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Southern African water is a kaleidoscope of life and it is here that species 

of the Atlantic. lndian and Southern Oceans mingle. 20-30% of the worlds 

known cephalopod species live in this confluence zone. The Agulhas bank. 

at the tip of the South African Cape is both warm (1 3 -1 8 O C) and 

protected, which rnakes it a prime choice for loliginid breeding (Augustyn, 

1990). There are a number of species that take advantage of the Agulhas 

bank location and environment but the most comrnonly found loliginid is 

Loligo vulgans reynaudii There have been close to forty Loligo vulgans 

reynaudii spawning sites found along the inshore areas of the Eastern 

Cape coastline between Algoa Bay and Plettenberg Bay, (Sauer et 

ai.1992). For this reason the area has become known as a Chokka squid 

breeding ground 

Named in 1839 Loligo vulgans reynaudii d'Orbigny was established as a 

subspecies of the North Atlantic Loligo vulgafis (sensu stricto) on the basis 

of morphological and electrophoretic evidence (Augustyn and Grant. 1988). 

Found along the continental shelf of southem Namibia and the Cape 

Province (Augustyn 1989) it is locally known by its Africans nickname 

Chokka. Chokka squid are more than a cornmon sight off the coast, they 

are a keystone species in the Agulhas Bank ecosystem and as such 

knowledge of their life cycle and predator-prey relationships within the 

region is particularly valuable for the management of both the squid and 



(Augustyn, 1990) an industry based on the exploitation of the inshore 

spawning grounds of a species whose recruitrnent is highly dependent on 

complex biological and physiological interactions. (Augustyn et a1.1994) 

1995 FA0 statistics placed cephalopods as the sixth most valuable fishery 

resource woridwide (Roeleveld, 1998). However squid fisheries are 

notoriously difficult to manage. as population levels and availability can 

change drâsticafly and without warning- In reality, the necessary level of 

management has not been agreed on, and few loliginid fisheries are 

intensively managed. Past mismanagement or the absence of 

management has led to a number of serious population crashes and stock 

losses. Examples include areas such as Northern Japan's 1960's loss of 

the Pacific Population of Todamdes pacitrcus. Eastern Canada's 1980's 

loss of lllex il/ecebrosus. 

The absence of a management strategy for the South African Chokka 

fishery is an undesirable situation, frorn both a resource and economic 

stand point. The relatively new industry which has grown rapidly since 1984 

when Chokka were rnainly caught as a by-catch frorn demersal trawlers 

accounts for over 90% of the annual Chokka catch which although varies 

considerably can reach 10 000 tons (Roberts and Sauer 1994). The 

industry provides employment for 2 500 fishermen and over 1 000 land- 

based workers and other personnel, it acts as an important source of hard 

currency from world (esp. European) markets (Augustyn et a/. 1994). The 



economic importance of the fishery araused govemment attention in 

ongoing scientific pursuits, leading to an overall increase in the interest in 

the welfare and management of the species. 

An international workshop held in Cape Town, South Africa in mid-1997 

identified a number of features of cephalopod biology in need of further 

research (Payne et a/. i 998). lnterest sternmed frorn both fisheries 

management and general science, Among the identified features, the 

understanding of life cycles and spatial distribution were perceived as key 

priorities for research. Physiological and genetic approaches to 

understanding basic aspects of the life cycle, and their importance for 

understanding population dynamics, were stressed. Environmental studies 

were also mentioned as being important in the possible prediction of 

population trends though links that operate at the level of spawning biology 

(Lipinski et al.1998). 

To some extent these needs had been anticipated beforehand. The 

pn'rnary purpose of the November 1994 Acoustic Tagging and 

Envkonmental Study in South Afnca was to look for environmental 

influences on the Chokka squid life cycle and fishing (jigging) industry in 

South African waters (Roberts et al, 1994). The project was spearheaded 

by Dr. Michael Roberts, Dr. Ron O'Dor, Dr. Malcolm Smale, and Dr. 

Wannrick Sauer and was the origin of the umbrella study on which the 

research for this thesis is based. 



In 1994, it was understood that progress was being made in relating 'inter- 

annual oceanographic variability with global climatic change', but that it 

was still unclear 'why and how temperature and turbidity affect catches and 

alter the life cycle' (Roberts et al. 1994). The main questions of the study 

were set out to be: 

1) To investigate the effects of temperature, turbidity and currents on 

the spawning process and associated catches. 

2) To investigate physiology concerning Chokka swimming 

mechan icsiphysics and related energetics. 

(Roberts et al., 1 994) 

The fourth experiment as detailed in the original coordination plan for the 

'Acouçtic Tagging and Environmental study' was the acoustic tagging 

experiment. Its objectives were: 

1) To determine the effect of temperature (water colurnn structure), 

turbidity and currents on spatial behaviour of individual Chokka. 

2) To undertake a physiological study of swimming behaviour on a 

spawning ground i.e. swim speeds and emigration-immigration 

between different aggregations. 



3. To undertake a physiological and spatial behaviour study on 

Chokka predators within the survey area. 

All acoustic data were stored for later analysis to be processed by the 

Dalhousie group headed by Dr. Ron O'Dor. 

Radio-Acoustic Positioning and Telernetry (RAPT) of sonically tagged 

animais provides 'continuous monitoring'. There is no doubt that this results 

in an increase in the analytical power of studies as tagging removes much 

of the ambiguity found in handleye observation. However, no method 

should be used without understanding its limitations. ln this case, 

drawbacks include the possible effects of tagging on the anirnals 

undergoing observation and the unknowns of the system itself. 

The intention of this thesis was originally to detect behaviour from RAPT 

system read outs. In essence to clarify the lirnits and strengths of data 

created by RAPT systems. The purpose of the qualitative comparisons' 

between 'Normal' behaviours and 'RAPT' behaviours was to allow the 

interpretation of the data collected by the triangulation algorithms. "Normaln 

behaviour was defined from sequences analyzed from videos taken of 

Chokka Squid on the Agulhas bank and as described in previous work on 

untagged animals. This information was collected with the intention of 

1 Largely qualitative comparisons which emphasize methods of presentation of comparative data 
and the appropnate use of significance tesMg (Johnson, 1999). 



rnaking it as similar to the RAPT data f o m  as possible RAPT behaviour 

was defined by squid behaviour as it was determined by Mat Lab graphs 

created from the data collected during the 1994 and 1997 Agulhas bank 

tagging experiments- 

Success in attempting to see similanties between two types of 

observationai methods depends on the behaviours observed being similar. 

If the observational rnethods interfere with the behaviours then the 

behaviours become abnormal and incomparable. The video recordings 

were checked against previous knowledge, hence the name 'Normal'. As 

this was not an option with the RAPT behaviours they were checked 

against thernselves in the light of pervious knowiedge and video recordings 

that had been transformed into dot sequences. The question is whether the 

tags altered the behaviours that were being studied? If sol how much and 

for how long? 

There is considerable experimentation that has used different foms of 

tagging on aquatic animals. However, short of initial queries, there has 

been little examination of the tag's affect on the experïment or experimental 

results. Past studies have highlighted the need to reduce tag weight and 

compensate for buoyancy. However, positive short-term tests on apparent 

reactions of laboratory animals have silenced the debate over immune 

reaction, life expectancy, discornfort and behavioural change. The query 

that becomes apparent in behaviour studies like the one atternpted in 



South Afrka is: How can behavioural studies be done using RAPT system 

readouts if the systern or procedure itself changes the behaviour? The only 

way to answer these questions was to ask: 

How (or how much) does tagging affect behaviour as defined 

by the video experiments. 

In order to answer this an initial detailing of behaviour that can be defined, 

as 'Normal' or untagged behaviour is essential. The cornparison of this 

'Normal' behaviour to consistently seen RAPT behaviour is mandatory. The 

answer wilf influence the interpretation of RAPT studies. 

Analysis of behaviour was made by considering changes over time in: 

speed, time spent at spawning site, utilization of space, mating behaviours, 

interactions, and temperature seledion- Further cornparison to other 

tagged species gave insights to the kinds of changes to explore. Through 

these cornparisons a conceptualkation of the strengths and usefulness of 

the system was revealed and detailed. 



The objectives were to: 

Briefly review the spawning behaviour of Loligo 

vulgais reynaudii and related squid with the focus 

on pre-copulatory activity . 

Quantify 'normal' behavior by means of video 

analysis during: general and interactive utilization of 

space, mating behaviours, pre- and post- egg 

attachment interactions, and temperature selection 

as well as rnating and egg laying conditions in and 

around the egg bed. 

QuantiSr RAPT behaviour by rneans of RAPT tags, 

during: general and interactive utilization of space, 

rnating behaviours, pre- and post- egg attachrnent 

interactions, and temperature selection as well as 

mating and egg Iaying conditions in and around the 

egg bed- 

Analyze and compare the questions above (detailing 

difficulties of scale and variable inconsistencies). To 

look for changes in behaviour with the addition of 

the tag or the process of tagging the animal, and, if 

changed, to determine whether the behaviour 

returns to 'normal' or not, and if P does how long it 

iakes to do so. 

Chapter 2- 

Literature 

Review 

Chapter 3- 

Video Analysis 

- 

Chapter 4 - 
RAPT Analysis 

Chapter 5 - 
Comparative 

Discussion 



5) ( To give an outline of Loligo behaviour as seen in Chapter 6 - 
and around the Aguihas mating grounds. Egg Bed 

Observations 

6) To give a summary of the strengths and Chapter 7 - 
weaknesses of the observation rnethods (RAPT vs. Summary 

Video) and suggest the types of analysis that carn be Conclusions 

performed successfully by each. As well as outline 

the unique findings of this experirnent and suggest 

where to go to from here. 



CHAPTER 2 - LITERATURE REVlEW 

This chapter compares historical observations of loliginid squid from around the 

world over centuries, quoting authors directly to reflect both their observations 

and their changing biases. Thus, this is a chronological review of the 

development of human understanding of the spawning behaviour of squid over 

the  past two millennia. 

Cephalopod reproduction has long been of interest to man. However, the 

capacity to effectively enter the manne world for the length of time sufficient to 

observe social interaction of such a srnaIl species moving rapidly around in a 

three dimensional space only recently became a reality. Prior to this century 

conditions in the natural habitat of marine animals virtually precluded effective 

analytical observations of the reproductive phases of their life cycles. Visual 

study of captive specimens maintained in tanks augrnented by limited field 

observations by fishermen and researchers, who saw ongoing activities under 

conditions of Iimited time and space, provided the only reference points 

available. From the earliest writings, the Iiterature has focused on the copulatory 

phase of the reproductive activities, and tended to refer (by virtue of the 

capabilities of human eye and eye-hand coordination) to the activities of a few 

anirnals or a single individual obsenred at a particufar time. 
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In 191 1 Drew illustrated the long natural history interest man has held for squid 

and their manne relatives when he noted "Aristotle makes several staternents 

regarding the breeding habits of  cephalopods." (Drew, 191 1, p341). Whether 

Aristotle's twenty three hundred year old text was partially based on actual 

observations of mating animais, or was simpfy what he understood from tales of 

fishermen is difficult to know. Drew's choice of sections suggests that Aristotle 

was aware: of the hsad to head f o m  of mating. that while the male and fernale 

swam together the male used one of his amis which appeared to be somewhat 

adapted to place sperm into a çpecific receptacle in the female's body, and 

during the spawning time the males appeared to be more aggressive of the two 

sexes, and they took on specific colouration patterns (Drew, 191 1). 

One of the first modern observers was Drew himself, whose own work was 

reported in the above noted 191 1 paper. Drew based his observations on captive 

squid, Loligo pealei, maintained in aquaria in the Marine Biological Laboratory, 

Woods Hole, Massachusetts. Much of what he wrote remains as standard 

information on Loligo pealei His observations were of sexually mature squid 

which had been caught in fish traps and confined to relatively srnaIl aquaria 

(Drew, 191 1). Thirteen carefully drawn biological figures accompany Drew's 

paper which focused on mating and egg-laying sequences; 

Squid have two methods of copulation. By one method sperm reservoirs 
are attached in the mantle chamber on or near the oviduct and 



immediately begin to discharge their contents freely in the water. By the 
other method sperm reservoirs are attached to the outer buccal 
membrane and the sperm becorne stored in a special receptacle in the 
membrane.. . . 
The left ventral a n  of the male is always used in transfemng the 
spermatophores, 

(Drew, 191 1, p350) 

The egg strings are composed of two kinds of jelly. One kind is supplied 
by the oviductal gland and the other by the nidamental .... 
From the funnel the egg string is drawn between the circlet of arms ... 
Fertilization evidently does not take place inside the oviduct. It doubtless 
may take place in the mantle chamber when sperm reservoirs are present 
there, and .... sperm are liberated from the receptacle while the eggs are 
between the arms. 

(Drew, 191 1, p351) 

In 1954 McGowan published observations on the spawning activity of the loliginid 

species most common on the west coast of North America, Loligo opalescens. 

McGowan noted that his direct observations, as undertaken in Monterey Bay, 

California, would allow him to "corroborate and supplement the observations of 

Drew and ... others" (McGowan, 1954, p47). 

McGowan utilized three study methods: divers observed the most important 

known spawning areas and recovered eggs; plankton hauls for squid larvae were 

done, near the water surface and at the bottom, to determine when hatching took 

place and how long the larvae remained in the vicinity; and, eggs were reared in 

the laboratory to determine length of time required for hatching, and to provide 

latvae of a known age to assist in the identification of those caught in the 

plankton. 



Unfortunately the field observations were mounted too late in the spawning 

perïod to see any significant pre-copulatory behaviour. Divers encountered large 

egg masses "attached to the sandy bottom along the general trend of the 50-foot 

contour" and observed rnating, but the end of the season was obviously near as 

"the bottom was littered with dead and dying squid" (McGowan. 1954, p49). 

McGowan wrote: 

Thete were great numbers of actively swirnming squid in the immediate 
vicinity of the mass. Many females were seen depositing their egg 
capsules around the periphery of this rnass .... The egg capsules were 
never attached to protruding objects ... but always to the base of some 
previously laid egg capsule. A short distance above the egg mass 
copulating pairs were seen- 

(McGowan, 1954, p50) 

McGowan noted that onfy the first of the two copulation methods described by 

Drew for Loligo pealei were seen in this observation of Loligo opalescens. H e  

suggested that since sperm was also found in the buccal seminal receptacles of 

the females the second method must also used but "it seems Iikely that the squid 

use it sorne time previous to their arriva1 on the spawning grounds" (McGowan, 

A 1957 report by Harnabe and Shimizu details observations on squid behaviour 

during spawning (Harnabe and Shimizu, 1957). The cross sectional diagram 

drawn as their figure 5 could well be a graphical representation of the spiral 

swimming pattern of Loligo vulgaHs reynaudii seen in the video records filmed in 

the study area which is the focus of this thesis (Figure 1). 



FIGURE 1 

Matinci Grou~s and Soawina Bed - LOLIG~NIDAE 

(Harnabe and Shimizu, 7 957) 

Coing round and round in many small groups. chey corne near the surface 

where mating takes place. They descend together to the sea bottom and 

spawn collectiveIy as though to form a spawning bed 



Arnold's 1962 paper noted observations on Loligo pealei social behaviour 

associated with courtship and mate selection seen in the laboratory and 

"confirmed by watching squid in their natural habitatg' (Arnold, 1962. p53). In the 

introduction the author stated "This paper is an attempt to show that Loligo 

pealei has a social structure concerned with its mating behaviour (Arnold, 1962, 

. p53). 

Initial erperimentation involved lowering a naturally laid egg rnass tied to a cotton 

cord into one corner of the tank occupied by a small school of male and female 

squid swimrning parallel to each other, "moving back and forth in synchrony" 

(Arnold, 1962, p54). The animals had been chosen randomly from a larger 

group, no evidence of any social pattern was observable, and it was assumed no 

mate selection had occurred. When the egg mass was lowered into the tank the 

squid immediately "broke formation" and individuafly investigated it (Arnold, 

1962, p54). One after the other, squid, both males and females, swam towards 

the egg mass with their amis fonning a pointed cone, occasionally the egg mass 

would be flushed with spurts of water from the funnel of an approaching squid. 

They appeared to feel the egg mass with their ams then dart away and rejoin 

the group. "The stimulus seemed to be cornpietely visual because of the speed 

with which the squid responded" (Arnold, 1962, p54). During later observations 

artificial egg masses constructed of water filled tubing elicited similar responses 

in captives, whifô dangling an egg mass from a string in front of a school of squid 



in shallow water off a dock or from a anchored boat accomplished the same 

result. 

The investigative behaviour noted above was immediately followed by what 

Arnold called "dominance determination behavior" (Arnold, 1 962, p55). It began 

with the males raising one median am above the rest and waving it, sham 

battles followed wherein the males rushed at each other but rarely touched. 

Males developed dark brown lateral areas at the base of the arms, a colour 

pattern characteristic of sexually aroused males. Any given male could be seen 

trying to place hirnself between the female of his choice and the rest of the 

group. Any approaching male was threatened by a waving of the median am. If 

intruders persisted the conflicting animais burnped tails, displayed dark colour 

spots along the lateral margins of the fins and even bit each other. Arnold states: 

This behavior continueci between ail males in the tank until one male was 
established as a dominant male..-The subordinate males each selected a 
female and would undergo sirnilar combat among themselves. An 
individual's position in the social structure seemed roughly correlated with 
its size..--0nly rarely did one of the rnateless males succeed in displacing 
a mated male. If a new male was introduced to a group that had 
established a social structure he would immediately be challenged by the 
other males until he was integrated into the social structure. This would 
often result in a displacement of an established male and the displaced 
mate would then displace his subordinate .... Only rarely did any male 
attempt to change its mate spontaneously. 

(Arnold, 1962, p55-56) 

The behaviour of the females was less active. Nomalty a female would 
show a slight avoidance of a male but seerned to have no mate 
preference. While mate selection and challenging went on between the 



males, females paid no apparent attention. Once the social structure 
arnong the males was established the males attempted copulation with 
the fernales. 

(Amold, 7962, p56) 

Arnold suggests that the visual stimulus of an egg mass "elicits sexuaf 

behaviour" and goes on to state: 

This would explain the fact that egg masses are often found attached to 
Fucus or sirnilar sea weeds. Several fernales deposit their egg strings on 
a common egg mass which agrees with this hypothesis .... Undoubtedly. 
there rnust be another stimulus that elicits the original mating that results 
in the formation of the original egg mass ... it is possible that the original 
mating occurs spontaneously. 

(Arnold, 1962, p57) 

For work on his dissertation. which was later published as Fish Bulletin 1 31 by 

the Department of Fish and Game in California, Fields studied motion picture 

film sequences of captive squid taken in 1946 for the purpose of analyzing 

matingkpawning behaviour. "When transferred alive from fisherman's nets into 

suitable aquaria, groups of L. opalescens continue to mate and spawnt' (Fields. 

1965. p39). 

Fields' su bjects were Loligo opalescens from the Monterey Bay reg ion: 

Fernale squid seem to differ in their ability to attract males, for several 
males may single out one or two fernales from a group and mate several 
times with thern, ignoring the other fernales present. Later, as rnating 
activity increases, there is general participation. but again certain fernales 
are in greater demand than others .... These observations suggest that 



females ready to mate produce a defusible rnaterial that attracts the 
males. 

(Fields, 1965, p4142) 

Fields noted the progressive aspects of colouration (red chromatophores) in 

male squid as they become "excited" and during the mating activity. (Fields, 

1965, p42) He observed the second type of copulation (the head to head 

activity as discussed by Drew, McGowan and others) only once, and suggests 

that it may occur prirnarily during early sexuaf maturïty out in the open ocean 

(Drew, 1 91 1 ; McGowan, 1954). 

Fishery management was a prime consideration in Fields' research. He looked 

at the environment of spawning grounds and the timing of the spawning season 

as well as the activities of the animals themsetves. 

L- opaiescens is known to spawn ... in depths of 10 to more that 115 feet, 
frequently in sheltered bays, where the sea floor is of rnud or sand ... 
Various types of evidence were useful in defining the squid's spawning 
season. The best evidence is the presence of egg masses: these show 
not only that spawning has taken place but, by the degree of embryo 
development, tell when it occurred.. .. 
Another evidence is the readiness of the anirnals to spawn when they 
corne into this vicinity. The commercial catch consists entirely of mature 
squid, rnost of them gravid .... These evidences strongly suggest that the 
squid fishery is based entirely upon schools of spawning animals, and 
that the seasons of availability are, therefore spawning tirnes. 

(Field, 1965, p44) 



In the final section of the report Fields notes "Indirect evidence derived from 

several sources confirms the observations that squid die after spawning once" 

(Field, 1965, p95). In discussion about the changing size (smaller size) of squid 

in the California squid fishery he discusses both the loss and the seasonality of 

available food supplies within the region, and the relationship the two distinct 

squid populations which utilize the same spawning grounds during two times of 

the year (one from January to June and the other July to December) may have 

with specific oceanographic conditions and food sources. 

In June 1967 two night dives in 30 feet of water off great Stirrup Cay, Bahamas, 

provided observers in a submersible an unique opportunity to observe sexually 

mature squid (Domeuthis plei [now reclassified as Loligo pleq) within their 

natural habitat. Unfortunately, the observers note "We saw no courtship or mate 

selection on either night ... the mated pairs were already established on the 

onset of our observations" (Waller and Wicklund, 1 968, p l  iO). 

However, their mode of observation was a milestone in squid research. Two 

1000 watt undersea lights light up the immediate vicinity and.through the 

window of the submersible researchers saw spawning squid within their natural 

(except for the Iight) habitat. 

..thousands of squid, in great activity, appeared in the area illuminated by 
the lights. The cephalopocis were densely concentrated near the 



bottom ... we soon realized that is was not an aimless performance but a 
mass rnating phenomenon. With few exceptions. the squid were paired 
off and, at a given time several dozen pairs could be seen mating. 

(Waller and Wicklund, 1968, p l  10) 

Waller and Wicklund state that the mating of Loligo (Dogdeuthis, to them) plei 

was similar to that other authors such as Drew, Arnold and McGowan described 

for Loligo plei and Loligo opalescens (L. plei Drew, 1 91 1 ; Arnold, 1 962 and L, 

opalescens McGowan, 1954) The authors noted males underwent a colour 

change when they were challenged by other males and that sornetimes two 

males "perforrned elaborate maneuvers in unison around a single female before 

one of them released ink and darted away" (Waller and Wicklund, 1968, p l  10). 

The observes commented that they did not see the "sexual avoidance 

responses" of the females which were noted in the above three references 

(Waller and Wicklund, 1968, p l  10). Nor did they see an evidence of mortality at 

the spawning site. 

Occasionally, a second male moved swiftly in on a mated pair and 
attempted to grasp the female. Inevitably, a struggle followed and 
sometimes one of the three released ink before contact was broken. The 
original pair often reunited and mated after the encounter ... The females, 
always smaller than males, were acquiescent to copulation except when 
a stray male intruded. 

(Waller and Wicklund, 1968, p l  10) 



Both forms of mating were seen, but the head-on position was noted only a few 

times. lmmediately after rnating the fernales darted down and irnplanted an egg 

strand in the calcareous sand bottom. The single strand egg capsules were 

implanted very close together, and as spawning progressed they began to forrn 

a mop-like cluster. The cfuster fomed under the fioodlight during the initial night 

of observations was 3 4  feet in diameter. 

In their 1981 paper Griswold and Prezioso compare their 1979 observations of 

Loligo plei spawning in nature in Narragansett Bay, Rhode Island to those of 

Drew and other above noted authors (Griswold and Prezioso, 1981). Their 

description differs from that of the other authors referenced thus far, and they 

begin their discussion by stating "The social hierarchy involving egg deposition 

differs from species to species" (Griswold and Prezioso, 1981, p946). 

During a rnidday dive the authors noted a squid egg rnass (50-60 cm in 

diameter) attached to one side of a srnaIl boulder resting on a sandlmud 

bottom. As they observed the site: 

Squid began to appear ... and moved toward the egg mass in a 
semicircle. They stopped about 2.5-3.0 rn from the mass and remained 
stationary approximately 1 m off the bottom. The squid were well-defined 
pairs with the smaller fernale (mantle length 16-1 8 cm) parallel and on 
the left of each male (20-22 cm) ... The animals had moderate 
pigmentation over the mantles, but we did not observe distinctive spots ... 



nor did we observe color changes ... ail the animais appeared to be in 
good condition. 

(Griswold and Prezioso, 1981, p945) 

Griswold and Prezioso did not see rnating activity as documented by earlier 

references, but observed an egg-layiog sequence: 

One pair of squid at a time approached the egg mass with their arrns 
held forward and tentacles extended .... They intertwined arms as they 
extended them into the egg mass. The amis of the female appeared to 
move de!icately over and among the existing fingers of eggs. Each pair 
that approached the egg mass stayed 2 4  s then moved backward into 
the same position it had previously occupied in the semicircle. At that 
time another pair moved forward. There did not appear to be any order in 
which pairs approached the egg mass, however, no more that one pair 
approached at any given time. The same pair approached more than 
once- 

(Griswold and Prezioso, 1981, p946) 

In the first volume of the series Cephalopod Life Cycles, Species Accounts 

edited by Boyle and published in A983, spawning activity is an integral part of 

each of three chapters focused on loiig in ids: Hixon reviewed Loligo opalescens 

of the northeastern Pacific, Summers wrote on Loligo plei in the notthwest 

Atlantic and Worms discuss Loligo vuIgaris from the northeastern Atlantic and 

Mediterranean (Hixon, 1 983; Summers, 1983; Worms, 1 983). In 1 984 Arnold 

drew on his earlier work and that of many others when reviewing available 



knowiedge on squid mating and courtship in a section he compiled for The 

Molluscar Reproduction (Arnold. 1 984). Both these volumes represent 

compilations of knowledge circa eariy 1980's. They are useful as reviews, but 

neither contains previously unpublished information. 

The 1980s saw significant development in collaborative programs which brought 

South African fisheries and academic based researchers together. Publications 

based on biological research, fis hery prod uctivity and management focused on 

Loligo vulgans reynaudii began to attract attention near the end of the decade 

which increased during the first half of the 1990s. Among these papers were 

several which provided invaluable background information to this study, 

including: Augustyn, 1 990, 1991 ; Augustyn and Grant, 1988; Augustyn et al. 

1993, 1994; Sauer, et a/+ 1991, 1992, 1993. 

The March 1994 issue of the South Afncan Journal of Science was a special 

issue focusing on "Science on the Agulhas Bank". One particular paper "Chokka 

squid on the Agulhas Bank: life history and ecology" authored by Augustyn, 

Lipinski, Sauer, Roberts and Mitchell-lnnes further 'set the stage' for the 

commencement of the Acoustic Tagging and Environmental Study, the urnbrella 

research which provided the data anaiyzed for this study (Augustyn, et al. 1 994) 

Loligo vulgaris reynaudii was the focus of the lead author's 1989 dissertation, 

and in the 1994 paper he and his colleagues provide an exceptional summary of 



available biological knowledge of this particularly important South African fishery 

resources. In an abstract of a more recent paper Augustyn notes: 

This subspecies is the basis of the only commercial fishery for 
cephalopods in southeni. Africa. It is also the most valuable South African 
fishenes, currently eaming more than RIO0 million (US $23 Million in 
1997) in exports. 

(Augustyn, 1996) 



Undenivater video recording was done directly over an active egg bed in 

South Africa's South-East Cape region. The video clips were analyzed for 

behaviour patterns using medians of speed, Net to Gross Displacement 

Ratios (NGDR) of 0.96s time clips, and spatial utilization as well as 

observation of interactions, environment, and direction. The visual 

behaviour patterns thus created were cornbined with Iiterature accounts 

and first hand observation to detemine normal (untagged) behaviour 

around the spawning site. The 'normal' behaviour presented by this video 

analysis will provide a representation comparable to those found in the 

radio acoustic telernetry section. 



INTRODUCTION 

The traditional method of recording behaviour is to observe by eye and 

record by hand. There are numerous studies that have used this rnethod 

to record squid behaviour, dating back to Aristotle's studies of habits and 

anatomy (Drew, 191 1)- Written recordings are of limited value, however. 

They lack precision, are prone to bias and often miss key elements of 

mannerisms or even entire behaviours. Due to its imprecision, data from 

(human) observational records are dificult to analyze for exact times or 

locations. Thus, neither speeds nor relative spacing can be deterrnined. 

Also, many anirnals in the same vicinity cannot be  observed 

sirnultaneously; so that, for rnany observational experiments hand/eye 

recording does not provide adequate accuracy. 

A much more precise method in tems of temporal and spatial detail is 

video recording, aithough resolution of image detail may be less than 

direct observation. Over the years, video recording has supplied 

researchers with valuable information on animal behaviour. In addition to 

precision, video has the advantage of allowing the review of behaviours 

that may otherwise be missed or mistakenly recorded by handleye 

record ing . 

Video recording allows greater precision in the observation o f  subjects in 

their natural habitat. This grantç researchers the ability to 'stand back' 

from the subjects and observe behaviour on a larger scale. Improving the 



possibility of clear observation of behaviours in the wild allows subjects to 

be better understood (Hoar, 1994; Griswold & Prezioso, 1981). 

Unique body and chrornatophore patterns have been widely used to 

recognize and characterize specific cephalopod behavioun (Hanlon, 

1982). However there are a number of elements of behaviour, the 

catagorization of behaviours using patterns of body movement can 

provide similar information, with the advantage of spatial significance. 

These patterns of movement can be recognized on video or readouts 

created by Radio Acoustic Positioning Telemetry (RAPT) systerns. The 

two recording rnethods, video and acoustic, provide relatable data. 

The purpose of this experirnent was to record the behaviour of Loligo 

vulgaris reynaudii over the inshore egg bed in the South African South- 

Eastern Cape region (Figure la) with an undenvater video carnera. This 

allowed description and classification of untagged squid behaviour. The 

three main elements of the animal's behûviour observed are: (1) Patterns, 

(2) Records of speeds, and (3) Net to Gross Displacement Ratios (NGDR) 

readings from the lines created from frame by frame analysis. Al1 these 

initially entai1 the sequencing and categorizing of events. In combination 

they allow behaviours to be clearly defined in tenns comparable to the 

output obtained from RAPT systern analysis. 



FIGURE 2~ 

The South African Shore Lirîe 
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EXPERIMENTAL DESIGN 

The video recordings were originally meant to document reproductive 

behaviour of Loligo vulgans reynaudii However. they are used here to 

analyze the specific actions encountered in the movements related to 

spawning behaviour, in a rnanner that can be cornpared to the RAPT 

systern outputs. 

In November 1993. the South Eastern Cape coastline between Port Alfred 

(33' 36' 57" S. 26' 55' 51" E) and the Tsitsikamma Coastal National Park 

(34' 01' 81" S. 23' 56' 43" E) was the target of 33 videoed dives (Figure 

1 b). St. Francis acted as the base station for the launching of the 

research vesse1 'Lang usta'. 

A support crew captained by Peers Pittard, included Dr. Malcom Smale 

and Dr. WaMck Sauer accompanied Dr. Roger Hanlon to previously 

selected areas. 

Dives were conducted throughout the last three weeks of Novernber 1993 

off of the 'Langusta'. Although surface weather conditions were favorable 

throughout the allocated time. deep-water dives (3540m) were often cut 

short due to rough seas and difficult diving condÏtions (Hanlon, 1999). 

Undemuater visibility was fair (4-6m) on most days chosen for the dives. 

Water temperature stayed at approximately 50°F. The length of the dives 

varied between twenty (20) and forty (40) minutes due to the waier depths 

that often reached 40m. In total. the dives yielded a series of twenty-four 

(24) hours of discontinuous undenivater 



video-graphy. Recording was done with a Sony HI-8MM carnera in a 

'Quest' housing, using Hl-8 tape. 

Editing of the series of video recordings was perfomed in April 1999, in 

the Marine Biological Laboratory, Woods Hole, Massachusetts. The 

selection of video sequences prepared during the editing process included 

a range of squid behaviours recorded near an egg bed and in the 

surrounding area. Choices were made based on the claflty of sequence 

appearance. usefulness for analyzing patterns based on discemable 

features, and observation of interactions. 

Basic behaviour sequences were broken down into actions. which were 

spilt into categories based on the subject's gender. The categories were 

charted and followed through frameç of video. Analysis was done to 

define distinct patterns of movernent in reference of circuitousness 

(NGDR). speed (cm s -'). direction and environment, and the results are 

shown in categorical relation to each other (e-g.: male approach compared 

to female approach). 

The recorded behaviours are discussed in terms of turning frequency 

allowing the directness of the various paths to be assessed. This was 

done by noting the changes in tuming behaviour indicated by the net to 

gross displacernent ratios (NGDR) of 0.96s segments of the paths 

traveled. An increase in the NGDR indicates a straighter swimrning path, 

while a decrease in the NGDR indicates a more circuitous path (Buskey. 



1989). Sirnilar NGDR's recorded here imply congruency within the 

repeated actions. 

Movement patterns derived for the categories provide time series of 

positions. These recorded positions allowed the calculation of speed as 

distance over time. The speed at which each action occuned was 

calculated from the distance between positions over the time in which the 

action took place. Acceleration was zscertained from the change in 

distance between sequential positions. The cornparison of speeds further 

documents the relative consistency within the categories. Direction and 

environment are continually noted and referred to as they provide 

patterning knowledge and reference points, as well as aiding in 

establishing categories. 

The recorded approaches retreats and behaviors around the egg bed c m  

be discussed in tenns of turning frequency thus allowing the directness of 

the various paths to be assessed. This is done by noting the changes in 

tuming behavior indicated by the mean to gross displacement ratios 

(NGDR) for the 96s segments of the paths of travel. 



The video-tapes were taken to Dalhousie University, Halifax Nova, Scotia 

for frame by frame analysis. Examination of the images on the video-tapes 

were undertaken at the Dalhousie Biology Department with a time lapse 

video cassette recorder (Panasonic model# AG 6750A). After description 

of the entire taped sequence, segments were categorized and labeled as 

identifiable actions. Obsewed behaviours were subdivided into those that 

directly related to a) the laying or attempted laying of eggs, or b) those 

which took place in the surrounding area. The paramount division being: 

noticeable changes in velocity (directional speed). The behaviours were 

then broken down into thirteen (1 3) distinct actions: eight (8) related 

directly to the laying of eggs, five (5) that relate to activity in the 

surrounding area. Allowing for variation in activity between males and 

fernales within the observed behaviours, a total of nineteen (1 9) 

mtegories were identified and labeled (Table 1- Behaviour Categories). 



Behaviour Cateciories 

The approach (within 2m of the egg rnass): males (1 M), females (1 F) 

The attempted approach (within 2m of the egg rnass): males (2M), 

females (2F) 

The laylattachment (within O - 0.5m of the egg mass): females (3F) 

The hover during a lay (within O - 0.5m of the egg mass): males (4M) 

The attempted lay (within O - 0.5m of the egg mass): fernales (5F) 

The hover during an attempted lay (within O - 0.5m of the egg 

rnass): males (6M) 

The retreat after a lay (within 2m of the egg rnass): males (7M), 

femaies (7Ç). 

The retreat after an attempt (within 2m of the egg mass): males 

(8M), females (8F). 

9 Circling clockwise or anti-clockwise or general swimming (1 2m from 

the egg mass): males (9M), females (9F) 

10 Swimming & 2rn from the egg mass): males (1 OM), females (1 OF) 

11 Hovering (1 2m from the egg mass): males and females together 

(1 1 B) 

12 Mating (1 2m from the egg mass): males and females together (128) 

13 Agonistic behaviour (2 2m from the e w  masç): males (1 3M) 



The documented occurrences, al1 with corresponding tirne frames, were 

assessed for five (5) clear examples of the categories selected above. In 

this instance. clear is defined by four (4) aspects: video quality, angle of 

camera, centralired focus of both subject and reference, and the ability to 

conclusively label the action in only one of the categories given. 

Video quality. Image clarity had to be optimized by increasing the contrast 

with respect to colour proportions (chrome). This produced reiatively sharp 

lines that ailowed distinctions behnreen actions and hence categories to be 

made and positions drawn. Undenivater videography is difficult enough 

without worrying about picture sharpness while taping. In general, the 

video was al1 useable, even though VHS does not allow for overly high 

resolution (240 lines of horizontal TV resolution). There were only a few 

sections that had to be disregarded due to lack of picture clarity. 

Camera angle. Camera angle involves two considerations, the horizontal 

and vertical pfanes. First, the predicament caused by changes in the 

vertical plane. The shots were often taken while following the subject in 

order to film an entire action. Therefore, the camera angle was constantly 

being adjusted. To correct for this in each sequence, a fine on the ocean 

floor or some other reference was used to establish a reference distance. 

This reference allowed for the triangulation necessary to calculate the 

changing measurements proportionally. Changes in the horizontal plane 

result in a parallax. To avoid this the squid had to be captured during an 

action, which occurred within 30' of parallel to the camera lens. This 



allowed the measurements to be taken without the interference of 

distortions mused by movernent in the direction towards or away from the 

carnera. This degrees from parallef limit is suggested by nurnerous 

workers in the field of video measurements (Waters and Whitehead, 

1990). The 30' limit was confinned by tests conducted on the ratio of 

change between cross-sectional radius width and length as the subject 

moved from parallel to directly facing the camera lem. The matter was 

simplified in the case of squid as their internalized pen and rnethod of 

propulsion (jetting) creates a relatively straight action so the angle of 

motion considered here does not shift significantly. 

Subject 'centralization'. The centenng of the subject in the field of view is 

important, unless the carnera's distortions have been graphed and taken 

into consideration, as any individual camera and additional set up has it's 

own particular distortions of space which are greatest near the edges of 

the lens. Following the subject through the actions actually reduced this 

effect on the subject, which rernained in the central zone of the camera 

lens (Figure 3). Edge effect may have altered the reference distances 

(although most references were relatively central), however, reference 

points are less sensitive (because total distances are greater). 



FIGURE 3 

Centralkation 

Following the subject through the actions, keeping the subject in the 

central zone of the canera lens- 



Categorization. Placing an action into a category meant that the entire 

sequence of events had to be assessed and understood. Any action that 

was not seen from its obvious initialization, its visual conclusion, or led to 

an undistinguishdble result (Le. laying of eggs or not) was not used. 

Once a clear example was located it was brokn into frames, each 

representing 0.32 seconds (Figures 4a- 4i) and copied on to acetate paper 

(which had been tdbped to th8 video screeh). 

4a) Pair Approach egg mass (time Os) 



4c) Female descends towards egg mass (time 64s) 

4b) Pair continue to Approach egg rnass (time 32s) 



4d) Male hoven while female prepares to attach egg string to the egg 

mass (tirne 96s) 

4e) Male hovers while female attaches egg string to the egg mass (time 

128s) 



4f) Male hovers while female secures egg string to the egg mass (time 

1605) 

49) Female begins to retreat (time 1 92s) 



4i) Pair retreats after successful lay (time 256s) 

4h) Male follows female in retreat (time 224s) 



The initial frame copied included 1) the subject, both size and initial eye 

location and, 2) the baseline which included reference to the egg bed and 

the size and orientation of the reference point which was usually a large 

brain coral next to the egg rnass. The frames were advanced in 0.32 s 

intervals and the same information was copied at each point (Figure Sa). 

The information was then transferred ont0 graph paper. The transferring 

process had two goals: one to free up the acetate paper for the next 

sequence and the other to realign the dots (eye positions) that had been 

created in a representative pattern, thereby depicting the actual path of 

action (Figure 5b). 



Recordina frame bv frame seauences 

Recording from Video screen to Acetate 
-- - .- 

The baseline (ocean Roor) is drawn, including 

the egg mass under observation 

The reference point is drawn 

The subject is drawn (mantle length and eye 

position recorded precisel y) 

- -  

The frame is then forwarded (0.32s ahead) 

The referenœ point and eye spot are marked and 

q g  mass movement is noted 

1 6 1 5 is repeated until the action ceases at which point 

the acetate is removed from the video screen 



Recordinci frame bv frame secruences 

Recording from Acetate to Graph Paper 

The baseline (ocean fioor) and the egg mass under 

observation, are drawn near the bottom of a 

horizontal piece of 85x1 l in, -l cm cubed graph 

paper 

The reference point is drawn 

The subject is drawn (mantle length and eye 

position recorded precisely) 

- - 

The reference point is corrected to match its next 

1 

2 

3 

4 ,  

5 

point and the eye-spot copied to its new location. 

- 

- 

I 

A 

! - 
- 

made during the action has been copied with 1 

change of orientation, reference and baseline 

position observed and corrected for each time I 

A directional line is drawn between the two eye 

spots 
l 

mis sequence is repeated until every eye spot l 



The Net to Gross Displacernent Ratio (NGDR), a ratio of the linear 

distance covered by the path (net displacement) and the total distance 

covered by the path (gross displacement) over a period of 0.96s was 

calculated. 0.96s was chosen as the time frame for NGDR as it was the 3& 

multiple of 0.32s (10 frames), giving a "four dot' sequence from which to 

calculate tuming frequency. 

The speed of each action was calculated by dividing the distance given by 

the dot series by the tirne in which the action took place. The acceleration 

of the subject was ascertained from the spacing between the 

representative dots. The time was found from the multiplication of the 

number of frames by the time between frame intervals. The actual 

distance was found by correcting the distance that was measurable 

between the dots on the graph paper by the average size of the mantle 

length of that gender. The average mantle length of Loligo vulgans 

reynaudii males is 32 e0.4) cm and females is 21 e0.3) cm. 

The NGDR and the speeds were tabulated under each categorical label 

and descriptive statistics were calculated (n=5). The median. standard 

error and standard deviation. at a confidence level of 95% were sought for 

each category. P- values were calculated for the cornparison of attempted 

actions versus competed actions and males versus female equivalent 

actions (NGDR-Table 2; Speed-Table 4). 



RESULTS 

- - The results are divided into three sections. Section One: Visual displays 
. . 

accornpanied by textual and statistical descriptions of selected data 

showing the movement patterns of the categories given in the methods 

section. Section Two: Tables of statistical averages used to create the 

graphs and corresponding text given in section one. Section Three: 

General Observations. 

Clarification of ternis used: 

# 

M 1 The following number is for males of that category 
I 

Corresponds to the behaviourial category 

F The following number is for females of that category 

n 

X lndicates the median of the group 

Indicates the following number relates to the NGDR 

s 

Identifies the standard deviation and hence the margin of error l 

fndicates the following number relates to the speed 

1 found while performing the descriptive sbtistics on that group 1 

SECTION ONE 

The examples shown in the action graphs below have been constructed 

from actual sequences found in the data collected to produce examples of 

visual displays of movement patterns created by the subjects. There is 

one (1) second between each dot, which represents the subjecfs eye 

position at that video frame. The graphs are in 'adjustable meters' (adm) 

as. although they are meter distances, the zero point does not represent 

an actual zero. In order to display the action in the center of the graph, 

the zero points have been randomly selected; wherever possible a 

reference to actual depth is given andfor the egg mass position is shown. 



FIGURE 6 

An Ammach, Lav and Retreat 

The categories included in this display are: 1M - Male Approach. 4M Male 

Hover, 7M Male Retreat, 1 F Female Approach. 3F Female Lay, and 7F 

Female Retreat. 

(Eyespot Positions every second) 

O 4 8 12 16 20 24 28 32 
ocean floor (adcm) 



The approach (j F and 1 M) (within 2m of the egg mas)  

An approach to the egg bed is made as a pair; an escorted female with 

fertilized eggs and an accompanyingfguarding male. The pair jets toward 

a particular communal egg mass (How it is chosen is not clear.) for the 

specific purpose of attaching eggs to it The pattern followed is relatively 

consistent (1 Fn, X= 0.858 0.02)), (1 Mn, X= 0.91 6 (It 0.04)). It is also 

sirnilar between males and fernales. The female descends further as it 

reaches the egg mass and this translates in to the slightly lower NGDR for 

the female than the male. The speeds of approach are relatively siower 

than those of general swimming (1 Ms, X=I 8.1 cm-s -' 
(+ 4.2)), (1 Ms X= 16cm-s -' @ 1.3)). The male has a relatively constant 

deceleration as it approaches. levefing off b the hover (4M). The female 

approaches in a position below and slightly behind the male with a slightly 

lower speed. 

The layiattachrnent (3F) (within O - 0.5m of the egg mass) 

The successful attachment of a string of fertilized egg to the communal 

egg mass by the laying female. The female attempts to hold position as it 

attaches the egg string, hence the low NGDR (3Fn, X= 0.431 (+ 0.02)) 

and speed (3Fs. X= 7.0cm-s -' (+ 6.2)). It is not zero due the movernent 

caused by the cürrent and vertical motion in the water column that affects 

positioning . 

The hover during the lay (4M) (within O - 0.5m of the egg mass) 

The male attempts to stay close to the female as she lays, this requires 

an almost looped hover allowing a relatively stable position above the 



zero, as water currents and general movements in the water column affect the 

male. 

Retreat after a lay (7F 7M) (within 2rn of the egg mass) 

Departure from the egg bed after the egg string is attached. The subject's body 

line does not change direction from the approach, therefore there is no looping or 

turning in the pattern line- Hence the high (straight) NGDR's (7Mn, X = 0.924 

+0.02), (7Fn. X = 0.787 2 0.1 8). The speeds (7Ms, X = 17-70 2 9.56crn-s -'), - 
(7Fs,X= 18.1 0 + 5.82cm-~-~ ) are similar to the approach but acceleration is 

greater. 



FIGURE 7 

An unsuccessful Approach, Attempt (at Lavinci) and Retreat 

The categories included in this display are: 2M - Male Attempted Approach, 6M Male 

Attempted Hover, 8M Male Attempted Retreat, 2F Fernale Attempted Approach, 5F 

Female Attempted Lay, and 8F Female Attempted Retreat. 

(Eyespot Positions every second) 

15 20 25 
ocean fioor (adcm) 



The attempted approach (2F AND 2M) (within 2m of the egg mass) 

The approach is "attempted" when the above process of approaching is for 

sorne reason disrupted. Hence it is has a pattern very similar to the approach 

IF versus 2F p-value = 0.93. M&F2 appears to be more 'cautious' hence the 

lower NGDR's . as the route is usually less direct. As an attempt is terminated 

before the lay sequence. there is often a rerouted pattern at its end, another 

explanation for the just slightly lower NGDR's (2Fn, X= 0.742 + 14). (2Mn. X= 

0.898 + 0.03). The p-value between f Fn and 2Fn is 0.13. The p-value 

between 1 Mn and 2Mn is 0.51. The speed is slower for the males (2Ms, X = 

13.4 2 2.36cm-s -'. The p-value between 1 Ms and 2Ms is 0.07. The 

deceleration is not as apparent as 1 is in the approach. The females 

attempted approach is just slightly faster than one resulting in a successful 

la y. 

The attempted lay (5F) (within O - 0.5m of the egg mass) 

The lay is "attemptedn when the process of laying is for some reason 

disrupted. The attempted lay therefore has a slightly h igher averaged NGDR 

than the successful lay (between 3Fn and 5Fn p = 0.37); this is expected as 

the line becomes straighter as it jets off due to the disruption (e-g. fright). This 

reaction is 

High-lighted by the slight increase in speed (SFs, X = 12-34 + 4.5cm-s -' . 
between 3Fs and 5Fs p = 0.20). 

The hover during the attempted lay (6M)(within O - 0.5m of the egg mass) 

The male reacts to the female's sudden retreat and accompanies her out 



to the periphery of the laying zone. Hence the straightening of the line and the 

slightly higher NGDR's than occur in a hover during a successful lay (between 

4Mn and 6Mn p = 0.41). The speed (6M. X = 11 -04 2 3.7cm-s -' ) increases 

slowly as the reaction to the fernale's retreat is often quite delayed. 

The departure after an attempt (8F and 8M) (within 2m of the egg mass) 

Premature departure Le. before the egg string is attached to the egg mass. 

There is no looping or tuming in the pattern line. Hence the very straight 

NGDR (8Fn. X = 0.94 5 0.04), (8Mn. X = 0.92 + 0.1). The lower NGDR of 

the male can be attributed to the fact that male reacts afier the female (p- 

value = 0.6). The mean NGDR for females found in the departure after an 

attempt is higher than atter a successful lay (p-value = 0.14) as they are 

reacting to a disturbance (example the passage of a potential predator) they 

clear the area as quickly as possible (a straight line)- This 'clearing' is 

reflected in the faster speeds (8Ms1 X = 25.4crn-s-' 21 7.5 ), ( 8F1 X = 33.4 2 

26.42crn-s -' ). The large variations found in the standard deviations c m  be 

reconciled by the fact that the reactions are based on the degree of the 

disturbance that causes the lay to be aborted. 



FIGURE 8 

Parallel Matinci at -1Om 

The categories included in this display are: 128 Both Male and Fernale Mating 

(Eyespot Positions every second) 

6 9 

distance (adcm) 

y - female --- male 



MaCng (12F and 12M) (12m from the egg mass) 

'ParaIlel' or 'head to head' mating positions are used by the subjects interrupting 

their circling of the egg bed. Speed slows down slightly as the pair joins. (12Bs, X 

= 15.31 + 0.66cm-s -') The NGDR temains quite similar to the general circling 

(12Bn, X = 0.800 + 0.05). 



FIGURE 9 

Agnostic Behaviour 

The categories included in this display are: 13M Male Agnostic Behaviour 

(Eyespot positions every second) 

5 10 15 20 25 30 

distance (adcm) 

-- fernale ---- male 



Agonistic Behaviour (131) (12m from the egg mass) 

Males compete for mating privileges and often battles erupt. Fighting occurs 

anywhere and often there are numerous tuming points; however, in between 

these points are surges that are often very fast and very straight having resulting 

high NGDR (13Mn. X = 0.932 + 0.04 ), and fast speeds (13Ms. X = 67.7 5 

5.60cm-s -' ). 



The categories included in this display are: 9M Male Circling, 9F Fernale Circling 

however notes on swimming M l  0 and F I  O and hovering M l  1 and F I  1 are included 

as the 3 behaviours often occur together 

- -- -- - --(Eyespot positions euery second) 

O 4 8 -l2 
distance (adcm) 

1 

i female - male 
_ -  __ - - - - 



Circling (9F and 9M) (Z 2m from the egg mass) 

The subjects circle (usually in a clockwise direction) the egg bed from early 

morning to late aftemoon. Although the end product movement is circular the 

0.96 s interval over which the NGDR was calculated results in a very straight 

line (9Mn. X = 0.966 + 0.02). (9Fn. X = 0.945 + 0.05). This implies a general 

smooth circle possessing a large radius. The speeds are comparable to general 

swimrning speeds (9Ms. X= 45.5 2 7 1 -6cm-s -'), (9F, X = 43.2 2 13.5cm-s -'). 

Swimming (12F and 12M) e 2 m  from the egg mass) 

Not al1 the swimming is in Yhe circle', there is tirne spent simply in the area, 

especially in late afternoon that seems to be restricted to general swimrning 

approximately 5 - 20m from the general egg bed. This NGDR result shows 

(1OMn. X = 0.67 + 0.23)). (1 OFn, X = 0.67 5 0.1 8) the long slow turns made by 

bath males and females while swimming. The speeds are comparable to those 

of the circling (1 OMS, X = 48.4 2 13.5crn-s -'), (1 0Fs. X = 41 -3 + 12.7crn.s -' (). 
Between 9Ms & iOMs, p = 0.73, and between 9Fs and IOFs, p = 0.83). 

Hovering (1 1 F and 11 M) e 2 m  from the egg rnass) 

Hovering in the general vicinity is very similar to hovenng above the egg bed. 

Hence the NGDR's are similar. The NGDR and speed rnedians are slightly 

higher for general hovering than hovering above the egg bed, this could be 

explained by the squid no! having a specific area (e.g. the egg mass) over which 

it is attempting to stay but is simply attempting to stay in the same general area. 



SECTION Two 
Median and t-test comparison tables for NGDR 8 Speed 

Table 2: NGDR - net to gross displacement ratio 

1 Categories ( #  ( NGDR Median 1 Standard Deviation 1 
Approach 

I 

Attempted Approach 

LayiAttachment 

Hover dun'ng Lay 

Attempted Lay 

1M 

Hover during 
Attempted Lay 
Retreat from Lay 

I F  

2M 

2F 

3F 

4M 

5F 

Retreat from 
Attempted Lay 

I 1 1 1 1 
M - Male 
F- Female 
B* - 80th males and females featured in the same category. 

0.916 

6M 

7M 

1 

Circling 

Swimming 

Hoverhg 

Parallel Mating 

Agonistic Behaviour 

0.049 

0.858 

0.898 

O. 742 

0.43 1 

0.392 

0.448 

8M 

8F 

0,020 

0.034 

0-135 

0-025 

0.1 73 

0.030 

0.502 

0.924 

9M 

9F 

IOM 

1OF 

11B' 

12B* 

13M , 

0.230 

0.022 

0.908 

0.936 

0.105 

0.043 

0.966 

0.945 

0.668 

0.671 

0.468 

0.801 

0.932 

0.020 

0.047 

0.23 

0.18 

O. 1 08 

0.005 

0.040 



Table 3: T-tests for NGDR cornparisons 

*Fernale venus male maring is omitted as it is one (1)- 



Table 4: Speed Table 

M - Male 
F - Fernale 
B* - Both males and fernales featured in the same category. 



Table 5: T-tests for speed cornparisons 



SECTION THREE : General Observations, Spatial Orientation 

Frame by frame video analysis allowed the observation of consistently 

distinctive behavioural patterns. Wiihin the surrounding area behavioural 

patterns were identified and detailed on their own, the results were used to 

describe the categories in Section 1. However, it was the observation of 

distance from the egg mass that created a perspective within which to 

work. The spatial orientation of the behaviours could be documented and 

mapped. Areas where particular actions or behaviours consistently took 

place were identified and named. The zones created by this method are 

entirely subject to the categorization of behaviours supplied above. Their 

lirnits, names and appearance are established only by the acts perfomed 

within them. 

The egg mass has been placed in the center of this poitrayal and it is 

considered (in Figure 11 and 12) here to be undisturbed by the proximity 

of others (suggested influence, Figure 13). The laying zone immediately 

surrounds the egg rnass. Only entered by the female, its area is defined 

by the size of the egg mass. The 'approach' zone is a dorned circle with a 

radius of 9 m, only well defined pairs attempting to lay or in the process 

of laying are found here. The approach zone is edged by the 'swirn' zone, 

where antagonistic behaviours, general (afternoon) swimming and 

hovering are found. Pairs did not remain well defined although they were 

generally distinguishable. Mating and large scale circling of the area was 

conducted -10 m above the egg mass in a 5-7 m 'circling' zone -10m 

below the water surface. 



FIGURE I O  

General Spatial Orientation with in the 'Aoproach' Zone 

Swim zone 

Hovering Male 

Egg mass C- ---4 



FIGURE 11 

Zoninq Around an Eas Mass 

1 Swim zone 
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DISCUSSION 

The purpose of this study was to document the gross body movements 

and speed of the patterns dunng reproductive behaviours over the egg 

bed and in the surrounding area using frarne-by-frame video analysis, 

Thus enabling biological understanding of the RAPT analysis readouts 

(Chapter 4: 'RAPT analysis of spawning behaviour of Loligo vulgans 

reynaudir") . 

The behaviours presented in the Results section of this chapter are very 

similar to the accounts in the literature (Chapter 2: Literature review). The 

differences show up in the detail given and the change of perspective 

taken. Unlike laboratory experiments (Drew, 191 1 ; Arnold, 1962) the 

subjects were surveyed in their natural habitat and so were able to be 

considered without the physical stresses caused by the disruption of 

rnoving thern into aquaria. These physical changes may have caused 

some of the more aberrant behaviours seen in the laboratory experirnents 

(necrophilia etc. observed by Arnold, 1 962). The concentration on and 

quantification of gross body rnovements is not covered extensively in the 

older literature (hence it's detail in the previous results section) as the 

specific acts of copulation and chomatophoric changes were of greater 

interest to the researchers (Drew, 191 1. Arnold, 1965), 

It was assumed that Griswold and Prezioso (1 981) were correct in saying 

that the "social hierarchy involving egg deposition differs from species to 

species". However, it is apparent that the general observations that they 



made in 1979 of Loligo plei off the coast of Rhode Island are very close to 

the observations made of Loligo vulgarfs reynaudii off the southern cape 

of South Africa. Equivalent 'well defined [mated] pairs' were grouped in the 

same manner, making several cautious approaches from an almost similar 

semi-circle waiting area. Although Lofigo vulgans reynaudii are slightly 

larger than Loligo plei the female is significantly smaller than the male and 

very noticeable as she swims under and behind the male. The absence of 

significant changes in pigmentation and the good condition of the sexually 

mature individuals around the egg bed was akin to what had been viewed 

by Griswold and Prezioso (1 981). 

The notable differences between the ? 979 and 7 993 observations were 

that: 

1, 

Il- 

III. 

Unlike Loligo plet Loligo vulgans renauldiifemales approach the 

egg mass independently. The male hovers 0.5m above the laying 

female. 

Pairs do not wait for other pairs to finish depositing eggs before 

appr - xhing. Hence several females may 'lay' at the same time. 

The waiting area is not a defined semi-circle, but rather a loosely 

observable one. 

Pairs do not wait in attendance as Loligo plei was observed to do in 1979. 

The waiting instead is done indifferently within swim zone or not at all. 

The general spatial orientation and relation of activities to tirne periods 

could be done only for the immediate vicinity of the egg bed. As the 



camera was not in place during long periods of time, and the area that can 

be seen in the field of view is relatively srnall, too srnall to certain of the 

grand scafe spatial utilization. It should be noted, however, that the 

sexually mature pairs about to lay eggs stayed within or very near the 

edge of the 'approach zone' until a successful lay was accomplished 

unless severely disturbed and even then returned quite soon (within I m  - 
4m) before continuing, until successful in laying. 

Visual stimuli have been recorded as being very important as a source of 

sexual arousal and egg laying activities (Drew, 191 1 : Arnold, 1962; 

McGowan, 1 953). Attention is drawn here to the fact that the (hurnan 

eyeJs) water visibility has been -4 -6m on the days experirnentation has 

been done (4m -Grïswold and Prezioso, 1981 ; 4ôm reported by Rodger 

Hanlon, 1993). This is very close to the obsewable diameter of the 

approach zone. Suggesting again the communal egg mass must be seen. 

sensed and approached. The approaches described here may be linked to 

the act of fiushing introduced egg masses in aquaria (Drew, 191 1 ; Arnold. 

1 962). 

It is of interest that squid are able to hover despite the active swell, 

although maintaining a stable position even in static water is not easy or 

'cheap' as shown by Hoar and colleagues (Hoar et al. 1996). Hovering 

above the egg bed by the male and elsewhere by both genders dues take 

place despite this high cost. The obvious pairing and the discernable high 

cost hovering over the egg bed prompt a quesüoning of genetic interest 

when considered together. The need to physically stand guard at such a 



high price seems to demand a reason. 1s the male standing guard over 

his genetic interest? Does the presence of the male at the lay affect the 

genetic out corne of the spawn? There is potential for spematophores 

from different sources: off-shore mating (McGowan, 1 953), sneaker males 

(Hanlon. 1 W6), other large males (Sauer et al., 1997). and water 

transmitted spemiatophores (Drew. 1 9 1 1 ). These questions will only be 

answered by genetic testing of generational populations and so can only 

be wondered about at present. 

The lack of significant differences shown by the t-tests conducted may be 

explained by the low power of the tests done. With an n as small as 5 it is 

very difficult to dernonstrate significance. Pam'cularly when the swell is 

moving the squid during the behaviors under observation. Although the 

visual differences between the attempts and successful movernents have 

been made in the results section they are hard to corroborate with 

significance testing due to the srnall amount of data collected. 

The actual purpose of the video analysis was to be able to gather 

knowledge of the potential importance of specific movements that can be 

related to spawning behaviours. The next step is to pair the gross body 

movements displayed by action graphs. thus distinguishing patterns seen 

in the matrixes produced by the positioning software. 



CHAPTER 4 - RAPT ANALYSI s 

ABSTRACT 

In October/November 1994 and again in November 1997. a four buoy Radio- 

Acoustic Positioning and Teiemetry (RAPT) system was put in place above 

spawning sites off of the South African shore. By solving 3D hyperbolic equations 

with data received from the buoys, VEMCOm software allowed the base station 

to view and record real-tirne tracks. Statistically significant tracks were produced 

back in the lab after various smoothing techniques dealt with the on site noise 

and distortions. Tracks showed spawning behaviour of large males (32cm mantle 

length) fernales (21cm mantle length) and sneaker males (1 5crn mantle length), 

al1 of which concentrated diurnally on the inshore egg beds. 



l NTRODUCTION 

Tracking of manne animals is not new. Passive tagging has been in use for 

centuries. The information gleaned from passive tagging experirnents, planned or 

unplanned (O'Dor and Webber, 1998) has furthered our understanding of 

ecology, behaviour and movement patterns. Active tagging, the use of signaling 

or responding tags has been a more recent development in the field (O'Dor and 

Webber, 1998). 

There are various active tagging techniques that have been developed, each to 

answer specific questions (Kimley et al., 1999). Electronic tagging allowed large 

animais to be followed by ships. Providing tracks with spatial errors of 4 OOm, 

during time periods of 4Odays. over distances of 4OOkrn. This technique 

provides short-tenn movements often related to migration or habitat range. 

Examples of electronic tag use include the tracking of blue shark (Saiarotta and 

Nelson, 1 977; Carey and Scharold, 1 990). white shark (Carey et al., 1 98 1, 

Goldman et a/., 1995), marlin (Holland et al. 1 990; Brill et al., 1 993), and yellow- 

fin tuna (Block et al., 1998). 

Archival tagging detemines geographic positions from a property of the 

environment unique to the subject's present location, storing this information in 

memory for later retrieval. Providing a track with a spatial error of cl OOkm, 

dunng time periods of 1-3 years, over distances of 4 0,000 km. This technique 

provides large-scale migration and area location for fish with a high recapture 



rate (Klimely et a', 1999) or pinipeds that return to a land based colonies (Delong 

et al., 1992). Examples of properties used for geo-locatïng include: Latitudinal 

distribution of surface ternperature at the anirnals longitude based upon light 

measurements (Smith and Goodman, 1986), and increase in subsurface 

irradiance at dawn and its decrease at dusk (Hill 1 994). 

Localized ultrasonic tags transmit pulses to stationary hydrophones that act as 

transfer andlor storage sites for location data. The eariiest ultrasonic tracking 

systems for fish appeared in the literature in the mid-frfties (Trefethen et al., 

t957). For the first dacade or so research focused on monitoring fish moments 

on a small scale, examples include such work as Carey's 1971 experiments with 

wam-bodied fish, Kuroki's 1971 work with location and water temperature, 

Watkins's 1972 research on sound source and 30 hydrophones and Luke's 1973 

examinations of pressure and ultrasonic tracking of manne animals (Stasko, 

1975). Eariy venions of localized tagging efforts involved transducers mounted 

on the sea floor and the time delay behnreen aniving pulses determined by an 

oscillator to be included later in hand calculated hyperbolic equations in order to 

detemine location (Hawkins et al., 1974). With the advance of computer 

technology and battery capabilities the hydrophones developed in to independent 

ultrasonic radio receiver - transmitters (O'Dor et al., 1998). Marine animals can 

be tracked with a spatial accuracy of 2-10m within an area of 1 km2 for indefinite 

time periods detemined by species rnovement away from the localized area or 

hydrophone removal. 



The intended use of the RAPT system in the South African Environmental Study: 

Detemine the effect of temperature, turbidity and currents on 

spatial behaviour of individual Chokka. 

Undertake a physiological study of swimming behaviour on a l 
spawning ground. 

Undertake a physiological and spatial behaviour study on Chokka 1 
1 predators within the survey area (O'Dor et al. 1994). 1 

The purpose of this study was to describe and classify tagged squid behaviour 

recorded for Loligo vulgans reynaudii over the inshore egg bed in the South 

African South-Eastern Cape region (Figure 1) with a Radio Acoustic Positioning 

and Telemetry (RAPT) system. The two greatest difFerences between earlier 

tracking studies and this one: 

The provision of real time tracking, allowing the operator to focus on 

individuals that are present rather than just monitoring for presence 

The accuracy of the positions given. RAPT provides positional accuracy on 

the order of meters (rather than hundreds of meters), Thus allowing details 

of gross body movements to be seen and recorded. 

Acoustic triangulation is currently the only way of tracking with high-resolution 

(meters) at intermediate ranges (10's -1 000's of meters) in seawater and is the 

rnost accurate in freshwater (O'Dor et al., 1998). Large-scale gross body 



movernent details of spawning behaviour have been beyond research capability 

until RAPT technology became available. RAPT allows continuous monitoring of 

real-time behaviours while at the sarne tirne accumulating a wealth of data for 

post-hoc analysis. 

The aim of this RAPT analysis: 

identify categorïzable behaviours 

1 

2 

The ability to decipher Loligo vulgaris reynaudii movement patters will clarify the 

processes that occur on or near the spawning bed. Clear categorization of these 

processes is necessary before any real attempt can be made to quantify 

reproductive effort and manage this 'natural resource' sustainably. 

To identify the abilities and limitations of the RAPT system 

To rnake biological interpretations from the RAPT readouts i.e. to 

No method shoufd be used without understanding its limitations. In this case, 

drawbacks include the possible effects of tagging on the animals undergoing 

observation. and on the systern's analytical accuracy. The act of tagging involved 

in this type of behavioral study is theoretically rather invasive. The rnethod of 

capture, the physical tag and the release, al1 have potential effects on the 

animals being observed. Thus questions extend beyond the examination of the 



systerns accuracy to include the procedure affecting the animais responses and 

hence the conclusions. A question that became apparent during the data 

analysis was whether the tags in fact altered the behaviours that were being 

studied? If so. how much and for how long? 

RAPT involves using acoustic transmitters attached to several underwater 

subjects. The transmitters feed information into semi-autonomous buoys set up 

over the study area. The buoys package the information, which contains position 

(in terrns of signal amval times) and performance data (encoded in the pulse 

intervals) and sends it to the base station over radio frequencies. The receiving 

computer a i  the base station is then able to triangulate the individual subject's 

position in three dimensions (3D) in relation to the buoys and the general 

underwater topography, as well as decode telemetrïc information such as 

performance data or water temperature (OtDor et al., 1995). 

Tagging experiments were conducted during the closed seasons of November, 

1994 and 1997. Oyster Bay, an inlet just west of Cape St. Francis (Figure 14) 

acted as the base for the deployrnent of the four-buoy RAPT system which was 

set up using VEMCO software, according to systern procedures provided by 

VEMCO (latest copy: VEMCO manual 1998). In 1994 the experimental group 

consisting of three (3) large males (-32cm mantle length), four (4) females 

(-21 cm rnantle length) and two (2) srnall 'sneaker' males (-1 5cm rnantle length) 

were caught, tagged and released over an egg bed which was approxirnately 

1.5km offshore. 



The squid were caught and remained with the larger rnating group concentrated 

near the beds during the day. swirnming beyond transmitter range at night and 

returning for up to one week. Fourteen (14) animal days of tracking were 

gathered. During this tirne two minor upwelling events in which colder, clearer 

water flushed over the egg beds occurred. 

Data collection in ?997 was interrupted a number of times by heavy local storms. 

The buoy array was originally deployed in Oyster Bay for the first two weeks of 

November and was redeployed during the third week of November in St. Francis 

Bay (Figure 15). Although the buoys had to be collected and moved due to the 

severe weather. tracking was possible over short time periods. The 1997 

experimental group consisted of three (3) large males (-32cm mantle length), and 

three (3) females (-21cm mantle length). No sneaker males were caught and 

tagged successfully. Once again the squid caught remained with the larger 

mating group concentrated near the beds during the day. swimming beyond 

transmitter capabilities at night and returning for the period until the buoys had to 

be removed .Ten (10) animal days of tracking were gathered. The storms 

interrupted continuous monitoring, however, individual squid were followed before 

and after storms. 



FIGURE 14 

Map of Ovster Bav 



FIGURE 15 

Map of St. Francis Bav 



EXPERIMENTAL DESIGN 

The primary interest of the hardware design involved was to optimize data 

collection from simultaneously tagged animals. This meant real time analysis was 

essential as it was important to follow detailed movements and interactions to 

understand the mating process. As Loligo vulgans reynaudiifemales and sneaker 

males weigh as little as 709, it was not possible to use large depth rnodulated 

transmitters to supply the z coordinate in the hyperbolic positioning algorithm. The 

only solution to this was to add a fourth buoy to the standard three-buoy system 

with both surface and bottom receivers arranged in a tetrahedral array. 

Accordingly, software had to be developed to solve for an additional hyperbola to 

provide the best estimate of continuous 30 positions. Further requirements of the 

program were that it allow for the collection of the maximum amount of data for 

post-analysis, enabling the production of detailed tracks of multiple fast-moving 

individuals. 

Earlier VRAP (Vemco Radio Acoustic Positioning) software was used primarily for 

slow-moving benthic species and included averaging and data rejection 

algorithms to irnprove position accuracy and eliminate noise. As even small squid 

can move at >I  ms -' a 'Fast track' feature, that recorded a position for every ping 

was added for this project. In addition to this the "debug" option was created (and 

used) to record al1 the data, so that corrections to trajectories could be made in 

post-analysis. 



Specific design considerations for the systern included: 

/ 1 
/ A pinger srnall enough to be attached to a 709 squid without irnpeding 

its swimming/jetting. 

l 2  l A frequency for the ping high enough that it was well above the hearing 

1 1 threshold frequency of the squid. which also passed through the water l 
with relatively high efficiency. 

Pings strong enough to be picked up at a range of a 150m from each l 
hydrophone. 

1 4 
1 A system bandwidth sufficient to detect the Doppler shifted ping from a 1 
jetting squid. 

/ 5 
1 A tracking algorithm fast enough to allow real time tracking of a squid 

1 with position updates as often as once per second. 1 

Calibration tests using divers carrying depth transducer/transrnitters were 

conducteci in St. Francis Bay approximately 4km offshore with the tetrahedral 

buoy and hydrophone configuration. Analysis of the equation solutions with small 

mors in arrivai times randornly introduced, indicated that this tetrahedral 

configuration provided the minimum position error in the zone inside the array 

(Tim Stone, per. corn.). Testing afso indicated that positioning for maximum 

accuracy within a maximum volume requires that al1 array dimensions be similar, 

so horizontal array dimensions should not exceed depth by more than about 50%. 

Thus, placing the buoys in shallow depths limits the range of accurate positioning. 

If there are no obstructions even the small transmitters can be received from 



distances of several hundred meters. Testing of the set up used showed that 

monitoring a 1s pinger 1 m off bottom of the center of the array for 1 h using 30s 

averaging gave standard deviations of 0.3m in x and y and 1 .Om in z in 1-2m 

swells (O'Dor et al., 1997). Accuracies were 1-2m inside the array and 3-5m in a 

lOOm radius, but beyond 200m only the signal strength at individual buoys 

indicated the general direction. In a calibration test, a diver swam back and forth 

through the array with a transmitter held in each hand, it was clear which hand 

held which frequency transmitter (O'Dor et al., 1998). This was possible even 

while fast-tracking inside the array, but fast tracks outside the array (where squid 

spent most of there time circling) required post-collection analysis due to random 

errors. However, 10-20s averaging gave reasonable tracks for squid swimming at 

up to 0.5ms -' (O'Dor et al., 1997). 



METHODS 

The experiment ran for fourteen (14) days during the Novernber 1 994. closed 

seasons instituted for conservation and research. The buoy array was rnounted 

around a large egg patch in a cluster of egg patches that fonned a bed 1.5km 

offshore from Oyster Bay. just west of Cape St. Francis (Figure 14), which had 

been actively fished for several weeks. The buoys were arranged in an 

approximate 45m square in 30m of water with hydrophones in a tetrahedral array- 

Two were located at the surface diagonally opposite each other, and the other two 

were on the mooring ropes at 20m depth (Figure 16). 

Mooring ropes were attached to 5m lengths of heavy chain, anchored at one end, 

to rninimize horizontal movement of the buoys while allowing more than 3m of 

vertical rnovement for swells. Although each hydrophone includes a pinger that 

can be activated from the base station on shore as part of a self-calibration 

position test, the stability of these moorings meant that this feature was rarely 

required after the initial set up. Setting up included testing and calibrating the 

systern with the help of divers and hand-held transmitters. 

After ensuring the accuracy of the systern the subjects were tagged. Squid were 

caught using the traditional hand jig method (Appendix A) and rapidly attachment. 

No anesthetics were used during the tagging process as previous tests showed 

that avaiiable anesthetics cause trauma and created more problems than they 

solved (OIDor, per. corn.). The acoustic transmitters (Figure 17) were fitted inside 

the squid's mantle cavity and attached by securing a plastic washer to the 



hypodemic needle that pierced the outer muscle (described in more detail by 

Webber and O'Dor, 1986). The squid were washed down with saR water before 

being released. This was al1 done as quickly as possible. usually less than one 

minute. 

The experimental group consisted of two large males (32cm mantle length, 4309) 

that were tagged with VEMCO V I  6T-3H temperature telernetry tags and one large 

male, Wo srnall males (1 5crn mantle length, 709) and two females (21crn mantle 

length, 1809) tagged with V8-2L pingers with intervals of 1.5s. 

Once the squid were released the base station initiated acoustic sampling of the 

buoys polfing them via a 458.5375MHz radio link. The base station: a Toshiba 

4800CT cornputer calculated and plotted the positions of the buoys and the 

transmitters on squid. The actual positions were calculated from the differences in 

amval times of the pulse at different elernents in the hydrophone array; it was this 

information that was picked up from the buoys in the 10s polling sessions. Each 

hydrophone listened and recorded the time of the ping of each transmitter 

(pinger). 10s 'packages' of this information were transmitted every tirne the buoy 

was polled. 

In addition to observations of the animals in the array under natural conditions, an 

attempt was made to monitor behaviours during manipulations including intense 

night-lighting and experimental fishing. Manual tracking with a directional 

hydrophone from small boats equipped with G.P.S. provided ground truth and 

additional position information outside the range of the array. 



Post-hoc analysis was done over a number of years at the Dalhousie Department 

of Biology. The diffÎculty was in the distinction between noise and usable data. 

Anisotropic errors in data positions, irregular time series and the contamination of 

the data with biologically impossible outliers and the decision to use as much of 

the original data as possible resulted in the creation of a unique filtering strategy. 

The original amval times for each of the transmitters were tabulated and 

organized into separate transinitter named files. These files could be split 

according to any preference that might be required for various observations. The 

data was then filtered in order to remove unrealistic data (e.g. above the water 

surface). The filtered data was graphed using an iterative procedure to create an 

approximating cubic spline (See appendix for details). The trajectory line was then 

sectioned in to 1s intervals, presenting the sampled data as it appeared after 

frarne-by-frame video analysis. These graphs were created and displayed using 

MatLab 30 graphs (examples can be seen in the results section) for ease of 

calculation and orientation. Speeds were calculated from these points and 

graphed in MatLab (examples can be seen in the result section). 



FIGURE 16 

Tetrahedral Buov Array 

1 Buoy with hydrophone 1 & antennea 

Chapter 4 - RAPT Analysis 



FIGURE 17 

Transmitters 



RESULTS 

The results are divided into five sections. Section 1) MatLab graphs, displaying 

general examples of the spawning behaviour categories. Section 2) Speeds, 

median speeds of each group. Section 3) Typical days, for each group. Section 4) 

Change over time seen by the cornparison of the days of RAPT analysis. Section 

5) General spatial orientation above and around the egg bed. 



Section 1: Actions as displaved bv MatLab 

Actions that were categonzed according to the categorization created during the 

video analysis are displayed here under the same heading that they were 

described under in Chapter 3. 

Fiaure 18: Possible Aoproaches. lavs and Retreats. female 

Actual lay sequences could not be determined however various slow loops 

over the bottom of areas that had been suggested by the video tows to be 

viable egg mass areas were considered as possible lays. 

Fiaure 19: Circlina -10m, sneaker male 

Circling really doesn't occur the way it had appeared to in the video clips. 

Rather forays within the array were what was seen when the z coordinates 

were correctly displayed. 

Figure 20: Swirnminci, male 

Various general swimming patterns were seen. This one shows a male 

early in the morning swimming over an area outside the array that was 

determined to be an egg mass. 

Fiaure 27 : Swimminci. fernale 

Females swam in large swooping circles, possibly one of the reasons that 

circling seem to be so prominent in the video sequences (see above for 

correction). This shows a female circling about 10m off the bottom and 

finally ending in a possible lay attempt. 



FIGURE 18 

Possible Approaches, Lays and Retreats, female 

T agl046: Time 31 3.4603-31 3.702 

-1 O0 O 
-20 

Alongshore (rn) -1 50 -40 
Offshore (m) 

CategoM; 1 F Female Approach, 3F Female Lay. and 7F Female Retreat. Andlor 

2F Female Attempted Approach, 5F Female Attempted Lay. and 8F Female 

Attempted Retreat. 

(Dot interval. 1 min; total time elapsed, 350 min) 



FIGURE 19 

Circlin't -LtOm, sneaker male 

Tagl 1 50: Time 31 0.7052-31 0.9875 

100 200 
1 O0 

O O 
-1 O0 

Alongshore (m) -100 -200 
Offshore (m) 

(Dot interval, 1 min; total time elapsed, 405 min) 



Tag1040: Time 31 0.5 1 34-31 0.241 4 

-50 50 
O 

Alongshore (m) -100 -50 
Offshore (m) 

Categorks; 1 0M Male Swimming, 

(Dot interval, 1 min; total time elapsed, 180 min) 



Swimming, fernale 

Tag 1 148: Time 3 1 !j.Z42-3 1 5.3528 

Alongshore (m) Offshore (m) 

Categories; 1 OF Female Swimming, 

(Dot interval, 1 min; total time elapsed, 160 min) 



Section 2: Speeds of categorized behaviours 

The speeds at which each behaviour was conducted were found after the tracks 

had been splined hence the results are slower than those for the video analysis as 

the general movements have been considerabiy smoothed. The speeds were 

calculated as distance covered over time taken (see Appendix B for 'speed' 

program). For each of the points in the splined 30 position graphs a speed was 

calculated (Figure 22, an example of a speed graph). 

Slight changes to the categories were made. Differentiating between attempted 

versus successful lays was not possible, actions either occurred inside or outside 

of the array. Specific egg masses had not been located, the array encirded a 

number of thern. This meant that the precise distances from the egg mass were 

unknown. Actions could only be defined by their patterns. The addition of S for 

sneaker males was made wherever relevant. 

S~eeds of selected Behaviours 

1 

2 

3 

4 

1 sneaker s: 2 3 c m d  1 
6 

/ 5 / Circling clockwiee or ( 10 cm-s1 / 7 cm-s -' 

The approach 

The laylattachment 

The hover during a lay 

The retreat after a lay 

anticlockwise 

Fastest Swirnming 

Males 

2 cm-s -' 
nla 

0.5 cm-s -' 
3 c m d  

Females 

1 cm-s-' 

0.5 cm-s-' 

n/a 

3 cm-s -' 

sneakers: 8 cm-s -' 
130 cm-s -' 20 cm-s -' 



FIGURE 22 

Speed Graph 



Section 3: Typical patterns 

The continuous monitoring provided by RAPT tags enables the recreation of 

typical patterns over the entire area for a given time series. A 'general day' for 

each of the groups (large males, females and sneaker males) was complied by 

cross-checking between the different individuals, days, years and beds to get a 

picture of the entire spawning process. The information from the various subject 

animals has been pooled together in to their corresponding groups but, each 

group is considered separately. The day is broken up into two-hour periods, 

allowing details of the differences between times of day to be portrayed. 

Males often were the first ones there in the rnorning or the last ones there 

in the evening. If they came in very early they did not stay very late. The 

males consistently came in early to certain beds or stayed late, at otherç. 

The females did not show up very early nor stay very late, but rather stuck 

to the Sun schedule. Coming in at dawn and leaving around dusk. 

Sneaker males covered more 'ground' than either females or males and 

made loops that covered more area in their swimming patterns. 



NOTE TO USERS 

Page missing in number only; text follows. 
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This reproduction is the best copy available. 



A tvpical dav - female 

5:45 fernales tend to be in range of the hydrophone array. 

Females swim through the array. Detailed lanps covering large 

areas often below the rnidpoint of the water colurnn (Figure 23)- 

The loops get smaller and higher in the water column. 

Loops tend to weigh 'heavier' to one side of the array however 

they are not limited to this area as yet. 

Females stay on one side of the array or within a particufar area, 

looping within this chosen area (Figure 24). 

The now clearly defined one-sided area falls in the water column; 

it is possible that this time is used to make lays. Figure 25 shows a 

female's patterns as she makes possible atternpts to lay on an egg 

bed on the edge of the array. 

After slow, low swims with possible laying activities the fernaleç 

tend to leave, around dusk. 

Most often the females have already departed. 

No longer at the egg bed except when lights are focused on the 

spawning bed. 



FIGURE 23 

A 'swim' throuqh by a female 

Tagl148: Time 31 6.1 266-316.3292 
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FIGURE 24 

One side stationinq by a fernale 

50 

Alongshore (m) Offshore (m) 



FIGURE 25 

Possible 'lays' bv a femaie 

Tag 1 046: Tirne 3 1 3.4603-3 1 3 -702 

Alongshore (m) 
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A tv~ical dav - sneaker male 

Sneaker males tend to amve fairly early about 5am. Brief. fast 

swirns over the bed, are the first activity conducted. 

Diagonal passes that go either up or down in the water column as 

they pass though the array (Figure 26). 

Very intricate patterns, taking up lots of area. 

lntricate loops centered within the array covering the entire water 

column continue (Figure 27). 

Loops continue. 

Loops get lower in the water column- 

Circling around the sarne area as where the females were (often the 

edge of the array). 

Sneaker males stay longer than females but are usually not on the 

egg bed after dusk, unless the Iights are on the array. 

Gone 



A diagonal swim bv a sneaker male 

O 
O 

-50 -50 Aiongshore (m) Offshore (m) 



lntricate loops by a sneaker male 

Tagl 1 50: Time 31 0.5256-310.6943 

Offshore (m) 



L tvpical dav - la 

4am - 6am 

1 Oam - noon 

je male 

The male often cornes in to the moming beds before 4am. 

They usually stay outside of the array until6ff am 

About 819 the male swims through the array but doesn't 

actually stay within the array very long. It basically swims 

though, out and around, not necessanly always in a circle. 

Often quite high in the water column the male begins to focus 

more toward the array for longer periods of time. 

Goes down lower in the water column during the afternoon. 

And begins to loop around a particular area, possibly 

escorting fernales. 

The afternoon beds are sometimes accessed by 2pm. In this 

case the male swirns through the array but the loops fall in the 

water column quite quickly. 

Low in the water colurnn the male loops around one edge of 

the array (each male seems to have its own area /edge that it 

cornes back to day after day. But the plan continues to be 

that they loop and leave (Figure 28). The morning beds are 

often abandoned by 3pm. 

The loops get more intricate as the evening wears on. They 

occur close to the bottom but often remain on the edge of the 

array (Figure 29). 



8pm IOpm Males are often still at the aftemoon beds erven after da*. 

Males did not leave the aftemoon beds untili IOpm. 

Comments on the Day in the life of a lame male 

Males do not often stay at the same egg bed al1 day. They eithea corne in early or 

stay late. Because of this phenomenon a 'leaving' male was followed with a hand- 

tracking device. The male swam to another egg bed about 1 km away that had 

also been jigged dunng the season. 

During the cornparison between the different egg beds examined over the 

dwerent years it becarne apparent that there seem to be sorne beds that were 

morning beds and sorne that were afternoon beds for individual males. Females 

and sneaker males appeared to remain on the same egg bed all day. but large 

males visited more than one (egg bed). This behaviour of large males may 

contribute to the success of the sneakers. 



FIGURE 28 

A loop by a larqe male 

Aiongshore (m) Offshore (m) 



FIGURE 29 

An lntricate l o o ~  bv a larqe male 

Alongshore (m) Offshore (m) 
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Section 4: Change over time 

Cornparisons between the days of monitoring allowed differences to be seen. 

Hence, the change over tirne can be recognized. 

Females 

All the femafes disappeared right after being tagged, and a minimum of 35 hours 

passed before they reappeared. The al1 but one female returned with in 

hydrophone range with in a 43hour time span. The first day back for every female 

was extrernely shortened; time spent at the egg bed was reduced and some 

actives were restricted. Loops were not as big and circling was not as fast. Huge 

circling (and hence pairing?) did not occur. By day three (after tagging) there was 

no obvious effect in the behaviour patterns. 

Sneaker Males 

Al1 sneaker males disappeared right after tagging, and a minurnurn of 25 hours 

passed before they reappeared. AI! returned with in 36 hours. Time was not 

significantly shortened (the average decrease was 2 hours) the first day with in 

hydrophone range. However, the actions of al1 of them were generally restricted; 

loops were not as intricate or as broad or the area covered not as large as they 

would be later in the experiment. 

Large Males 

All males disappeared soon after they were tagged (within 2 hou=). Al1 returned 

with in 24 houn. The first day with in hydrophone range their actions paralleled 

what would later be seen at the bed. 



Section Five: General spatial orientation 

The goal of this section is to join action over time within space. Displayed below 

are the figures expressing the conclusion from this perspective. 

The graphs produced in MatLab by the data supplied by the RAPT analysis 

allowed the observation of consistently distinctive behavioural patterns. These 

patterns were identified and detailed in consideration of the ones found in the 

Video experiment However, the biggest improvernent offered by RAPT analysis 

was a quantifying of the spatial orientations. The zones created by this method 

are entirely subject to the categorization of behaviours. Their limits, names and 

appearance are established only by the acts performed within them, 

On the basis of the portal given in the video section it can be understood that the 

egg mass after being placed in the center is surrounded by the laying zone. The 

'approach' zone continues to appear to be a domed circle with a radius of -Sm. 

The approach zone is edged by the transition zone, where squid will spend time 

after dropping down from the height of the circling zone and before attempting to 

lay. Long looping forays were made through out the immediate vicinity and 

although not circular the 'circling' area could still be seen -1 0 m above the egg 

mass. 



FIGURE 30 

General Spatial Orientation with in the array 

Transition zone 

/ \ 
/ Approach zone \ 

1 Eeg mass 



Discussio~ 

A colloquy on the RAPT results alone is impossible without comparison and 

relation to the video analysis, for this see Chapter Five. Hence here I find it 

appropriate to discuss the limitations of this experirnent with a RAPT system; its 

quality and its resolution. 

Limitations of this RAPT analvsis: 

7 )  The lack of data which can be related to: 

a The continuous time spent at the local. 

b The low number of tagged subjectç. 

2) The imprecision , caused by topography studies of low resolution 

The greatest argument that can be used against this system is the Iow power of 

the resulting findings. The fact is that few subjects were tagged for a short period 

of time over a poorly defined (in ternis of egg mass precision) area. The number 

of subjects was limited by the cost of the individual tags, the number of 

frequencies that can be tracked and the need to 'tirne share' between them. 

During high speed maneuvers only one individual can be effectively tracked. The 

cost of the transmitters is a factor and wiil inevitably decrease with greater 

dernand in the market (the general supply and demand concept). However, these 

studies have contributed to the demand for frequencies. 

The short time span that was available for the project's actual physical operation 

increased the problem of 'low power'. Deployrnent time also depends on money 
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available as the skilled personnel used to run the project are not cheap. 

This could change with long t e m  projects, as continuation time does not require 

as much manpower as original assembly, although rnaintaining a charge on the 

automated buoys is an ongoing problem that will get worse with 'power hungry' 

digital technology. The date of actual deployment of the buoys was a ditficulty 

here, as continuous monitoring was severely impacted by the time available and 

the severe weather conditions- This project was also constricted by the period of 

the closed (conservation) season, which had been set up by the South African 

government. It thus is simply unfortunate that November brings rather rough seas 

to the South African coastline. 

The limited topography data is less easily excused. Althouçh differential G.P.S., 

ground surveys and videoing of the area was done, relation to the exact area 

where the buoys were deployed was very difficult. Relating the video maps and 

the area of buoy system deployment would have been greatly improved had a 

video of known coordinates (a video with a transmitter on it) been employed for a 

few hours on the second and third days after the tag release. Without direct 

experience (as it has yet to be done) it is hard to appreciate the accuracy required 

to provide topographic data with resolution equivalent to RAPT. 

Noise created both undenivater and on the RAPT records was a difficult issue to 

deal with. Underwater noise created by the mooring chains may well have been 

the reason that the 'centered' egg rnass was passed up in the preference for the 

one toward the edge of the array. This meant that the clarity or precision 

available for reconstruction was lessened. This could be improved in future 
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experiments by decreasing the size of the transmitters further. This 

decrease in transmitter size would enable the srnaller subjects to carry depth 

recorders- If subjects sopply depth, it would remove the need to set the buoys as 

close to each other as this is only done to provide 3D coordinates from the ping 

amval tirnes. If the need for the equal tetrahedral array was removed then the full 

range capacity of hydrophones could be used, hence they could be set up 300m 

away instead of 45m! 

Noise or errors recorded by the RAPT system itself were due to various issues: 
I 

1 

1 3 1 'No solution' s~ots  in the arrav. f 

Air bubbles in the water. 

2 

[ 4 ( Unknown (as yet) factors. 1 

The use of transmitters with close wavelengths. 

Air bubbles absorb sound, can never be cornpletely removed from the water and 

increase with rough waters. However, the precaution of minimizing propeller- 

driven boats is wise. The extra chuming increases the insulating effect of the 

water. 'Bubble walls' are virtually impossible to pass pings through. 

Restrictions placed on wavelengths used, creates the problem of having to 

release transmitters with very similar wavelengths. The problem with this is that 

they can be mistaken during recording. Hydrophones will independently increase 

their 'listening' gain when no signal is heard, making it possible to rnistake one 

transmitter for another. Even if this is done briefly it causes fiaws in the record. 



The tetrahedral array is not perfect and there are errors in recording due to the 

capabilities of the hydrophones. The blind spots behind each buoy are difficult to 

resolve and have anisotrophic error characteristics However. the use of more 

buoys and switching between hydrophone triangles rnay reduce this error, even if 

the smaller depth transducers are not forthcoming. 

Issues that arïse beyond the planned or foreseen will always affect in situ 

behaviour studies. Scientists must simply continue to forge new paths and learn 

to work with ever irnproving technologies. 

Post-hoc analysis inevitably depends on the ability to gather as much clear data 

as possible. Great amounts of data were gathered throughout this experiment. 

The post-hoc analysis benefrted by this greatly as questions could be brought 

back to the original arriva1 times. The choice to spline the data resulted in smooth 

curves that represented general patterns. This averaging meant thzt typical gross 

body movements could be seen and interpreted. However, this also meant that 

representative speed records were deceased. After the srnall side movements 

are removed and smoothed representations are left, speeds appear to be rnuch 

lower than before. Before video analysis, it was unclear whether high average 

speeds were real or a product of accumulating errors. This is unfortunate but 

unavoidable in this analysis. Future thought on the use of more of the original data 

will improve this problem. 



The intention of this thesis was to detect behaviour from RAPT system read 

outs, and in doing so clarify the limits and strengths of data created by RAPT 

systems. A summarized plan would have been: 

1. Resoive gross body movement patterns 

II. Suggest bioiogical interpretations of them 

III. Present their organization over space and time. with relation to speed 

IV. Discover tmths about RAPT systems and the South African coastal egg 

beds 

The first was accomplished despite the difficulties found with each method. as 

comparisons and relations between the two enabled a clearer picture to be 

drawn. The concern with the video analysis was that the area the video was 

able to cover clearly was rather small. Thus the impression given when 

analyzing the film was often skewed. What seemed in the video to be 'proper 

circles' (circling) ended up to be looping forays, and where the squid were 

thought to be in the water column was made clear by the z coordinates given 

by the RAPT analysis. The change in perspective can be seen in the 

cornparison of the general orientation figures of each method. 

The RAPT allowed a clearer picture to be drawn as a larger zone was seen. 

Hence, a less biased reading of the general occurrences could be made. 

However, the distinctions that had been made in the video analysis of exact 



rnovement, biological interpretation, were lost due to the irnprecision's caused 

by the inability to specify the locations of the egg beds when using the RAPT 

system. It was the detailing of the gross body movements by the 2D graphs of 

the video analysis that enabled the clarification of this on the 30 graphs of the 

RAPT analysis. 

Grouping the two methods together enabled the presentation of the patterns 

organization over space and tirne. The relations in speed support the idea 

that squid motion includes irregular reversals that yield higher average 

speeds than are seen in highly smoothed trajectories. 

When noma1 behaviour is related to the behaviour found by the RAPT 

system it is clear that the tag disrupts the subjects for a limited amount of 

time. The disruptions pass; for the large males within a day, the sneakers 

within two days and the fernales within three days. Decline of activity over a 

longer period of tirne was not detected- 

The various reasons for the difference in reaction to tagging and the tag's 

can be understood by the difference in the size and physical states of the 

groups. The large males quick recovery from the tagging experience implies 

that the act of tagging is not a contentious issue. The ease with which the 

large males return to their normal behavior is most likely due to the fact the 

tag weighs so little compared to the total body weight. This low percentage 

of body weight is something to be aimed for in future studies. The sneaker 

males have more to wntend with, as the body weight percentage of the tag 



is higher than it is for the large males. This furthers the assumption that the 

tag weight should be kept down as the sneakers take longer to retum to 

normal behavior after tagging. The females do not only have the extra 

weight to contend with (similar to the sneaker males), but the presence of 

the tag amongst eggs in a gravid rnantle. The thought that the tag rnay be 

more a problem for a female with a rnantle full of eggs is not difficult to 

conceptualize. 

The tag effect can be dealt with by simply not using the first few days of 

data. However the possible affect of the RAPT systern must be dealt with 

more directly. Noise and disruption, prirnary possibilities to the behaviour 

seen consistently to the side of the array should be decreased by any 

means possible. Changes in anchoring material, for example bungee cord 

anchors such as O'Dor and Jackson are currently testing in Australia, and 

increasing the distance between buoys by using depth tags. Buoy distance 

is Iirnited by the need to record the z coordinate. Until the large depth tag 

design allows a decrease in size, they can only be attached to large squid. 

The last point of discussion needs to be about the unique findings of this 

expenment, which include fernale's independence when 'taying' and the 

different allocations of time spent by each group inshore. Gross body 

patterns have illuminated the mistakes of previous researchers that 

assumed Loligo vulgaris reynaudii to be like other spawning squid. The truth 

of the matter can be seen in the visual construction of the organization 

within the approach zone (Chapter 6). 



The time spent at the egg bed is significantly different between the three 

groups- ft is notable that the males spend longer than the females in general 

and that the larger males separate their time between beds. The males 

extended length of time rnay be due the increase in possible matîng 

opportunities. Something that the fernales do not have to be as concemed 

with as each of them will find some method (see discussion of video 

analysis for spermatophore sources) to fertilize their eggs. The sneaker 

males' persistence at one bed rnay be due to their small size and hence 

their energy gain relation; This rnay imply that they get a greater benefit by 

not wasting tirne traveling, as cost of transport decreases with animal size 

(OtDor and Webber, 1980). The "either/or" situation with the 

morning/aftemoon split by large males rnay imply just that: moming and 

aftemoon beds for large males. As males are 'only' escorts they have more 

energy to expend trying harder and diversiwing their possibilities. As the 

large males are able to swim fast and without as great an energy loss as the 

sneaker males this diversification could outweigh the tirne lost during travel. 

Females rnay have no need to diversify between beds as eggs can be laid 

anywhere, although some beds rnay have higher probabilities of hatching. 

Tag and release studies have shown long-range movements by spawning 

females (Sauer et al. 1998). 



CHAPTER 6 - EGG BED OBSERVATIONS 

The 1957 figure by Hamabe and Shimizu entitled Mathg Groups and 

Spawning Bed - Loliginidae (Figure 1, page 1 3) shows squid circling a 

suggested egg rnass. The visual interpretation of general spatial orientation 

observed on and around the Loligo vulgaris reynaudii egg beds off the 

South Eastern Cape of South Africa. given below is quite similar but 

indudes the improved detail confimed by RAPT. 

Tagged squid consistently appeared near the array at dawn, arriving from 

offshore where they spend the night (One large male was tracked rnanually 

2km offshore where it remained immobile until dawn). After arriving inshore al1 

squid 'run through' the egg bed area. Sneaker males made very distinctive 

diagonal passes. Fernales spent a bit more tirne doing these initial runs than 

the males did, but al1 three groups participated in these 'scouting' actions. 

Swimming outside the array did not cornrnonly include entire circles of the 

array, (although sections seen by video made it appear so). The area covered 

by the scouting actions begins to narrow as the day progresses. All squid 

seem to concentrate within the area directly above their chosen egg masses. 

They cover less area and occur lower in the water colurnn. 

Fernales corne in at sunnse and stay until dusk, the small slow movernents 

made within the array were presurned to be egg depositions, higher forays 
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may well have been mating events. Sneakers also stayed near egg patches al1 

day and sometimes into the evening, maximizing mating opportunities. They 

tended to cover the array's interior quite well with long sloping transects. Large 

males either came in very early and left by 1400h or came in Iate and stayed 

until rnuch after dark. Different beds seemed to elicit different patterns. 

The following clips follow the basic outline: 

Finure 31 
The Basic Outline 

- - Surface 1- - - - - - - -- _ _ - -- 

TIME: 2 hours Scale 1--!M-I 



Sneaker males arrive and run diagonally through the array 
Males appear at rnorning bed but don't travel through 

Female are with in hydrophone range 

Sneal 

TIME:4-6 Scale 1- -4 



Figure 33 
6-8am 

Sneaker males continue to nrn diagonally througk the array 
Males begin to travel through the area 

Female start to scout out the area 

Female 



Sneaker males add more loops to their runs 
Males travel through the entire area 

Female continue to scout out the area 

Male 

I - 

l Sneaker -, . 
1 

- 
- - .-- - - . . 



Sneaker males concentrate near the females water column mark 
Males start to circle in the same area as the females 

Female make large circular runs high up in the water column 

Male 
/ 

- 
Sneaker . - 

- 
Female - -  - 

. - 

TIME:10-12 Scale 1- -1 



Ranges of al1 groups begin to decrease 
Males amve at afternoon beds 

Female 



Fiaure 37 
24pm 

The patterns fall in the water column. entenng the transition zone 
Males leave rnorning beds 

TIME:2-4 Scale 1- -1 



Concentration around the egg masses by al1 three groups 
Fema les leave 

Sneaker 
. - 

Fernale - ._ 

TlME:4-6 Scale 1- -1 



Figure 39 
6-8pm 

Sneakers leave 

Sneaker 
- 1 

Male 

TIME: 6- 8 Scale I- -1 



Males leave afternoon beds 

TIME:8-10 Scale 1- -1 



TIME: 10-4 Scaie 1- -1 



CHAPTER 7 - SUMMARY OF CONCLUSIONS 

The thesis began with two main questions: 

QUESTION 1 : Does Tagging for Radio Acoustic Positioning Telemetry Change 
Spawning Behaviour of Chokka Squid, Loligo Vulgans Reynaudii? 

ANSWER: Yes. 

QUESTION 2: How (how much, how long) does tagging affect behaviour? 

ANSWER: Males - One day, Sneakers - Two days, Females - Three days; 
essentially in proportion to squid/tag weight ratio- However, after a few 
days delay the tagged subjects behaviour stabilized. 

Answering the above questions the thesis is complete, but there were also exiting 

new and unexpected findings beyond those previously reported (Sauer et al. 1997; 

Hanlon 1996), including the following clarifications: 

Both video and RAPT show that, unlike the fernales, the males do not enter the 

laying zone. (Fig. 4a-i & 11) 

Analysis of multiple egg beds in 1997 clearly showed that male visits to different 

egg beds showed sirnilar behaviours but occurred with different temporal 

patterns. 

RAPT confirmation that small sexually mature males exhibit distinctive 

behaviours, consistent with earlier video observations (Hanlon, 1996). 



Thus data from RAPT readouts can be used to construct identifiable behaviours, 

aithough improvements can still be made. The categorization of gross body 

movements, both the method and ifs results will be available for use in future 

studies, thereby saving time and enabling the biology of the subjects to be 

understood more clearty and on a new scale. The approach of validating RAPT 

results with gross body rnovement analysis of video is a powerful one. although 

in this first application there was only IirnÎted overlap behrveen the scales of 

RAPT and video. Future validation studies should use wider-angle video from a 

fixed platforni and, if possible include hnro views that could be used to 

reconstruct movements in 30. 

The clarification provided by this study of behaviour change is the first based on 

behavioural tracking studies. The conclusion that after a few days delay 

behaviour can in fact be considered normal with confidence from the RAPT 

system readouts allows both researchers and governrnent officiais who have 

born the cost of experiments like this one to breathe a sigh of relief. The 

suggestions made for circumventing the more obvious limitations of the RAPT 

system (increased distance of buoys, decreased size of tags) along with the 

obvious benefits of using combinations of methods and their resultant 

cornparisons will contribute to ongoing and future research. Benefits can already 

be seen in modeling experiments in: South Africa (Roberts, 1998). currently 

using a combination of in situ video assessments with tracking by RAPT and 

Australia (O'Dor and Jackson, unpublished) using new buoy anchors and larger 

a rrays. 



Amendix- Filterinq Strategy 

There is considerable distortion of the data as they originally appear in real 

time caused by small errors in amval times resulting from echoes and 

channeling of sound through water layers of different temperature. These 

can still give solutions to the system of quadratic equations solved to 

calculate positions (see Figure 42 for a graphic example). When tracking 

slow moving animais such data can be eliminated by standard statistical 

approaches with out significant loss of information. When tracking fast 

moving animals, such as squid it is important to avoid throwing out large 

movements that may be real. So new approaches were needed. The data 

from RAPT is both non-periodic and anisotropic, so no standard approach 

could filter errors from the noisy data to create a sampled trajectory in space 

(3D). Although the data was contarninated with biologically impossible 

outliers techniques were required that used as rnuch of the original data as 

possible. This resulted in the creation of a unique filtering strategy. Each of 

the hurdles was taken as follows: 

Non-periodic sampling rates 

The difficulty was that continuous monitoring did not result in continuous 

data points. The hydrophones can only Iisten to one frequency at time and 

must take tirne out from listening to transmit the radio signais to the base 

station. This creates gaps and sets up a rotation. The hydrophones cycle 

though the transmitters frequencies. As a further complication, the option of 



which transmitters to listen for is under the control of the land based 

operator. Selection of only a few available transmitters decreases the 

gathering of presence and time of day data; however, the more transmitters 

being listened for the larger the blanks in each pinger's record. These 

blanks with no data rnust be connected in order to present a continuous 

graph. This aperiodic sampling rate precluded the use of standard time 

series analysis techniques to process the data. 

Unrealistic data 

Transmitters emit pings, although not in the range to bother squid statolith 

hearing mechanism. It can be hidden behind large objects, lost or muffed by 

numerous obstructions on its way to the hydrophones. Or it c m  be cut off 

from a particular hydrophone by insulating bubbles either in its path or 

surrounding the hydrophone. These underwater noises (echoing and 

ricocheting pings) meant that some data points appeared above the water 

Iine or below the ocean floor. These were clearly unrealistic and were 

excluded by defining the water surface and bottom as parameters- 

Unrecoverable data 

The tight (45m) tetrahedral array allowed the resolving of depth (z 

positions), which was essential to movement through space anaiysis, as the 

small size of Loligo vulgaris renaudii females and sneaker males precluded 

the use of depth tags. However, the tetrahedral array is stili Iimited. No 



solutions were found behind or just in front of the buoys. In 3D space this 

meant that a cone-shaped funnel behind the hydrophones was a zone of 

unresolvable data and another source of missing data. 

Errors in precision and accuracy 

The points in the array were resolvable with a certain error factor, as 

measurernent errors were unavoidable. The problem came with the 

inconsistency of these errors. The tetrahedral arrangement meant that the 

errors were anitoropic, different in different directions and at different 

distances. In the center on the tetrahedral array the error is relatively 

spherical with an - 1 m diameter. As the squid moved from the center point 

the error extends ovally growing to include errors with the long diarneter of 

half the distance away from buoy set up (e.g. the error has a Zorn main axis 

forty rneters away from the array). 

The lack of precision of each point meant that an interpolated graph did not 

work well; the data points were not perfect, so drawing lines straight through 

them was not an ideal solution. (See Figure 43 for the difference between 

interpolation and approximation). 

The degree of approximation becomes a factor of biologicai interpretation. 

Giving an approximation parameter P. when p=l there is a straight line 

drawn through the medians given by the data points, when p=O an 



interpolating curve that goes though the center of every point in drawn. 

Biolog ically feasible parameters for squid found from working with numerous 

data sources are usually in the order of p=1-10 ". 

The smoothing option of the approximating cubic spline was used so that 

the overshooting of the approximation polynornial could be avoided (see 

Figure 44 polynomials vs. splines). 

Method of arriving at the final spline however had to take in to consideration 

the anisotropic error points, which was accomplished by an iterative 

(repetitive) process of assigning weights to the data points to confimi 

importance. Distant data points or biologically impossible data points (that 

would have required speeds unattainable by squid) were elirninated in this 

manner. The data points were al1 assigned weights of 1, an approxirnating 

cubic spline was then calculated and drawn (by MatLab). The distance 

between the spline and each point was cakulated and its inverse was 

assigned as a weight, hence the farther away the point from the possible 

line the less weight it was given. The curve was then re-drawn with these 

newly assigned weights and the distance between the new curve and the 

points was drawn. This process was repeated until the curve didn't move 

(rather its movements were with in a given parameter). See Figure 45 the 

iterative process. 



It was this splined trajectory that was reassigned time (t) values that were 

separated by 1 sec intervals to provide the doted graphs seen in the resuits 

section. 

lt was recognized that this process left a considerable degree of 

interpretation of what was a reasonable trajectory for a squid to the 

operator, and the approach of comparing RAPT and video was developed to 

show that splined tracks were biologically meaningful. 



Figure 42 

A 'real-time' graph 

Taken from the 1994 data set 

There is considerable distortion of the data as they originaily appear in real 

time caused by srnail errors in arriva1 times resulting from echoes and 

channeling of sound throug h water layers of different temperature. These 

can still give solutions to the systern of quadratic equations solved to 

calculate positions. 



The diffetence between interpolation and approximation 

Interpolation vs. Approxhation 
(a example graph) 

4 - I I 1 1 I 

- ~ ~ ~ r o x i r n a t e d  curve 
3 - - 
2 - - 

1 - - 

- 

- 

- 

1 'real' data points 
- Interpolated curve 

10 15 20 
distance (m) 

The lack of precision of each point meant that an interpolated graph did not 

work well; the data points were not perfect, so drawing lines straight through 

them was not an ideal solution. 



Fi~ure 44 

The difference between Polvnomials and Splines 

PolynomÏal Approximation vs. A Smoothing Spline 
(an example graph) 

I l l r1 I 
'real' data points 
Smoothig spline 

- Polynomial Approirnation 

15 
distance (m) 

The smoothing option of the approximating cubic spline was used so that 

the overshooting of the approximation polynomial could be avoided (see 

Figure 44 polynomials vs. splines). 



Figure 45 

The lterative process 

The lterative Procedure 
(an example graph) 

1 1 1 1 I 

'real' data points 
first spline 

- second spline 
third spline 
fourth spi ine 
fiffh spline 
sixth spline 
seventh spline 

inverse was assigned as a weight, hence the farther away the point from the 

possible line the less weight it was given. The curve was then re-drawn with 

these newly assigned weights and the distance between the new curve and 

the points was drawn. 

1 I I 1 I 

5 10 15 20 25 
I 
30 

distance (m) 
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