent to large kelp beds which would produce adequate supplies of drift algae and thus -
minimize the amount of foraging. .Likewise, habitats with large numbers of predatory seastars
should be avoided, not only to decrease mortality but also to decrease the frequency of predator
detection with its consequent increase in metabolic rate and locomotion |
In the second main component of my thesis, locomotory transport costs were quantified |

for Haliotis kamtschatkana Minimum cost of transport was calculated to be 20.3 ] -kg'lm'
lower than cost of transport determined for other gastropods This is possibly due to the large
relative size of abalone since. transport costs have been shown to decrease with increasing
animal size in other forms of locomotion (running, sw1mming, and flying). However, too few
studies have been done on cost of transport during adhesive crawling in gastropods to draw any
definite conclusions on the_} relationship between transport costs and size. I also initially found'
that transport costs for H. kam'tschatkana'werelower than transport costs for similarly-sized
running vertebrates. However I was able to somewhat revise this conclusion after factoring in
anaerobic metabohsm At speeds great than 5 body lengths min'1 locomoting abalone
accumulated 51gn1ﬁcant amounts of tauropine, D-lactate, and arginme in their foot muscles -
compared with resting animals. This indicates that to fuel rap1d locomotion abalone rely on the
anaerobic reduction of pyruvate by the enzymes tauropine dehydrogenase and D-lactate
dehydrogenase, as well:as the breakdown of arginine phosphate | Calculation of ATP
equivalents from increased metabohte levels showed that anaerobic metabolism accounted for
54% of the energy expended on locomotion by H kamtschatkana locomoting at high speeds
Addition of this anaerobic component to aerobic energy expenditure caused the cost of transport E
of H. kamtschatkana to be revised to 44.1 J'’kg-1m-1, which placed it above the regression of

cost of transport on size for running vertebrates.

| Observations of locomoting abalone indicated that their foot morphology changes during
locomotion. In order to determine if these changes could be energy-saving strategies, I
investigated pedal sole area and area of the foot 1ncorporated into pedal waves at a range of
“speeds. As speed increased, abalone decreased the amount of foot in contact with the

substratum by decreasing the total area of the pedal sole 2.1% for each shell lerigth-min-!
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increase in speed. They also increased ;the:area.of the foot ihcorpofgted into pedal waves by
1.8% for each shell length-min-1 incfease in speed. Together, these chénges translated into a

- 50% decrease in pedal sole area in contact with the substratum at a maximum escape speed of
15 shell lengths'min-!, relative to the pedal sole area at rest. Thésé changes presumably
decrease friction and make locomotion in abalone more cost-effective. |

This thesis has improved our understanding of the impact that activity has on energy

allocation in Haliotis kamtschatkana and has furthered our"knowledge of thé energetics of
adhesive crawling. waever, questions still remain abouf habitat needs of this species.
Emmett and Jamieson's (1989) observation that abalone ﬁving in exposed enyironments ("surf"
abalone) exhibit reduced growth and often do not reach legal size raiSéS questions about the
energetic requirements of living in more turbulent as opposed to more sheltered habitats. This
could, in part, be due to the energy costs of living in such an environment. Substratum
adherenc¢ requires energy in the forms of respi;étory energy to maintain muscle tension and
mucus energy to remainﬁ fixed to the substratum. As hydrodynémic forces tending to pull
benthic organisms up and off the substratum increése, itis iikely that the amount of énergy

required to remain attached to the substratum also increases, leaving less energy available for

reproduction and growth.
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