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ABSTRACT

The early freshwater life of the two species of New Zealand freshwater
iilla sustra sehmidtil Phillipps and A, dieffenbachii Gray was
studled 1nvolving an examination of 8131 glass-eels, 5275 migratory elvers,
and 4291 resident eels of less than 26 em, Most eels were collected from
the Makara Stream, Wellington by set-net, hand-net and electric fishing,

These extensive samples together with subsidiary collections from
elsewhere in New Zealand show that glass-eels of both species arrive in
fresh-water from July to December, Their otoliths indicate a marine
larval life of about 18 months but it is not possible as yet to locate
the precise oeceanic spawning areas, Migratory movements of glass-eels
are in two phases: en invasion of freshewater from the sea and an upstream
migration, The former ocours only at night with a periodicity gorresponding
to the dally ebb-flood tidal rhythms, There is a seasonal reversal in this
response which is attributable to the onset of the behavioural transition
talkidng place prior to the second migratory phase, Increased pigmentation
and changes in response to light, flowing fresh-water and schooling
tendencies characterise this latter migration which oeccurs primarily at
spring tide periods,

Such juvenile eels show specific habitat preferences and & high
degree of olfactory differentiation of water types, This behaviour,
together with pigment development and physical tolerances, was studied
in the laboratory, Measurements of invading glass-eels show that mean
length, weight and condition all decline throughout the season of arrival
but mean vertebral numbers remain constant,

An upstream migration of small esls (elvers) cceurs each summer and
is readily observed at many hydro-electric stations, These migrations,
comprising eels of mixed sizes and age groups, penetrate progressively
further upstream sach year,

In both species, scales begin formation at body lengths of
16,520 em, All features of scale formation, ineluding the number of
scale rings, are related to length with relative differences in rate of
development occurring between the speciess In contrast to scale rings,
otolith rings are annual in formation and become visible after grinding
or burning the otolith,




Growth rates established for 273 eels to 26 em in length from the
Makara Stream, Wellington, are slow, with mean amnual increments of 2,2
and 2,1 em respectively for shortfins and longfins, In contrast, shortfins
from & coastal lake near Wellington reach 26 om in their third year of
freshwater life, Length-weight relationships for small eels are given
together with mean monthly condition factors.

Growth studies on elvers held in & multiple tank unit in which
temperature, density, and amount and frequengy of feeding could be controlled,
show that young eels grow more slowly than normal under such conditions,
However, growth appears optimum at 20°C with a feeding rate of 5-7% body
weight per day, Feeding efficiency decreases with higher temperatures,

At both glass-eel and elver stages, shortfins adapt and survive better
under artificlal conditions,.




1  JNIRODUCTION

There are two species of freshwater eel in New Zealand - a shortfinned
eel growing to 90 om in length and a longfinned e8l growing to over 180 om,
The pre-anal extent of the dorsal fin is a convenient and reliable
character for separating the two species and thus gives the common nsmes
shortfin and longfin,

"The fresh-water eels are probably more abundant in New Zealand than
anywhere else in the southern hemisphers, For the Maori, they were of the
utmost economical impertance, as is evident, for instance, from the highly
developed technigue in methods and implements for the capture of these fish,
possessed by the natives prior to the arrival of the Europesns" (Schmidt
1927: 380), The Maoris recognised by name at least a hundred varieties
of eels (Hamilton 1908), These varieties were distinguished by features
of size, colour, habitat, behaviour and migretory movements but are not
of any systematic significance,

A comprehensive historical review of the nomenclature of both
species is contained in Ege (1939)+ Until 1926, four species were
recognised but an examination of 1500 eels from New Zealand by Schmidt
(1927) oconvinced him that there were only two species: A, australis
(shortfimed eel) and A, sucklandi (longfinned eel), The features he
used for separation of the two species were the pre-anal extent of the
dorsal fin and the shape of the maxillary teeth, To distinguish between
Australian and New Zealand shortfinned eels which differed slightly in
Vertebral counts, Schmidt (1928b) proposed the two "forms" be known as
A, sustralis Rich, forme gggidentalis, the Australian shortfinned esl,
and A, asustralig Rich, forma grientalis, the New Zealand shortfimned eel,

Subsequently, in a revision of the New Zealand marine and freshwater
eels, Griffin (1936) in accordance with the rules of nomenclature, used
the names Ay gustrells schmidili Phillipps and A, diefferbachii Gray
which are now well established,

The New Zealand freshwater fish fauna is generally sparse, About
35 species are currently recognised with half of these belonging to the
family Galaxiidee, That 11% of the genera but 92% of the species are
endemic to New Zealand is, according to MeDowall (1964: 59) indicative
of "a relatively young fauna and/or incomplete faunal isolation from other




regions". Of the two anguillids, the largest fishes in the fauna,

A, dieffenbachii is endemic to New Zealend and offshore islends, whereas

Ag gutrelip schmidtii has a wider distribution, This distribution,
according to Ege (1939: 218) is New Zealand, Aucklend Islands, New Celedonia,
Norfolk Island and perhaps Fiji and Tshiti,

Over recent years, eels have beceme a rapldly expanding export item,
Prior to 1965 only 15-20 tonunes, worth approximately N.Z. $2,000-$2,500,
were caught anmually, In May 1969, the Pisheries Committee of the Nationmal
Development Gonference, set a target of $1m per ammum for eel production
by 1978, This figure was surpassed in 1971 and the export value of eels
in 1972 was 51«45m, The total cateh is composed of wild eels as eel
farming ventures are still at the exploratory stage.

The fishery for wild eels is no longer a localised one centred on
processing factories, At present, several companies operate "eel-tanker"
trucks capable of transporting live eels several hundred kilemetres from
the area of capture to the factory., Increased fishing pressure is reflected
in the number of licensed factorles which process eels: 4in 1970 there
were only nine such factories but by 1972 30 were in operation,

Relatively few areas of New Zealand are geographically inaccessible
to eel fishermen, The only other areas exempt from fishing are those
where physical conditions are unsuitable, or prohibited areas such as
Maorl reserves or National Parks, At present, the only regulations relevant
to the eel fishery are those designed to protect trout and other game fish,
In the past the eradication of eels for the supposed benefit of such game
fish, has been actively encouraged by several Acolimatisation Soeieties,

The intensive fishing effort for eels has highlighted the need for
further biologlcal research to establish guidelines for the planned and
rational utilisation of this resource,

Several studles have been conducted in the past on New Zealand eels,
the most important being those of Cairms (1941, 1942) and Burnet (1952a
and b, 1955, 1968, 1969e and b). Cairns investigated the life history of
both species, including age and growth, migretion, distribution, feeding
relationships end sexus) development, Recent research by Burnet has
concerned the relationships between brown trout and eels, although he has
also investigated growth rates and adult migration,



One aspect of the blology not well studied is the annual invasion
of glass-eels and their freshwater migration, An understanding of these
stages of the life history is vital to the eel industry as a whole,
especially in view of the proposed development of commercial eel farming
within New Zealand and the current international demand for glass-eels,
Acecordingly, this present study is primarily concermed with the movements
and behaviour of glass-eels and elvers. Investigations on the age and
growth of small eels together with experimental culture, have also been
undertaken,

A review of the major literature on freshwater eels, reveals some
confusion in terminology. Thus the "glass-eel" of New Zealand and Japan

is equivalent to the "elver" of Europe and America, "Elvers" in New Zealand

refers to the small adolescent eels which undergo summer migration, These
are also variously referred to as "secondary migration eels" or
"anguillettes”,

For clarity, the term "glass-eel” has been adopted to denote the
stage in the life cycle which invades fresh-water from the sea, Such eels
are typically unpigmented, but after residence in fresh-water for a few
weeks, become strongly pigmented (late stage glass-eels), With the
attainment of the full pigmentation, stage VIB of Strubberg (1913), the
Juvenile eels are referred to as elvers,

Hereafter, the term "eel" refers to a freshwater eel of the gerus
Anguilla, unless otherwise stated. For figures and tables the name
As australis schuidtii has been shortened to A, sustralis, while in the
text, the names "shortfin" and "longfin" are often used in place of the
specific names,

The following section on "Sampling Areas and Methods", simply
introduces the variety of methods used throughout this study, these methods
being discussed more fully and appropriately under the relevant sections,




The Makara Stream was chosen as the principal study area, This
stream, which lies to the west of Wellington, is small and relatively short
(see Fig, 2.1sb). However, it drains a large catchment area of 78 km> and
so is subject to perioedic rapid floods. This catehment is generally steep
dissected hill country, cleared for farming, The walley and flood plain
are both narrow and the cutlet of the stream is restricted by a gravel dar,
The extent of this ber varies according to the strength and duration of the
northwest wind which causes gravel acoumulation, Fig, 2.2 shows upstream
and dommstream views of the mouth during 2 period when the bar was
commencing formation after being recently scoured away,

The estuary is broad and shallow, with a bottom of thick black mud,
Considerable gquantities of marsh gas are generated in the mud of the lower
estuary. Upstream, a wide diversity of habitats occurs. In upper reaches
the stream is narrow and swift with a boulder-strewn bed, In such areas
there is limited cover for large fish., Downstream of this the flow 1s
less rapid, with frequent pools and riffles, Stream margins are gemerally
bare with some areas of secondary native bush or serub, Finally, the lower
3 km is an area of deposition, Flow is slow with muddy undercut banks and
abundant cover, Margins of the stream in this area are either bare or
planted in willow,

This stream was chosen for several reasons, It is close to
Wellington end accessidble by roed for much of its length, With the
exception of the estuary and some deep holes in the lower and middle
reaches, the whole stream is able to be waded and so sampled by electric
fishing, Except for the discharge from two small pig farms, the stream is
relatively unpolluted. Finally, the stream offers a diversity of habitats
and econtains populations of both speecies of eel,

Regular sampling sites are indicated in Fig, 2,1.bs These were
concentrated along the lower 2 km, where the smallest eels were found,
Monthly electric fishing samples were mainly from the vicinity of sites
'a" - ', Additional eels were taken from the Ohariu tributary, and the
main stream 1 km above the confluence with the Ohariu tributary,
Temperatures were recorded from site 'd' over a two year period, The
amual temperature regime is very similar to that given by Allen (1954¢
34) for the Horokiwi Stream - a small stream 20 km northeast of Makera,
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Pig. 2,1.2
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The Waikato distriect with localities mentioned
in the text,

The Makara Stream, Regular sampling sites are
indicated,
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The annual range was z..5°-22.o°c, with & mean summer temperature (January-
March) of 17,2°C and a mean winter temperature (July-September) of 9.4°C.

In addition to the Makara Stream, other important sampling areas
mentioned in the text were Pukepuke Lagoon, Waimeha Stream and the Waikato
River, These areas are among those shown in Fig, 3,20,

Pukepuke Lagoon is a shallow basin lake, 3,3 km inland, formed
between consolidated and unconsolidated sand dunes, It has a sandy substrate
overlain by a soft ooge, The lagoon has an area of 15 ha and a maximum
depth of 85 om, As it is a wildlife sanctuary, the lake has not been fished
by commercial eel fishermen, The eel population is composed almost entirely
of shortfins,

The Walmeha Stream is small and muddy, approximately 2,5 km long
and drains an area of coastal swamp, It has an average width of 4,5 m and
for the most part is 1 m deeps The bottom is fine silt-mud, while
additional cover is afforded by marginal aguatic plants, The stream
contains a surprisingly large variety of native fishes, including both
species of eel, although shortfins predominate,

In contrast, the Waikato River is 280 km in length and drains a
catchment of {14000 hz. The average discharge recorded at Tuakau Bridge
is approximately LOOOO cusecs, Sampling sites mentioned in sections
dealing with the migrations of glass-eels and elvers are shown in Pig,
2+1.2, In the vieinity and downstream of the "Elbow", the river edges are
bordered with large plantations of willows. Those areas, together with
vast banks of submerged water weed, provide excellent cover for eels,
especially shortfins,

Almost all glass-eel and elver samples were obtained by net, The
various glass-eel nets used in the Makara Stream are discussed later. In
addition small eels were collected from beneath stones in the estuary
at low tide with a small hand-net, Most elver samples were also collected
with hand-nets, as the eels were found crawling over exposed obstacles -
usually the lower slopes of a hydro-electric dam,

The other method of sampling used extensively, was electric fishing,
Monthly samples of juvenile eels, including many late-stage glass-eels, were
collected by this method, The machine used was the earth return equipment,
as deseribed by Burnet (1967), Limited use was made of a portable "pack-set"
unit powered by a six volt motor-cycle battery,

Electric fishing is a convenient method of fishing in nonesaline areas
where the stream is able to be waded, Although sampling efficiency is




Fig. 2.2, Mouth of the Makara Stream - view upstreanm,

The stick in the water near the right bank indicates
the normal site of glass-eel fishing.

b Mouth of the Makara Stream - view downstream,

A gravel bar is commencing to form beyond the outlet
of the stream,







greater when working downstream as parelysed eels may drift out from
cover af'ter the operator has passed, it was often found that the mud
stirred up seriously reduced the visibility, As the Makara samples
were not required to be quantitative, it was prefersble to work upstream,

Paralysed eels were secured with a handled dip-net and placed in
plastic buckets. For transport to the laboratory, the eels were placed
in large plastic bins (60 x 40 x 25 om deep), A thin film of water
covered the bottom of the bin, sufficient to keep the eels moist, Watere
cress or other available aquatic weed was placed on top of the eels to
shield them from direoct sunlight, This method of transport proved most
successful, and over a hundred small eels, to 26 em, could be kept slive
for several hours, If eels were completely covered with water, they soon
depleted the dissolved oxygen and died from asphyxiation,

Eels of all size ranges could be collected using the electric
fishing machine, Burnet (1955: 8) maintains that the method is non-
selective for size, although, unless care is taken, it can easily be
used selectively, especially if the stream is too large for the operator
to work effectively or beyond the capabilities of the equipment, The
average efficiency of fishing for a single run over one area is given by
Burnet (1952b: 119) as 43%.

0f interest are the relative proportions of both speeies of eel
recorded from the same body of water by eleetric fishing and netting,
Thus Allen (1951: 61) recorded that less then 1% of all eels netted in
the Horokiwi Stream, Wellington, were shortfins, whereas Burnet (1952b:
121) using electric fishing found 4% were shortfins, This large difference
is probably attributable to the general small size of shortfins found by
Burnet, where 70% were less than 30 om, At this sise, the eels are
eryptosolc end this behaviour, together with size, would make them very
difficult to capture by netting,




3 EARLY LIFE HISTORY

3.1 ZNIRODUCTION

Until early this century the life history of freshwater eels
remained a mystery. The sequence of discoveries which led to the solving
of this mystery is given by Bertin (1956), The first contribution of
significance to the understanding of the reproductive bioclogy was made
in 1777, when Mondini recognised and deseribed the ovaries of the female
eel, The testes were identified in 187, by Syrski,

The marine larval stage of the life history remeined unknown until
the end of last oentury. Prior to this Kaup (1856) described a small

apodal fish larva as Leptocephalus brevirostris, but it was not until
1893 that Grassi and Calandruccio showed this delicate animal to be

the larva of the European eel Anguilla anguilla L, The problem then
remained to locate the breeding area, and this was the commission of the
Danish biologist, Johamnes Schmidt, During 18 years of research, Schmidt
eollected thousands of leptocephali from the Atlantic Ogean and adjacent
seas, From these extensive colleotions he was able to establish the
distribution of various size-classes of larvae, Consideration of the
area where the smallest larvae were obtained indicated a spawning area in
the western North Atlantic. The collection of larvae of less than 1.0 em
in the vicinity of the Sargasso Sea in 1920 confirmed this to be the
breeding area of both the European and American eels,

The European and American eels are still the only freshwater eels
for which the breeding areas are known with certainty, However, it is o
reasonable assumption that all freshwater eels have a similar early life
to that established by Schmidt. Matsui (1957:165) proposed that the
breeding area of the Japanese eel, Anguilla japonica Temminck and Schlegel
1846, lay to the east of Taiwan, Specimens as small as .23 om have
recently been collected firom this area but Matsuli and Takai (197M:17)
considered this material insufficient to confirm this propesition,

Little is known of the larval life of the New Zealand freshwater
eels, Only four anguillid larvae were recorded by Jespersen (1942:13=15)
from the Dana plankton collestions in the South Pacific in 192830,
Castle (1963:19) tentatively identified two leptocephali of shortfinned

eels collected near New Caledonia as A, sustralis schmidtii. Although
individual larvae of the Australian and New Zealand shortfin subspecies



cannot be separated on myomere counts, the area of collection of these
specimens was within the known geographical renge of the New Zealand
subspecies, No larvae of A, dieffenbachii have been recorded, This
lagk of material precludes any delimiting of the breeding area by
length-frequencies of the larvae, the method employed successfully by
Schmidt, Therefore, any suggestions of possible breeding areas must
come from consideration of suitable hydrological conditions together
with mean siges and arrival times of glass-eels in fresh-water,

3.2 LADVAL LIVE

With reference to Australasian shortfinned eels, Schmddt (1928:199)
considered that the submarine ridge south of New Caledonia provided a
physical barrier between the spawning areas of Australian and New Zealand
stocks. lore recently, Castle (1963:13) placed the general breeding aree
for southwest Pacific anguillids as "well to the east of New Caledonia =
that is, between Fiji and Tahiti", The smaller of the two larvae of
A. sustralis schmid{ii recorded by Castle (1963:9) was 2,46 om and was
collected east of the New Hebrides. Based on the growth rate calculated
for larvae of the European eel by Schmidt (1922:199), this larva would be
approximetely three menths olds As considerable distance could be
covered during this period, all that can be summised from the area of
collection is that a southward movement is involved during larval migration,

The above leads to & consideration of known factors which might
indicate the locality of the breeding area, Distribution of both New
Zealand species has already been discussed, The differences imply separate
spaming areas, The validity of separation of Australian and New Zeeland
shortfinned eels into two subspecies based on vertebral counts, is discuseed
later, Further evidence for the existence of two distinet populations
comes from gonsideration of the arrival times of glass-eels, Although
the data of Sehmidt (1928b1199) and Ege (1939:211) do not indicate the
existence of any definite season for the invasion of A, sustralis sustralis
Richardson, Buckmaster (1971:2} and pers, comm,) has found that invasion
occurs from late winter to early spring. This is similar to the time
for the main invasion of glass~eels into New Zealand fresh-waters.



Cairns (1941:60) and Castle (1969:2) suggested thet larvae of
New Zealand eels may be transported by the East Austrelian Current, and
80 arrive off the west ¢cast of New Zealand from & southerly direction,
This current is strong off the east coast of Australia and must be
considered as the final agent in transportation of Australian larvae,
Hamon (1965:899,921) recorded a velocity of 130 km/month for eddies of
this current, and considered the volume transport of the current itself
to be not more than half that of the Gulf Stream,

If there is indeed a common breeding area for both subspecies
(Castle, 1972:14), the main New Zealand invasion could be expected to
take place some considerable time after the Australian as both subspecies
would presumebly use the same current system for trensport of their
larvae, Few data are available for the speed of water movements across
the Tasman Ses, but Fleming (1952:161) gives a known speed of "at least
iy miles & day, perhaps 9 miles a day"., Using the 1100 miles given by
Fleming for the trans-Tasman stream-line distance, the lesser speed
gives a period of eight months for the crossing of the Tasman by drifting
material, As previously stated no such delay occurs between glass-eel
invasions in Australia and New Zealand, The alternative, that New
Zealand larvae require a further year to cross the Tasman Sea is not
logical, considering the relative proximity of the two landmasses.

Ege (1939:1209) recorded glass-eels of A, sustrelis from New
Caledonia, at pigmentation stage VI A IT of Strubberg (1913), with a
mean length of 4.9 em, This is only O.4 em less than the mean lemgth
for Australian specimens at the same stage also recorded by Ege, from
Maroubra near Sydney, but 1,1-1,2 cm less than compareble New Zealand
eels, It would be expected that growth which would take place over the
distance of 1500 km separating Sydney and New Caledonia would exceed
Ok em, It is not surprising to find that the New Caledonian shortfin
is the New Zealand subspecies, From the above, separate spawing grounds
for Australian and New Zeeland shortfinned eels are proposed,

The time at which maturing eels move on their catadromous migration
has been recorded by a mumber of authors, Cairns (1941:68) states that Pebe
ruary to April are the main months for this migration, with the shortfin
" run finishing by early March, Hobbs (1947:1230) found migratory shortfins
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at Lake Ellesmere (Canterbury) from March to April, end longfins from
April to May., Dates from Burnet (1969a:237-238) for mid-Canterbury,
are earlier at December to ilarch for shortfins and October to February
for longfins, Todd (pers. comm,) found the peak period in the Wellington
area to be March-April, with considerable overlapping of both species,
but longfin females were last to migrate, It may be concluded that the
migratory season for adult New Zealand eels is late summer to early
autum, 2 similar season to that of the Buropean and American eels,
which are also temperate species, In contrast, it is doubtful whether
the migrations of the tropical Indo~Pasific species of Anguilla are
seagonal, as temperatures throughout the year are uniform (Bertin,
19561184) «

A similar seasonal correlation is found in the invasion times
of glass-eels into fresh-water., European and American glass-eels arrive
from late winter through spring (e.g. Schmidt 1922:203,207) with local
differences according to distance from the spewning area. Similarly,
New Zealand glass-eels of both species arrive from late winter through
spring,

Considering these similarities in seasonal migration times of
temperate eels, it would also be expected that other phases of the life
cycle would be related to seasons. As A, anguilla and A, rostrata
(Le Sueur) spamn in the spring and summer (Schmidt 1922:198) as does
A, Jeponica (Matsui 1957:163), it can be predicted that New Zealand eels
spawn over the equivalent period in the southern hemisphere i.e. November
to February, The invasion of glass-eels commences in July, with the
peak month being September, This gives a corresponding larval life of
approximately six months, or a yearly increment of this, The actual
length of larval life can be determined from examination of glass-eel
otoliths,

Slass-Eel Otoliths

Caloulation of age by examination of the otolith (sagitta) is a
widely accepted techmique in fisheries bdology, and has been used
sucoessfully in a later section of this study to age eels. Zomation in
the glags-eel otolith should reflect the length of ses~life, To determine
whether the sones in the glass-eel otolith are seasonal, a comparison
can be made between otoliths of American and European eels, As larvae
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of the Buropean ulspmdann'thnmatlnthandom“nlm,
this should be shown as extra sones in the otolith,

It was found that otoliths from larger eels, when viewed against
& black background with reflected 1ight, show transparent zones as black
areas and opague zones as white, GClass-eel otoliths show similar zemation,
Sinha and Jones (1967a:102) review knowledge of the seasonal nature of
otolith zones in various fish speeles,

Interpretation of these zones from photographs in the relevant
literature is rather unsatisfactory. Opusgynski (1965:395) records the
presence of two dark rings in the glass-eel otolith of A, anguilla, This
is in agreement with the description given by Sinha and Jones (1967a:103)
also for the European eel, However, the latter authors mention that the
outermost black ring is thin and may be incomplete or absent, In neither
study do the authors attempt to relate the otolith somation to length of
sea~life, In an age and growth study of the American eel in Newfoundland,
Gray and Andrews (1971) do not deseribe the sea-life otolith, but
accompanying photographs show similar zones to those observed in New
Zealand glass-eels,

To observe otoliths of American and Buropean glass-sels directly,

I tried to obtain samples of preserved eels, Unfortunately, no specimens
of A, rostrata were received but a sample of 21 glass-eels of A, anguilla
was kindly supplied by Dr G. R. Williamson, Inverness, Scotland., These

eels, caught on 2 April 1972 in the River Severn, were in the early stages
of pigmentation, indicating that they were recent arrivals in freshewater,

The otoliths were removed and mounted on microscope slides for
subsequent examination, 0f the 39 otoliths examined, 17 showed a definite
double white ring of suffiecient eclarity to be measured with a micrometer
eyepiece, The division between these two rings was small and in all cases
but one constituted less than 2% of the combined width of the two rings.
The presence of this double ring contrasts with otoliths from glass~eels
of both New Zealand species, which show a single white ring,

The lmown length of larval life of the European eel of two and &
half years, can be correlated with the otolith sonation, as shown in
Fig, 341.a, In the centre of the otolith, a white spot is often visible,
This probably represents the growth which occurs during the first summer
at sea, As hatehing may extend well into summer and the otolith may not
be formed until the larva is well differentiated, this spot is small or
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Photographs of glass-eel otoliths,

A, snguilla (7,1, 6.6 em, pigmentation stage VI A II 1)

A, sustralis (T.L. 6.0 om, pigmentation stage V B),
showing suggested interpretation of zonest

W = first winter

82 = second summer

I2 = winter of arrival
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absent, Matsul (19521234) considers that the otolith of A, japonica
forms when the larva is 1,26 em in length, Surrounding this spot is
a broad black ring, formed during the first winter, Outside this is
a white ring (second summer), a thin black ring (second winter), and
a broader white ring representing the third summer of larval life,
Between this last ring and the edge of the otolith is a black margin,
At this stage the glass-eel enters fresh-water. The margin then
becomes differentiated into a winter ring,

Similarly, seasons can be assigned to the otolith zonation of
New Zealand glass~eels of both species., FPigs 3.1.b shows the suggested
interpretation, Again a central summer spot is presemt, surrounded by a
blask ring (w', first winter) and a white ring (s, second summer).

The outer black szone (wz). represents the winter of arrival, Summation
of these seasons gives a larval life of one and a half years for New
Zealand glass-eels, with arrival in fresh-water during the second winter,
Both MacFarlane (1936:46) and Cairns (1941:157) assume a larval life of
two years,

As a further check on the validity of this interpretation,
measurements were made of otoliths from invading glass-eels throughout
the season of arrival, Where possible a minimum of ten eels of either
species per month were examined, Mounted otoliths were measured with a
micrometer eyepiece at x 100 magnification, Monthly measurements were
averaged and the resulting mean zone widths expressed as a percentage of
the otolith radius, Results are given in Teble 3.1, The otolith radius
is expressed in micrometer umits, such that §D units = { mm, Comparable
data for A, anguille are also given, but herefthe seo: end third summer
zones are incorporated into a single measurement un

Table 3.1 shows a2 similar seasonal trend 1n r!ow Zealand species,
A geasonal increase occurs in the width of the outer zone, the winter of
arrival, with a corresponding decrease in the inner two sones, Although
the actual sone measurements are not included in the table, the percentage
radius occupied by zones w‘ and 32 decreases proportionally, Also,
although the mean length of the specimens decreases throughout the yeer,
the otolith radius remains approximately the same, or in longfins
inereases slightly. This is due to the inoreasing width of the outer
sone, %', An inareasing percentage width of this sone is consistent with
the seasonal interpretation of the otolith '::anu.
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Table 3.1 Proportional zone widths of otoliths from New Zealand
glass~eels per month of arrival,
Compersble measurements for a sample of A, anguilla
glass~eels are also given, although the second and

third summer zones have been incorporated under '82'.

w' = 1st winter (includes the 'spot' of first summer)

82 = 2nd summer

W2 = 2nd winter (winter of arrival)




A, sustralls Qtolith meagurements
Month n loax(:‘l;nsth Reddus  w (%) 5% (%) )
July 8 6ol 6.7 65 23 12
Aug, 1 6.2 €7 6l 21 15
Sept. 18 6.2 6.8 6k 22 18
Oct. 12 6.1 6.7 6k 21 15
Nov, 1" 546 6.7 63 19 18
A, dieffenbachii
July 5 6.6 6.3 75 19 6
Aug, 11 6.7 646 72 21 7
Sept. 12 645 7ot 70 20 10
Oote 12 6.3 6.9 70 19 1
A, anguille

21 Te2 Tobs 6l 29 7
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Thus, in early season glass-eels, this outer sone represents the
second winter of larval life only, but in late arrivals it also includes
a zone of summer growth as yet undifferentiated, This is verified by
reference to otoliths from larger eels where the second winter zone of
larval 1ife is seen to be approximately the same width in all eels.
The difference in relative zone widths between shortfins and
longfins is of interest. The high value for longfins during the first
winter probably reflects a period of rapid growth during early larval
life, For convenience, all zonation up to and including the second
winter ('2) is referred to as sea-life, All subsequent gonation is consider- |
ed as taking place in fresh-water, |
It is concluded from the above cbservations that szonation in |
glass-eel otoliths is seasonal, and is consistent with a proposed larval
life of one and & half years, It remains now to delimit the spawning
area,

Transport of larvae of the European eel is considered to be a
passive migration by water currents, although late stage and metamorphosing
leptocephali ean exhibit surprising activity (Schmidt 1906:178). As
most are found at a depth of 25«50 m (Deelder 1970:3:11), the larvae
are considered pelagic. Therefore, their direction and progress of
mlgration are almost certainly those of surface currents. Similarly,
the two larvae of the New Zealand shortfin described by Castle (1963:9),
were both collected within the upper 50 m,

The following section reviews the relevant New Zealand surface

hydrologys

Hydrology
Three main surface water movements give rise to the coastal

eireulation around New Zealand, To the south is the West Wind Drift; to
the north of the North Island, the Trade Wind Drift; %o the west of both
islands, the Tasman Current. These water movements, together with local
winds, give rise to the coastal circulation (Brodie 1960:24,7), These
features together with others mentioned in the text are illustrated in
Pige 3.2. As the breeding areas for the three northern hemisphere
temperate eels are in the vieinity of the tropies, it is assumed that
both New Zealand species spawn in similar regions in the southern
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New Zealand coastal cireulation showing components
mentioned in the text.
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hemisphere, Accordingly, the current systems of significance for larval
transport are those conveying subtropicel water to the coasts of New
Zealand,

Subtropical water may arrive at New Zealand from twe separate
directions: from the west via the Tasman Current, and from the north-
east via the Trade Wind Drift, As discussed below, recent research has
cast some doubt on the existence of definite currents derived from the
latter source,

The deflection of a branch of the east-west flowlng South Pacifie
Equatorial Current by the landmass of Australia, gives rise to a strong
southward movement of subtropical water along the east coast of Australia,
This Bast Australian Current, during its southward passage, sheds eddies
at the latitude of Sydney (Hamon 1961:10). These eddies flow eastward
to the north of New Zealand in the manmer given by Garner (1954:293),

In discussing this west to east movement, Garner considers that floating
material using this current as a vehicle, could reach the west coast of
the North Island without travelling around the periphery of the Tasman Sea,

The southward flow of the East Australian Current is deflected
north-eastward by the subantarctic surface water in the southern Tasmen
Seas The resulting northeast drift of water, the Tasman Current, is
now modified subtropical water and less well defined in its passage, It
meets the east flowing water from the East Australian Current over the
Norfolk Ridge, where a Mid-Tasman Convergence has been recorded in winter
by Stanton (1969:1141) and Stanton and Hill (1972:647). Part of the
Tasman Current flows eastward through Foveaux Strait and along the Otago
Coast, as the Southland Current (Brodie 1960:248, Houtman 1966:480),

In summary, the subtropical water from the East Australian Current
flows towards the west coast of New Zealand, either in a direct eastward
course or via the periphery of the Tasman Sea, As it approaches the
New Zealand coast this current beccmes merkedly mkor and less well
defined (Wyrtki 1962196, Garner 1969:216),

There are varying opinions as to the origin of subtropical water
flowing southward along both coasts of the northern North Island,

Fleming (19501186) proposed the existence of a warm Bast Cape Current to
explain temperature observations, Garner (1961:62) considered that this
current originated in the Trede Wind Drift, A similar origin was

proposed by Brodie (1960:1247) for both the East and West Auckland Currents.
This "extensive flow" from the Trade Wind Drift did not show in a
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eirculation survey by Wyrtki (1962:97) using geopotential topographies,
However, he considered that surface wind drif+ts would not be indicated by
this survey method.

Data from the Tui oruise in 1962, enalysed by Barker amd
Kibblewhite (1965:624), suggested that water from the Trade Wind Drift
flowed southeast along the Kermadec Trench and fed the East Cape Current,
These authors found that the main flow to the north of Horth Cape was in a
northerly direction, but some water was diverted southward as the East
Auckland Current, Similarly, Garner and Ridgway (1965:52) found that the
Westland Qurrent traversed the entire west coast of New Zealand and rounded
North Cape to form a strong southward flow (the East Auckland Current),

Stanton (1969:136) implied that water from the Trade Wind Drift
has little effect on the coastal circulation of New Zealand, He proposed
a tropicel convergence at the interface of water from this drift and
water derived from the eastward flow of the East Australian Current,
However, Garner (1970:120) found no evidence for either a tropical
convergence or & southwest flowing Trade Wind Drift to the northeast
of Hew Zealand, Contrary to Wyrtkd (1962:97), Garner considered that
such a surface drift should be recorded by geopotential topegraphy.
Similarly Ridgway (1970) obtained no indication of a southwest flow
in the southem Kermadec Trench, as had previcusly been postulated by
Barker and Kibblewhite (1965).

In view of these differences in interpretation, it is not possible
to say definitely whether subtropical water arriving at New Zealand is
completely derived from the Tasman Current or whether some originates from
the Trade Wind Drif't. Distribution of the two subspecies of A, australis
suggests that 2 more direct route from the north might be taken by larvae
of the New Zealand subspecies, as shortfinned eels to the west of 160°
latitude are A, sustrelis sustralls and to the east are A, sustralis
Sehmidtii, This is not supported by known hydreological conditions, which
indlcate that water flowing west past New Caledonia strikes the east coast
of Australia or enters the Coral Sea (Wyrtki 1962:100-102), No shorter
route by-passing the eastern seaboard of Australia is known,

Thus, an analysis of the surface currents of New Zealand and
adjacent waters, glves no more precise indication of a possible spamning
area located in the tropics. Also, it cannot be established that glasse
eels arrive at New Zealand without traversing the Tasman Sea,
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Finally, a consideration of the important physical factors for
spamning of the Buropean eel may help to define possible areas in whigh
the New Zealand eels spawn, These factors according te Bertin (1956:122)
are a depth in excess of 400 m with a temperature of 16-17°C and a
salinity greater than 35,5 /00, In the southern hemisphere the warmest
ereas at a comparable depth ocour in the vieinity of 20°8 (Sverdrup ot al
1942:chart V), Temperatures here are approximetely 14=15°C, Depth is
generally adequate over the whole southwest Pacific basin, especially
east of Tongs, and salinities are relatively high, It seems logical to
confine the possible spewning area to the latitude of approximately 20°.

Estimation of possible distances travelled by larvae during the
one and a half years of sea-life can also be considered, Harden-Jones
(1968:77) found a good correlation between the velocity of surface
currents in the North Atlantic and the proposed length of sea-life for
European eel larvee, Few data are available for cwrrent velocities
in the southwest Pacifie, Wyrtikd (1962:103) resorded an average current
flow to the north of New Caledonia of 3«5 ¢m per second, and Hamon
(1961:10) states that volume transport of the Bast Austrelian Current is
approximately half that of the Gulf Stream,

Meyer-Waarden (1965) gives a migration speed for lervee of the
European eel of 7 km per day, whereas the above data of Wyrtki for the
western branch of the South Pacifioc Equatorial Current give a value of
the order of 4 km per day, If this current speed is typical of that
influencing New Zealand eel larvee during their 18 months larval life,

a figure of 2200 km is obtained for the possible distance from New Zealand
to the spawning area, In a direct northeast direction to 20°3, this
estimate places the spawning area in the vieinity of the Cook Islands,
However, the lmown distribution of A, australis schmidtii indicates a
westerly component in the dispersal, The actual spawning area is

probebly further west of the Cook Islands, perhaps over the depths to

the east of Tonga. Until more preecise bilological and hydrological data
are availeble, it is not pessible to be more specific,
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eels from the sea and subsequent movements,

The first design was a square box net with an external collapsible
frame, This net had a simple 'V' entrance and detachable 3 m wings, It
was fished at sampling site 'd' in the Makara Stream (see Fig. 2.,1.b)
from September to November 1970, Although good catches of whitebait
(Galaxias spp,) were made, only ten glass-eels were caught, Major
disadvantages of this net were its large sisze (mouth of 75 em x 75 om)
and lack of streamlining, It was suspected that much of the ecatch
escaped as whitebait catohes increased immediately a tapered throat
was inserted. The netting itself was fibreglass insect netting with
7 meshes/em and proved very durable.

For the 1971 invasion, three further nets were constructed; one
for site 'a' at the stream mouth, and two for upstream sampling at sites
'd’ and 'd', These nets had an intermal frame and were covered with
aluminium fly-sereen netting, Seams were hand-sewn, Fig, 3.3.a shows
en upstream net as used at site 'd', These nets had permanent wings
leading to a throat entrance, The upstream end was tapered to provide
less resistance to the flow of water, However, upstream catches were
again small, Also, site 'b' was not suited to a set-net as daily tidal
fluctuations meant that the net fished effectively only half the time,
One unforeseen hazard was water rats which occasionally chewed holes in
these nets to get at dead whitebait,

The net used for night fishing at the stream mouth proved more
successful, This net had a tapered throat, detachable wings and was
designed to fish the sloping stream margin, However, the internal frame

meant that the leading edges were subjected to much wear and the 1972 model

was designed with an external frame (Fig. 3.3.b )s The latter net,

again made from fibreglass insect netting, proved mest efficient, A
nylon skirt at the rear allowed quick emptying, It could be soundly
secured with both ropes and stakes, which allowed fishing in all but the
most adverse sonditions., On swift flood tides a constant watch was of'ten
necessary to remove large amounts of seaweed which otherwise elogged the
entrance,
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,ig- 33 Glass~eel nets,
a Net used for upstream sampling,

b Net used to sample the 1972 invasion at the mouth
of the Makara Stream,
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During the 1972 glass-eel season, fishing took place on two and
usually three nights each week., The net was emptied once every quarter
hour, the contents tipped into a large plastic bin and the net returned
immediately to the water, This operation normally took only one minute,
The catch was then sorted and the glass-eels counted, Unfortunately it
was not possible to differentiate between the two species in the field,
Some glass-eels were caught by using a small carbide lamp as illumination
and a hand net, but this method was not used extemsively, The total night's
cateh was kept overnight in stream-water which was vigorously aerated. The
eels were then measured and weighed the following morning, Some of the
sequences in the fishing operation are shown in Fig, 3.h.a-d,

For measuring, eels were anaesthetised with a solution of 3%
bensocaine dissolved in 95% isopropyl alcohol., This solution was used at
a concentration of 2-3 ml per litre of water, As soon as the fish became
immobile, they were transferred to a flat white fish, with a thin film
of water covering the bottom, Using a side light and low magnification
on a binocular microscope, the shadow of the dorsal fin could easily be
seen, The pre-anal extent of this fin was the character used to
differentiate between the two species. The stage of pigmentation,
according to the scale of Strubberg (1913:4) was also recorded for each
specimen,

Up to 50 eels at a time were weighed, to reduce possible
percentage errors, The narcotised eels were placed on a petri~dish and
weighed on a chemical balance, The weight of the glass was subtracted
and the mean weight per eel calculated, Individual eels could be
weighed in this way, and careful teghnique gave an error of less than
3% for each eel, If eels were required to be kept alive, they were removed
to an aerated tank, Those for subsequent rediographic investigations
were preserved by fixing in a shallow dish of 10% formalin for two days,
thoroughly washed, then stored in 45% isopropyl alcohel,

When reviving narcotised glass~eels, it was noted that lengfins
took consistently longer to recover than did shortfins., When plaged in
uncirculated water, most shortfins would revive in half an hour, amnd all
within one hour, At the end of this time, s many as 800 of the longfins
would still be marcotised, while over 50% would still not have recovered
after two hours, These latter fish showed opaqueness of the brain and
nerve cord, characteristioc signs of impending death, Further trials
showed both species took the same time to become anaesthetised, but
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Flge 34 Sequences in glass-eel fishing at night.

a Setting the net

b Inspecting the contents ¢ Re~tying the skirt after
emptying the net

d Sorting the catch, In this instance
the cateh is completely whitebait

(Galaxias spp.).
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longfins had a slower recovery time, The recovery time in aerated water
was considerably less but varied according to the strength of the
anagsthetic, the time spent in this solution before removal, and the
water temperature, Under normal conditions, all eels were revived within
five minutes, with the shortfins again recovering more rapidly,

Other samples were cbtained from various localities throughout the
country. These were received either preserved in formalin or alive, Twe
suitable methods of transport alive were used: either the eels swam freely
in a large container, aerated from an oxygen cylinder or they were packed
in large plastic bags inflated with oxygen in the proportion of one part
eelsione part weter:20 parts oxygen. If eels were cooled prior to
packing and the tempereture kept between 7-10°C during transport, they
could be kept this way for at least 12 hours with little or no mortality,
However, during transport, if temperatures rose to 15°C eand higher, the
eels showed characteristic signs of distress by agitated movements and
frothing of the water, Under these circumstances, considersble mortalities
occurred, This method of transport, with some refinements, has been used
to air-freight New Zealand glass-eels to Japan,

Whichever method was used, it was consistently found that, in
proportion to the numbers present, longfins died in far ;rutu-m
than did shortfins, For example, a large sample of several thousand
glass-eels from the Walkato River, collected on 11 September 1971, was
found %o contain 99.8% shortfins, However, of the 72 dead eels removed
from the plastic bags on arrival at the laboratory 39% were longfins,
Similarly, longfins could not be kept successfully under laboratory
conditions, In November 1970, a sample of 2779 glass-eels were plaged in
e 55 1 aguarium;of these, 363 (13%) were longfins, Water was changed
once weekly and the eels were fed three times weekly, Within 35 days
all the longfins had died, but only 5% of the shortfins, Dead eels were
not obviously in a debilitated condition, and although the cause of death
was not known, it was suspected that trages of chlorine in the domestie
water supply, could have been a major fagtor,

An analysis of living and dead glass-eels kept at a Masterton
esl-processing factory showed similar results, These eels, from the
Whareanma River (see Fig, 3.20) were kept outside in a 300 1 concrete tank,
supplied with rumning spring-water, Although longfins comprised only 4%
of a sample of 270 living eels examined, they made up 47% of a sample of
68 dead eels, As a similar water supply is used successfully to rear
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brown trout fry, Salmo trutta L. (P, Salmonidae), in a nearby hatchery,
it is not thought that these deaths were attributable to water quality,
It would appear that longfins, at the glass-eel stage, do not adapt
readily to artificial enviromments.

In the laboratory, the darker, more light-tolerant specimens were
frequently very active, even during daylight hours and made repeated
efforts to climb the aquarium sides, Their remarkable climbing ebility was
demonstrated when several escaped by threading their way upwards through a
plece of plastic netting which had been draped over the side of the tank
‘to hold food, Once acclimatised to an aquarium, most eels had a tendenocy
to hang from a netting bag which was suspended in mid-water, Only a few
sought cover under pieces of stone pipe provided. This behaviour greatly
facilitated cleaning of the tanks by siphoning,

Little trouble was experienced in inducing the gless-eels to feed,
New arrivals were left for a week to acclimatise before food was introduced,
By this time, many would readily accept food and by the end of the week,
almost all would be feeding, It was found that maturel foods (Tubifex
worms, white worms Enchytraeus albidus) were initially more acceptable
than artificial foods, but once eels were feeding well, a wide variety
of foods were eaten, A mixture of minced fish end liver was readily
consumed but easily fragsmented and clouded the water. Addition of a
small amount of gelatin partially overcame this problem, Neither this
food nor pinom trout food, had the consistency of a sample of Japanese
compound eel food, provided by the New Zealand Fishing Industry Board. To
lessen the dispersal of food fragments in the weter, floating plastie
containers with perforated sides were tried, However, very few eels
appeared able to locate the food and most were unwilling to enter the
containers, The few that did enter the containers immediately sought
a way out, and did not feed,

Some problems with disease were experienced, The most prevalent
disease was Saprolegnia parasitica Coker which appeared externally as
tufted growths of white fungus on any area of the body. It was normally
checked by dosing tanks with a solution of malachite green and methylene
blue sufficient to just colour the water. This disease, commonly encountered
in eel farms, is now regarded as a secondary infection (Egusa 1965:524),

Aehthyophthirius multifiliis, "whitespot", was also encountered,

Again, the above treatment proved effective and prevented reinfection



from the encysted adult form of the parasite, Tanks were dosed weekly

to keep disease to a minimum, Dead fish, surplus food and faecal material
were removed regularly by siphoning with a short length of plastic hose.
Airlift filters removed suspended material from the water. These.
precautions kept the problems from disease to a tolerable level,

Seneral Morphology and Pigmentation

As the name implies, glass-eels on arrival in fresh-water from
the sea, are almost completely transparent, with the black chorioid layer
of the eye being the most conspicuous feature, PFig, 3e5.8.,b shows both
species at this stage. The brain and spinal cord become opaque with the
onset of death, Other prominent features are the branchial area, coloured
light red by the developing blood pigment; the two-chambered heart
situated anterior to the liver; the large liver; the straight gut;
and the kidney above and posterior to the anus, Under magnification, the
eirculation can be easily traced, with the dorssl aorta and the posterior
cardinal veins located beneath the vertebral columm,

Glass-eels invading fresh-water typically show only a few
melanophores on the posterior ceudal fin rays, and the commencement of
pigment development around the brain and spinal cord, The chromatophores
on the spinal cord form laterally one on either side of each vertebra,
Development of the melanophores commences posteriorly and the spinal cord
of en invading eel is generally seen as a black stripe extending two-
thirds of the length of the body and formed by coaleseing melanophores.
At this stage, further deep-seated pigmentation develops on the membranes
surrounding the brain. Again development begins pesteriorly and proceeds
both anteriorly and laterally, to cover the brain itself. This cerebral
pignentation or "tache cérébrale” as it is often referred to in literature
of the European eel, is visible through a dorsal fontanelle in the braine
case. As the dermal bones develop to completely enclose the brain,
superficial pigmentation forms on the skin above the brain and continues
forward to meet the pigment now formed above the olfactory organs,
Melanophore development now commences on the pericardium, peritoneum,
blood vessels and branchial elements,

The external pigmentation also commences posteriorly and proceeds
anteriorly along the dorsal mid-line and the lateral line. Dorso-lateral
chromatophores first form at the margins of the myotomes, giving the eel
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Fig. 3.5 Glass-eels at invasion (1live),
a A: mg!_lil 6‘1 om, ‘u‘. “.

b A, dleffenbachii 6.5 am, stage VB,

Pigmented glass-eels (preserved).

¢ A, sustralis 6.0 om, stage VI A II 2

4 A, dleffenbachii 6.3 om, stage VI A IV 2







a characteristic chevron pattern (Fig. 3.5.d). Myotomal pigment then
develops and coalesces laterally, Ventro-lateral pigmentation is somewhat
slower, and by the time it appears pre-anally, the dorso-lateral pigment
has reached the head, All epidermal pigment cells now coalesce to give
the young eel the adult coloration,

The process of pigmentation has been divided into various stages by
Strubberg (1913:4) based on the spread of superficial pigment, An
abbreviated form of this scale appears in Table 3,2,

Gless-eels of both Hew Zealand species fit this scale well and
accordingly it is adopted to characterise developmental stages.

It was found thet all invading glass-eels caught at Makara, were
in the earliest stages of pigmentation, linety percent corresponded to
stage VB on the scale of Strubberge. From this it might be inferred that
development of pigment is a consequence of entry into freshewater, That
this is not so for the Furopean eel was demonstrated by Strubberg (1913:7)
who found that pigmentation developed at the same rate in eels kept in
salt or freshewater, Conversely, Vilter (1944) found some evidence for
the retardation of pigment development by an increase in salinity, He
considered the influence of the external environment expressed itself
through the endocrine system and the stage of pigmentation was not always
a goed index of physiclogical change. The comments by Bertin (1956:145)
adequately summarise the above, "The two metamorphoses that the eel
undergoes are dependent upon internal secretions., The external factors
ean only retard or acecelerate the phenomenon”,

To observe the sequence of pigmentation under varying conditions,
three experiments were conducted on both long end shortfimmed glass-eels,
All trizls began with fresh glasas-eels at stage VB, These were caught a |
day orior to the experiments and either retained in salt-water or
agelimatised over a day, to fresh-water,

Salinity: Ten longfins and ten shortfins were placed in a tank of salte
water, Similar numbers were placed in fresh-water. The tanks, painted
black, were aerated and the eels fed three times a week with white worms.
At weekly intervals, the length, mean weight and stage of pigmentation

was recorded for all eels, Temperatures over the five weeks of observations
ranged from 11.4°-14.2°C. The results are given in Fig, 3.6.a expressed

as the percentage number of eels per pigmentation sube-stage, The histograms




Table 3,2  Abbreviated scale of Strubberg (1913) for successive

stages in pigment development in glass-eels.




VIA I
VIA II

VIA III

VIA IV

Elgmentation
Cerebral and nerve cord pigmentation,

Pigment developed along dorsal ridge. NNo mediolateral pigmentation,

Development of mediolateral pigment post-anally, Some doubling
of dorsolateral pigment on myosepta and intermyoseptal pigment
developing,

Mediolateral pigmentation extends pre-anally to the pectoral fins,
Increased doubling of dorsal and mediolateral myoseptal series,

Development of ventrolateral pigment pre-anally with assoeiated
development of intermyoseptal pigment,

Myoseptel arrangement of pigment, both dorsally and ventrally,
begins to be indistinet. Pigment developing on cheek, behind
and below the eye and on pectoral fins,
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show that salinity had little retarding effect on the rate of pigmentation;
at the end of five weeks, both tanks were almost comparable, with eels

in freshewater showing slightly more pigment development, However, in

both tanks, pigment development was more rapid in longfins than in shortfins.

Temperature: While carrying out temperature tolerance experiments, the
rate of pigmentation of four eels of both species at 10° and 27°C was
recorded. Unfortunately, the longfins at the higher temperature all died
after one week, The results (Fig, 3.,6.b) show the marked retarding effect
the low temperature had on both species, while the high temperature
accelerated pigment development., In this experiment, only limited cover
was available for the eels, and it was thought this factor may also be
important in the spread of pigment, To investigate this, e third
experiment was carried out., Unfortunately only a limited number of
longfins were available for this trial,

Background: Ten shortfins and three longfins were placed in a clear
perspex tank with a white bottom. An equal number were placed in a
black tank, Pieces of stone pipe provided cover from direct light,
White worms were fed and weekly measurements of the eels taken, Temper-
atures recorded ranged from 12,4°=14.9°C, The results are illustrated
in Fig.3.6.¢ and show the pronounced effect of background colouration
on the development of pigmentation, The darker the background, the
more rapid the rate of pigmentation to adapt to it.

The above experiments indicate that envirommental factors can have
a considerable effect on the rate at which pigmentation proceeds, However,
as pigmentation develops almost as rapidly in salt-water as in fresh-water,
the process can be considered to be initiated at larval metamorphosis,
The samples of New Zealand glass-eels examined indicate stage VB to be
that at which invasion into fresh-water takes place throughout the
country, If post-metamorphic sea~life is extended, for whatever reason,
the invading glass-eels will have commenced some superficial pigmentation,
The limitations of using the scale of Strubberg as an indication of
freshwater life, are disoussed later,
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Fig. 3.6 Effects of environment on the rate of pigment
development of glasa~-eels,

a Salinity
b Temperature
¢ Background colouration

All eels were at stage VB at the start of the trials,
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Shrinkage
Glass-eels invading fresh-water undergo a marked shrinkage for a

period of several weeks, This decrease in both length and weight can be
considered as continuous with the size reduction which takes place at
metamorphosis, This reduction occurs even though the eels may be actively
feeding. Thus, the eels used in the pigmentation experiments, although
readily feeding, decreased in length and initially in weight also, for the
five weeks of observations, This shrinkage took place in both salt and
fresh-water, In fresh-water, the mean length decrease was 2,3 for
shortfins and 4.4% for longfins,

Because of the variable time intervals represented by different
stages of pigmentation, it is difficult to correlate the commencement of
growth with any particular stage. Table 3.3.a shows the mean length per
pigmentation sub-stage for a typical shortfin sample (Waikato River,

11 September 1971). No trend is obvious from the size distribution,
However, if the condition factor is considered, a general trend can be
seen, Table 3.3.b gives the mean condition factor per pigmentation sub-
stage for shortfins collected during the month of October, The VB value
is taken from Makara samples, while the other values were obtained from
various live samples to give a wide coverage of stages. Condition, K,
was calculated from K = L.X 1000 ynere W = weight in grams and L = length

in ems Insufficient data were available for longfins, and no comparable
table can be given,

Table 3.3+b shows & decline in condition ocours until the onset of
stage VIA III, The increase at this stage is indicative of the commencement
of growth, and is attributable to inecrease in weight rather than a
continued decrease in length, as most samples showed a slight increase
in mean length during late VIA III, Similarly, Heldt and Heldt (1929:30,
36) found the reduction in length and weight of glass-eels from the Lake
of Tunis to continue into stage VIA ITI, Hornmyold (1927:108) commented
that after this size reduction the pigmented eels "Qu'elles n'ont que la
peau et les os" and are inedible,

To investigate the shrinkage in length further, proportional
measurements were made of shortfin glass-eels and elvers, Twenty eels
from each pigmentation stage were measured, using a micrometer eyepiece to
caleulate head length, and an accurete rule under low magnification for all



Table 3.3 a Wean length per pigmentation sub-stage of live glasse
eels of A, australis collected 11 September 1971,
Walkato River,

b Mean condition factor, K, per pigmentation sub-stage
live glass-eels of A, sustralis collected during

October.,




Stage VIA II VIA TII VIA IV
Sub-stage 1 2 3 L 1 2 3 1 2
lzﬂn)lm 5486 5,92 5,97 5.98 6.02 5.87 6,03 5495 6,40
cm
n 7 77 6, 32 18 18 & L o9
Grand mean length = 5,97 cm
N = 225
b
Stage VB VIA I VIA IX VIA III VIA IV vis
Sub-stage 1 2 3 ' 1 2 3 1 2 3 &
M OQN - 007) 0075 0070 0072 9088 0095 otas 0090 1002 1002 - 1.’8
condition
n 452} = 2 10 21 g8 I 6 18 | 12 8 2 =« |13
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other measurements,
Measurements taken were:

Head Length (H.L.) 3 tip of lower jaw to brenchial opening
Total Length (T.L.) : tip of lower jaw to tip of caudal fin
Pre-anal Length (PRE,A,) : branchial opening to anus
Post-anal Length (POST.A,) : anus to tip of caudal fin
Body Length (B.L.) : branchial opening to tip of caudal fin

The average measurements, expressed as percentages of the body
length or total length, are given in Table 3.4,

That shrinkage is not uniform over the total length is shown by
inereasing proporticnal length of the head in pigmented eels, The agtual
mean head lengths for stages VB and VI A II, were 0.66 om and 0,67 em
respectively, with body lengths of 5,40 cm and 5,19 em, Thus, it is not
@ change in head length but a decrease in body length, which causes
shrinkages Similarly, measurements of A, asustralis sghmidtii larvae
given by Castle (1963:9) show that although head length increases with
growth of the larvae, it does so in a decreasing proportion to growth
in total length. Consequently, the major changes in body proportions
which ocour during larval growth are due to rapid growth in the body.

During stage VI A III, the glass-eels attain the body preportions
of the elver, and from this stage on it is assumed that growth is isometric,
No differences in body proportions were found in elvers examined, which
covered a range in length of 5 om,

To further localise the region of shrinkage, the body measurements
excluding head length, were examined, These mean pre-anal and posteanal
measurements, expressed as a percentage of body length, are also given in
Table 3.4+ The values show that during the stages of maximum shrinkage
(VB = VI A II), the reduction in length is uniform in both pre-anal and
post-anal regions. However, from stage VIA III onwards, the pre-anal
region occupies a propert_imuy increased length,

Proportional shrinkage in both pre-anal and posteanal aress is
consistent with the explanation of Ahlstrom and Counts (1958) for shrinkage
observed during metamorphosis of Vinoiguerris lucetia (Garman)

(Fs Gonostomatidae). These authors considered that shrinkage was due to
compression of the unossified spaces between the centra of the vertebral
column, '

The change in the relative pre-anal length is considered due to
onset of growth which takes place during stage VI A III, Subsequent to




Table 3.4
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Proportional body measurements of glass-eels and
elvers of A, australis

H,L, = Head Length

TeLs = Total Length
PRE,A, = Pre-anal Length
POST.A, = Post-anal Length

B.L. Beody Length




Stage n 1(em)

H,L./T.Ls PRE,A,/T,L, POST.A./T.L. PRE,A,/B.L, POST.A,/B,L.

B 20
VIA II 20
VIA IITI 20
VIA IV 20
Elvers 41

6.1
549
6.6

73
7:0=12,0

10.9
1.5
12.3
12,7

12,5

27.1
26,7
2743
27.5
274

62,0
61.8
6044
59.8
6041

3045
30.2
3.1
3145
313

69.5
69.8
6849
6845
68.7
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this, there has been en anterior migration of the anus during
metamorphosis (Ford 1931:994) and a folding of the gut to form a

looped alimentary canal, Once the eel is established in fresh-water,
the role of the gut assumes more importance, as the eel enters a period
of active growth, culminating in its catadromous migration,

In glass-eels at stage VB, the gut is relatively simple, being
comprised of a small anterior loop, and a descending straight tube leading
to the anus, During early development, the loop extends posteriorly to
form the descending and ascending limbs of the stomach, The degree of
stomach development in glass-eels was investigated to find whether any
relationship existed between this and rate of pigment development, The
extent of stomach development was determined by expressing the length of
the ascending limb (A.L.) as & ratio of the length of the gut in situ
(G.In)o

Measurements of early stage glass~eels (VB - VI A II 1) were made
from preserved material, However, during cbservations on pigment
development, it was possible to measure stomach development in
anaesthetised eels, These eels had been fed white worms the day prior
to measuring, and the full stomachs enabled the extent of development to
be easily seen and measured, Although the stomach is a rather elastic
organ, any distension appears to be in width and not length, As no
differences were apparent in results from those eels kept in salt~
water and those from fresh-water, these data were pooled, and the
results plotted in Fig, 3.7.

The regression equations are:

shortfins Y = 4,7231(X) + 23.5029 r = 0,8923 (n = 58)
longfins Y = 5.4487(X) + 17,1248 r = 0,9519 (n = 33)

Both correlation coefficients are highly significant at the 1%
level, This high degree of correlation between stomach development and
stage of pigmentation also confirms the scale of sﬁ'nhbu'g as a valid
index of sequences in pigmentation development, and indicates that mean
time intervals between successive stages are approximately equivalent,
However, from consideration of the stage of pigmentation alone, it is
not possible to make definitive statements on the lemgth of time particular
glass-eels have spent in fresh-water., As the rate of pigment development
is subject to certain environmental influences and the length of poste
metamorphic life, such calculations are, at best, fair estimates,
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Fige 3.7 Extent of stomach development in glass-eels at various
stages of pigmentation.

A,L. = length of ascending limb of stomach

G.L. = length of gut in gitu

Solid circles indicate the sample means and the
vertical lines the ranges.
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It is suggested that the development of pigment, together with
assoclated processes of shrinkage, stomach development and the onset of
growth, take place as a result of the length of post-metamorphic life,
However, as discussed in a later section, behavioural changes in response
to 1light seem to be related directly to the development of pigmentation,

The armual invasion of New Zealand freshwater systems by glass-eels,
takes place during winter and spring. Ege (1939: 144,212) gives August to
January as the months for the invasion of both species, while Cairns (1941:62)
considers October to December to constitute the main invasion period, Catches
during 1972 at the mouth of the Makara Stream, indicate an invasion period for
this locality of July to December, but within this period different species
patterns oceour,

Table 3.5 gives the monthly results of glass-eel fishing at Makara for
1971 and 1972, Unfortunately it was not possible to commence fishing during
1971, until September, by which time a substantial part of the invasion had
probably taken place, However, in 1972, e total of seven months was fished,
with cateches being recorded in six of these months, The 1972 catch is further
shown in Figes 3.8.2 and by Fig. 3.8.a shows that shortfins arrive at Makara
over a period of six months, with September and October being the peak months,
During 1972 these two months accounted for 72% of the total shortfin catch.
The comparable value for 1971 was 69%. The longfin invasion takes place over
& shorter period, from July to September, with peak months being August and
Septeaber, In 1972, 79% of the total longfin catch came from these two months,

The total 1972 eateh for both species combined, indicates that Sep-
tember is the major month of invasion, providing 37% of the seasonal total,
This is followed by October (31%) then August and November with 15% and 13%
respectively, Similarly the cateh per fishing effort for the 1971 and 1972
seasons (Table 3.6) shows September to be the most productive month, Over
the main part of the 1972 season, fishing was carried out on three nights
each week to maintain a regular and constant effort, However, the effort
was relaxsd early and late in the season due to scarcity of glass-eels, as
reflected in the low catch per effort figures,

Although the numbers of glass-eels caught at Makara were not
large, they are considered to provide a good index of the relative arrival
patterns of both species, for several reasons, Firstly, all sampling was

carried out at the mouth of the stream and this eliminated the possibility
of eels finding a sultable habitat once in fresh-water and so discontinuing



Table 3.5
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Monthly glass-eel catches from Makara Stream for
1971 and 1972,




n 1972

A, oustralls A, dieffedachii | A, sustralis A, dlefferbachii

n %/month =n %/month n  %/memth =n %/month
July 3 T4 " 26
Sept. 293 9 20 6 482 80 120 20
Octs 215 9% % 6 452 9 50 10
Nove. 225 99 1 1 205 98 8 2
Dec, 5 100 - - 9 4100 - -

N 738 35 1303 304

Species
propor=
tions (%) 9% b 81 19
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Fig. 3.8. Makara Stream glass-eel catch, 1972,

a The number of the total catech per month for
both species.

b The percentage of the total catech per month
for both species.
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their inland migration, Secondly, the Makara Stream supports a large
population of both species, Further, the Wellington area is located
"mid-way" along the north-south extent of the country; analysis of
glass~eel samples from throughout the country indicates some differences
in species distribution from north to south,

Provided that 1972 was a typical ycar, the Makara catches
indicate that the majority of longfin glass-eels arrive somewhat
earlier than do shortfin glass-eels,

Various glass-eel samples were obtained from the Waikato River
over a period of three years, All samples camé from the "Elbow" near
Pukekohe (see Fig, 2,1,a) and cover a period of four menths, These
samples are presented chronologically in Table 3.7, Unlike the Makara
data, the Waikato samples show no definite species patterns of invasion,
However, the "Elbow" fishing site is located 18 km upstream from the sea,
and most eels in the samples were well-pigmented, indicating a possible
residency in fresh-water of approximately two weeks, As the downstream
area offers varied habitats, many glass-eels may choose to remain there,
rather than continue their migration, Data presented later indicate
that of the two species, the shortfin glass-eel is more likely to remain
in such lower reaches than the longfin, Furthermore, there is no reason
to suspect that either species shows behavioural differences resulting
in a bias by the sampling method of set-nets, It does not seem that
the relatively small catches of longfin glass-eels are due to either
the catching method or the locality of the sampling site,

From the above it is concluded that a much higher proportion
of shortfin glass-eels invades the Waikato River than do longfins, but
the samples do not indicate any seasonal trend in the proportions of
both species,

Factors Influencing Preshwater Invesion

Glass-ecels of both species caught immediately upon entering _
freshewater from the sea, are typically at Stage VB of the scale of
Strubberg. The stages of pigmentaticn for all glass-eels caught at the
mouth of the Makara Stream during 1971 and 1972 ere given in Table 3.8,
For simplification, both species have been combined for each year. In
October and November 1972, two large catches were not completely analysed,
resulting in the difference shown in the total cateh for 1972 between
this table and Table 3,5.
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Table 3.7 Glass~eel samples from the Waikato River, 1970-1972 .
|
|




A, ausirells = A, ddeffenbachil

Sample date n %/ semple n %/sample
24/8/70 300 98 7 2
1/9/1 606 99 1 1
117/72 501 98 8 2
21/9/72 97 9 10 9
28/9/72 503 99 2 1
9/10/71 305 95 16 5
3/1/7 320 53 5 2
6/11/70 187 S0 20 10
n 2908 69

Species proportions (%) | 98 2




Table } 8
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Pigmentation itagan of invading glass-eels from the
Makara Stream for 1971 and 1972, Both species
combined.,

Figures in %/ stage/ month.




L4 272
VB VIAI VIAII VIAIII n| VB VIAI VIAII VIAIII n

July 100 42
Aug, I 3 3 243
Sept. 98 1 1 33| 9% 3 3 602
Oct. 92 3 4 1 229 | 80 6 13 1 136
Nove 77 10 13 226 | 87 5 6 2 215
Dec. 4O 40 20 51 56 22 22 9

[ 1547

(Mean) 90 & 5 1 89 b 6 1
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Table 3,8 shows that approximately 90% of all glass-eels
caught were at Stage VB, Also, the percentage of individuals at
Stage VB decreases significantly throughout the season. This latter
observation is discussed in a later section,

Before considering the catch data from Makara further, it is
necessary to gain an understanding of the behaviour of glass-eels at
sea immediately prior to their freshwater invasion. The following is
a review of significant contributions in this field,

Vertical movements of migrating glass-eels have long been known.
Johansen (1905: 2) discovered that newly metamorphosed glass-eels at
sea exhibited a diurnal rhythm, At night they were pelagic and eould
be caught close to the surface, while during the day they were found on
the bottom, More recently, Deelder (1952: 197-198) confirmed this and
commented on the possible transport of glass-eels by tidal streams,
After studying catches by tide phases, he concluded that the direction
of tidal streams had no direct effect on glass~eel migration in the
vieinity of freshwater outlets,

Creutzberg (1958: 857) investigating glass-eel movements further
offshore, in the Dutch Wadden Sea, found evidence for inshore movement
on the flood tide and a burying or swimming close to the bottom during
the ebb tide, He suggested that discrimination of the tide phases was
due to salinity changes during the tidal cycle, However, after further
experiments (Creutzberg 1961: 309), he concluded that this disorimination
was not due to the perception of salinity changes but to olfactory
stimli, He proposed that the increased odour of inland water which
occurred with the ebb tide caused the glass-cels to stay near the bottom,
but with the oconsequent decrease in inland water odour during the flood
tide, the glass-eels rose to higher water levels and were transported by :
the tidal stream, In a series of well-conducted laboratory experiments, he
was able to confirm this,

These apparent contradictions in observations of the tidal
transport of glass-eels were resolved by consideration of changes in
behaviour of the eels, Deelder (1958: 136) found differemces in
vertical movements, schooling tendencies, and reactions to fresh-water
and light between glass-eels collected well off-shore and those ebout
to invade fresh-water, From observations at the mouth of the River
Severn estuary, he assumed that newly arrived glass-eels delayed further




upstream migration until they had undergone the above behavioural
changes (Deelder 1958: 145), He also postulated that a similar
transitional area must exist in the Wadden Sea,

Delays between the passage of glass-eel concentrations
observed in the Wadden Sea and their arrival at freshwater outlets, were
recorded by Creutsberg (1961: 279)., Subsequent sampling by him showed
that these glass-eels had delayed their migration and had accumulated
in an area of low salinity (0.5-11,0°/00), In this trensitional area
they were carried to and fro by tidal streams, Although Creutzberg
offered no explanation for this accumulation, it is now known that it
enables the glass-eels to complete their behavioural changes before
entering fresh-water,

Unfortunately neither Deelder nor Creutzberg give any indication
of the stage of pigmentation of the glass-eels involved in their studies,
From reference to Strubberg (1923: 17) who records the pigmentation stage
of glass-eels entering Danish seas as predominantly stage VB, it is
assumed Dutch glass-eels are at a similar stage, The degree of
pigmentation is important, as it is suggested later in this present
investigation, that certain behavioural responses are modified by
increasing pigmentation,

From consideration of the above references, the glass-eel:
migration can now be divided into two separate stages. Firstly, the
initial invasion from the sea into estuarine areas or regions of low
salinity, In these transitional areas, specific behavioural changes
take place, This migration is referred to in the text as the 'freshwater
invasion' or 'invasion', Secondly, a further inland penetration of
freshwater systems with the assumption of the mode of life characteristie
of adolescent eels, Hereafter, this movement is termed the 'freshwater
migration', Unfortunately, most authors have treated the appearance of
glass-eels in freshewater as a single phenomenon, and this leads to some
confusion in diseussing the migratory taxes shown by glass-eels,

The Makara glass-eel catghes, typifying the phenomenon of
freshwater  invasion, are now examined to determine whether the
periodicity of invasion is correlated with any environmental factors,
Unfortunately it was not possible to distinguish between the two species
in the field, and the following analyses are for both species combined,
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The catches from Makara for the 1971 and 1972 seasons are shown
in Figs 3.9 and 3,10 together with rainfall data and phases of the moon.

a, Water Temperature

Water temperature is a factor which could affect both the
commencement of the season and the intensity of invasion, Rarly in
the season, during winter, sea temperatures exceed freshwater
temperatures, and the magnitude of this gradient could be significant
to invasion, This gradient would be accentuated in swift rivers with
little estuarine area, as transitional temperatures normally occur in
this region,

During the 1972 season, sea temperatures at Makara were recorded
adjacent to the shore, in 0.5 m of water, beyond the influence of the
stream outflow, Estuarine temperatures, also taken in water 0,5 m deep,
were recorded from an area 100 m upstream from the stream mouth, to
ensure the readings were not influenced directly by flood tides.
Temperatures in the stream itself were recorded from sampling site 'd',
Air temperatures were also taken but not used in analysis as their
effect would be expressed indirectly through water temperatures, All
recordings were taken at 2200 hours with the exception of the upstream
temperature (site 'd') which varied according to the time spent fishing,

As anticipated, sea temperatures early in winter exceeded those
of the estuary by several degrees. For example, the mean sea temperature
in July 1972 wes 11.1°C while the estuarine temperature was 8.3°C.

For this present analysis and subsequent ones, significant
catches are considered to be those when a minimum of 20 eels per night
were captured. The first such cateh for 1972 was made on 31 July.
Temperature recordings on this date were, ses 11,3°C, estuary 6.4°C,
resulting in & gradient of almost 5°C, This was the largest gredient
recorded on any 'significant' night, Prior to this date, only 18 eels
had been captured.

The mean monthly sea and estuarine temperatures over the invasion
season, are given in Fige 3.11+ The vertical lines show the monthly
ranges, During September, both sea and estuarine temperatures became
more uniform, and by October, the mean estuarine temperature exceeded
that of the sea, and continued to for the remainder of the invasion
season,



ri‘. 309

3a

Makara Stream glass-eel cateh, 1971.
Nightly catches with moon phases and rainfall,

Note: all nights fished are shown on the ocatch

analysis, ineluding those nights when no
gless-eels were caught ( indicated by 'o!)

Rainfall is plotted for the complete four month
period.
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Fig. 3.10 Makara Stream glass-eel catch, 1972,
Nightly catches with moon phases and rainfall,

Note: all nights fished are shown on the catch
analysis, including those nights when no
glass-eels were caught ( indiceted by 'o').

Rainfall is plotted for the complete six month
period.
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Figs3.11

31e

Sea and estuarine temperatures, Makara Stream 19572,

Cirecles indicate the mean monthly temperatures and the
vertical lines the ranges. Nights when significant
catches were made are also shown,
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Small numbers of glass-eels were caught on nights when low sea
temperatures occurred, including 7 August when the lowest temperature for
the season, 8, % was recorded, However, a sudden cold period in early
September may have caused a temporary cessation in invasion, On 2
September (sea 12,3°C, estuary 12,2%C) 76 glass-eels were caught, but
on 4 September (sea 8,8°C, estuary 7,2°C) only one was caught, By
6 September the sea temperature had risen to 12,2°C and the estuary
to 11,5°C. On this date a large cateh of 143 glass-eels was made, As
meterological conditions were otherwise similar on these three nights,
the delay in invasion seems to have been caused by the drop in temperature,

Although invading glass-eels were not deterred by an apparent
temperature gradient of up to 5°C, it should be noted that such early
season invasions were almost completely on flood tides. The actual
temperature gradient experienced by glass-eels invading on a flood tide
into the estuarine area, would be somewhat less than that encountered
by invading against an ebb tide,

The highest reecordings during the invasion season were from
20 November when the sea temperature was 17.2°C and the estuary 19.1°C,
It is not thought that high temperature is a significant factor in ending
the invasion, as temperatures in the vicinity of these increase the
activity of glass-eels, Day (1941: 2) records largest movements of glass~
eels of A, rostrate, take place between 20° -25°%C,

The significance of water temperature as an impertant factor in
the invasion and migration of glass-eels has been recorded by several
authors, Mensies (1936: 255) found that a sudden cold period delayed
the glass-eel 'run' in the River Bamm, Northern Ireland. However,
analyses of further large catches in this river by Lowe (1951: 311)
showed no evidence of this, nor could the intensity of the migration be
correlated directly with temperature, Similarly, no evidence was found
for a temperature threshold for the onset of migration, Unfortunately,
the only temperature records available to Lowe were air temperatures and
these seldom agourately reflect water temperatures,

The existenge of a threshold temperature for glass-eels below
which migratory movements are inhibited, has been proposed by several
workers, Sorensen (1951: 126) and Meyer and KBhl (1953: 89) give values
of 15°C and 10°C respectively as the threshold for glass-eels of
A, snguilla, while Matsui (1952: 232) found & velue 8°C for A, japonica.
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Similarly, Deelder (1952: 193, 1960a: 4) found that water temperature
was a significant factor in starting or delaying migrations in European
glass-eels, Once the migration had begun, temperatures above a critical
value (4.5°C for glass-eels at sea) were not important, Also, the end
of the invasion season was determined by the absence of glass-eels rather
than by increased temperature.

Finally the results of Hiyama (1952) for thermotaxis in invading
glass-eels of A, japonica ean be discussed, From experimental evidence
he concluded that invading glass~-eels show a behavioural change during
the season, Early in the season when sea temperatures are higher than
river temperatures, the glass-eels move into the cooler fresh-water,
When these temperatures are equal they tend to stay in sea-water, but
when river temperatures exceed those of the sea the eels move into the
warmer fresh-water., While the proposed seasonal change in the response
of the glass-eels to temperature is of interest, it is not clear why
the largest actual invasions recorded by Hiyama took place when the
temperatures of the river and sea were equal,

b. Light

Despite several hours of fishing at the stream mouth during daylight
hours at intervals throughout the invasion season, no early stage glass~
eels (VB - VIAI) were caught, Discussions were held with local whitebait
fishermen who fished the mouth of the stream regularly, using fine-meshed
set nets. This non-commercial fishery is based on the freshwater migration
of juveniles of Galaxias spp. but, by regulation, operates only during
daylight hours from August to November inclusive, These discussions
revealed that such unpigmented glass-eels were seldom captured, although
it was not uncommen to find a few 'darker' stages with whitebait catches,
especially later in the season.

No glass-eels were ever caught at the mouth of Makara Stream until
after dark, Further evidence of the strong negative phototrophic reaction
of unpigmented glass-eels could be observed by placing a few specimens
in an aquarium during daylight. Such specimens immediately sought cover
and remained hidden, Increased activity could be observed at night when
most would be actively swimming and attempting to olimb the aquarium
sides. In contrast, later stage glass-eels (e.g. VIAII ~ VIB) showed



noticesbly more activity during the day, Deelder (1952: 197) elso
records the avoidance of daylight by invading glass-eels.

Although such invading glass-eels avoid daylight and a strong
torech beam, it was possible to catch small mumbers by using a weak carbide
lamp at night. In the lower estuary, with the lamp suspended on a stake
0.5 m above the surface of the water, glass-eels swam arcund the periphery
of the beam and could be caught with a hand-net, On no ococasion did the
eels remain stationary in the light beam, Although this weak 1light had
some attraction for the eels, catches were always substantially less than
those made by the set-net, On nights when the lamp was used, the
proportions of both species caught were similar to the larger catch
made by the set-net.

Glass~eel fishermen on the River Severn, England, use a candle
or faint kerosene lamp to attract newly arrived glass-eels (Deelder 1958:
136) « At this stage the eels avoid a strong light beam, Deelder considers
the speed of their avoidance reaction to be indicative of the behavioural
change they undergo in response to light, prior to their freshwater’
migration.

Before continuing the discussion of the Makara glass-eel catches
in relation to light and time of day, a further aspect of behaviour should
be noteds This is that no schooling tendency was observed in invading
glass-eels, This again contrasts with the behaviour of pigmented specimens.

Glass-eels were seen to arrive in the mouth of the stream
individually, swimming at or mear the surface, Any small aggregations
which did oecur could be explained by water flow, As the width of
the stream mouth is narrow, it was not possible to tell whether the
eels were endeavouring to keep close to the banks, During swift ebb
tides late in season, all eels were captured very close to the bank,

They were often seen slowly threading their way through the rocks and
gravel of the stream margin, This behaviour was obviously enforced by
the rapid outflow,

Similar observations were made by Deelder (1958: 136) who found
glass-eels at this stage swam individually and were distributed throughout
the water column with no obvious congregations, Creutsberg (1961: 290)
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observed that glass-eel density in the open sea was relatively low
in comparison to that of coastal waters,

As no schooling behaviour is shown by invading glass-eels, the
time of their entry into fresh-water on any particular night can be
regarded as a matter of individual 'choice', Therefore, although the
Makara catches were comparatively small they can be expected to show
any preferred time of invasion per night, as the eels respond individually
to migratory stimuli,

To investigate the nightly activity of the glass-eels, the
significant catches for 1972 were expressed as the number of eels
caught per hour, The catches per hour for each month were summed and
expressed as a percentage of the monthly total. Although the intensity
of invasion is known to be affected by the state of the tide and the rate
of stream flow, a nocturnal pattern of invasion was established,

Fige 3.12 shows the nightly activity for August-November, and also the
mean nightly activity of all significant catches., The curves were fitted
by eye.

Invasion commences after sunset, No catches were made until
after sunset, but during late October and in November, small mumbers
were taken during the twilight period. Moonlight appeared to have no
inhibitory effect as several significant catches were made on nights when
there was a bright moon overhead, The mean nightly activity graph shows
that activity quickly builds to a peak between 2100 and 2200 hours, From
this maximum, it gradually tapers off, to finish by 0200 hours, with only
Th of the invasion taking place after midnight, These latter figures do
not represent a decreased fishing effort, as fishing was always continued
until a 'run' had finished,

A seasonal advance in the intensity of invasion is seen by the
changing skew of the monthly graphs, This advance occurs in spite of
lengthening daylight. If sunset is considered as an index of darkness,
it is found that this advances from 1744 hours in mid-August to 1920
hours in mid-November, However, the times of invasion commencement and
peak activity do not show a corresponding staggering with decreasing
darkness.

A similar advance in activity of invading glass-eels later in
season was found by Deelder (1952: 198), He attributed this to increased
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Fig. 3.12 Average nightly invasion periodicity of glass-eels
for Makara Stream,August-November 1972,

Curves were fitted by eye.
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water temperature with consequent quicker reaction to oncoming darkness,
From consideration of the Makara data it is equally possible that this
advance represents an increasing tolerance to light by invading glass-
eels late in the season, Although these eels still prefer to negotiate
the shallow water at the stream mouth during darkmness, they may commence
their movement at sea towards the stream mouth before the onset of
darkness, This latter explanation is in agreement with a seasonal
change in response to state of the tide, as discussed in the following
section,

ce Tides

The indirect effect of the moon expressed through the tides and
tidal oycles, was investigated. Firastly, the daily ebb and flood tidal
rhythm wes examined and secondly the monthly tidal cycle.,

Tidal Ehythm

To assign nightly catches to a partiocular state of the tide, the
point at which the tide turned was taken as midway between the period when
flow in one direction stopped and recommenced in the opposite direction,
This was generally in good agreement with the predicted times from
published tables. Table 3,9.a shows the significant catches for 1974
arranged according to the mumber and percentage of each nights catch
caught on the flood and ebb tides., To observe any differences between
the beginning and end of the season, this table has been subdivided,

The 1972 catches indicated the end of September to be midway through the
season, and so that date is used as a convenient division.

Although the seasonal mean values per tide phase do not indicate
eny obvious preference for invasion on either the flood or ebb tide, the
sub~totals show marked differences for both halves of the season, During
the first half of the season, represented by only three catches but
comprising 51% of the total seasons catch, 77% of all eels were caught
on the flood tide. During the second half of the season only 23% of glass~
eels were caught on this tide,

The significant catches for 1972 are given in Table 3,9.b similarly
arranged by tide phase. Both the number and mean percentage of the catches
for each half-season show a similar trend to the 1971 catches, That is,
for the first half of the season, most invading glass-ecls were caught on



Table 3.9 Significant glass-eel catches from the Makara Stream

according tuv tide phase

a 1971

b 1972
Results of contigency chi-square tests between both

halves of the season for each year are given

o.fo x20.01 = 6.63
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Date Flood tide Ebb tide
' n % n %
/9 109 90 12 10
225 75 b i) 25
" 20 10 INN 1% 56
34 (77%) 101 (23%)
6/10 17 71 7 29
7/10 19 76 6 2l
13/10 10 29 25 71
19/10 45 41 64y 59
21/10 k! 37 12 63
12/11 9N 100
15/11 87 100
16/11 60 100
99 (2%%) 324 (77%) X2 = 25218
43 (51%) 425 (L9%)
b 1972
* Date Plood tide Ebb tide
= B 2 B %
31/7 24 100
!2/0 29 100
16/8 54 9 6 10
30/8 107 100
z? 72 95 4 R .
2 3% 2% 106 76
15/ 162 97 b 3
18/9 140 100
22/9 2 6 32 9
29/9 25 90 3 10
501 (63%) 295 (37%)
2/10 39 100
/10 34 100
16/10 34 79 9 21
19/10 95 100
- 27/10 b 20 180 80
3/11 39 100
10/11 10 13 66 87
11 i5 57 26 63
27/11 13 29 33 ™
116 (18%) 521 (82%) X2 = 28890
617 (13%) 816 (57%)
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the flood tide, but for the remaining months, the majority of eels
invaded against the ebbing tides The highly significant values obtained
for the contigency chi-square tests indicate that real differences exis

between half-season catches in both years,
efore cornsl:!.erizu(; the implicati of these results, two other
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a tide change occurred at least one hour after the commencement of
fishing, The tide cycle on these nights is divided into four periods
around the change of tide, In 1971, seven of the eight nights involved
showed a tidal rhythm through high-water and this was the period chosen,
In contrast, the low-water period was predominant during 1972,

The tide rhythm, for 1971, is divided into the following periods:

flood tide, excluding the half hour prior to high-water (¥.T,)
flood tide of the half hour prior to highewater (H.W, =~ % hr)
ebb tide of the half hour after high-water (H.W, + § hr)
ebb tide, excluding the half hour after high-water (E,T.)

The letters in brackets represent the headings given to the
¢olumns in Table 3,10,a, For the 1972 data the rhythms are based on
low-water, and the headings are correspondingly reversed (Table 3.10,b).
In both tables, the two middle columns cover a period of half an hour
either side of slackewater respectively.,

Table 3.10.,a shows that most invasion for 1971 occurred during
a peried of directed water flow, and not over the hour 'slack-water
period', However, the number of eels caught on the flood tide deereased
from 60% during the first half of the season to 43 during the second half,
Unfortunately, by definition of the nights considered in this analysis,
the three large catehes in Nevember cannot be included, For this reason
the number of eels considered for the second half of the season is small
end the percentage catch on the ebb tide (41%) is slightly less than that
of the flood tide (43%),

A more definite trend in invasion by tide phase is seen from the
relevant 1572 catches, as given in Table 3.10,b, During July and September,
85% of the glass-eels invaded on the definite flood tide phase. However,
over the remaining months, 73% of all eels were caught on the ebb tide,
but with a large proportion in the half hour prior to low-water, This
increased latter movement wes probably due to the physicel conditions
encountered by invading glass-eels, The offshore bar which formed over
this period restricted the stream outlet, with the result that tide flow
in either direction was swift, Only when the ebb tide was slackening
prior to low-water could glass-eels negotiate the bar and meke progress
upstream, Accordingly, a high proportion of all movements took place
over the 'slack-water period.'



Table 3.10

Significant glass~eel catches from the Makara Stream

made during a tide change.

F.T. = flood tide, excluding the half hour prior
to high~water

HoWe= & hr = flood tide of the half hour prior to
high-water

H.W.+ % hr = ebb tide of the half hour after high-water

E.T. = ebb tide, exoluding the half hour after
high-water

L.We= & hr = ebb tide of the half hour prior to low-water

LeWe+ 3 hr = flood tide of the half hour after low-water

a 197

b 1972
Note: catches recorded over flood tide ( F.T.) and

ebb tide ( E.T.) periods represent varying time intervals.
Accordingly these tide periods are not directly comparable
in terms of effort and catches cannot be interpreted as

catches per unit time ( i.e, catch rates)



. N State of tide

Date 7.7, HoW, = 1/2hr HoW, ¢ 1/2hr E.T,
n % n % n % n %
72 88 73 21 17 6 5 3 5
8 175 58 50 17 50 17 25 8
20/9 5 22 5 22 I 16 10 40
268 (60%) 76 (17%) 60 (14%) 4 (9%)
6/10 7 32 10 O 5 23 2 5
7/10 19 76 3 12 3 12
19/10 L5 51 (3% 59
21/10 L 20 L 20 8 L0 L 20
75 (W3%) 14 (7%) 16 (9%) 7 (81%)
N 343 (55%) 90 (19%) 76 (12%) N4 (18%)
b 1972
Date B, T, LW, « 1/2hr LeWe # 1/2hr 2.7,
n % n o n % n %
31/7 1 N 23 96
14/8 5 23 16 N
16/8 4 10 14 22 40 68
30/8 3 3 104 97
1/9 b 5 3 I 69 91
15/9 I 3 20 1 142 86
29/9 3 10 8 28 17 62
17 (%) 54 (11%) 411 (89%)
16/10 9 24 1 2 33 7
27/10 137 61 43 19 40 18 L 2
10/41 27 36 39 54 10 13
24/11 26 63 10 25 5 12
27/11 8 17 25 5 12 27 1 2
181 (42%6) 133 (31%) 73 (17%) 43 (10%)

N 181 (20%) 150 (16%) 127 (14%) 454 (50%)
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On such occasions, when the ebb tide was initially too strong to
be stemmed by invading glass-eels, an interesting sequence was noted, As
the tide began to slacken, whitebait (Galaxlas spp. juveniles) would be
caught first, followed up to half an hour later, by glass-cels, It was
apparent that the whitebait were stronger swimmers than the glass-eels
end able to negotiate swifter ebb tides,

In summary, the above results indicate that glass~eels invading
early in the season do so on the flood tide, whereas late season eels
prefer to invade against the ebb tide., As previcusly stated, these
changes are considered indicative of different behaviourel responses,

Literature on other speeles of Anguilla indicates that invading
glass~eels are known to use flood tides for transport, Creutsberg (1958:
857) found evidence for the transport of glass-sels at sea by flood tide
streams, Although Deelder (1952: 206) initially found no relationship
between tidal flow and glass-eel movements at sea, he later concluded
(1960a: 3) that the eels were able to diseriminate between the tide
phases and used the flood tide for invasion, Similar movements, also
for glass-eels of A, anguilla, are recorded by Meyer and KBhl (1953: 90)
and Teseh (1965: 404). Matsul (1952: 232) notes invasion by glass~eels
of Ay Jeponica on the flood tide while Day (1941: 1) gives equivalent
information for A, rostrata., The data for the first half of the glasse-
eel season from lakara are in agreement with these observations,

In explanation of the observed seasonal change in preference by
Makara glass-eels, the behavioural changes given by Deelder (1958: 136)
should be recalled, He found that glass-eels which had delayed their
invasion by remaining in areas of low salinity, were more tolerant of
light, began to form schools and were attracted to flowing fresh~water,
It is at this stage that the vast freshwater migrations commence,

Those glass-eels caught early in the season, are at the stage
prior to their transition in behaviour, Thus they are carried into the
stream mouth at night on the flood tide and show no schooling tendencies.
It could be expected that the eels at this stage show little attraction
to pure fresh-water, and so some may leave the stream on the ebb tide,
but it was not possible to sample this, Those remaining in the stream
would then delay further upstream migration and stay in the estuarine
area until acclimatised to the new environment, As no glasse-eels were
found buried in the mud and small rocks of the edges of the lower
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estuary, it is thought that they acoumulate in the deeper areas of
directed tidal streams.

Glass-eels inveding late in the season show a partial change in
behaviour, No schooling tendencies were cbserved but the eels swam
ageinst the ebb tide and seemed more tolerant of light, Although
invasion still took place at night, it sometimes commenced during the
twilight period.

The nooturnal invasion by glass-sels has given rise to several
interesting theories among whitebait fishermen as to the spawning of
eels, As whitebaiting is confined to daylight hours, very few invading
glass-eels are ever caught by fishermen at river mouths, The lack of
schooling behaviour in the eels at this stage also decreases the chances
of catohing a large quantity at any particular time, In comtrast, large
runs of pigmented glass-eels often ocour further upstreem where they
may result in a temporary cessation of whitebaiting, a fact much
regretted by oommercial catchers, From these observations, the
conclusion often reached by whitebaiters is that adult New Zealand
fresh-water eels do not migrate to sea, but spawn in the river estuaries,
in a similar memner to whitebait (Galaxias spp.).

As previously mentioned, invading glass-eels were occasionally
caught during daylight hours at Makare, by whitebaiters, late in the
season, Apparently, these showed obvious pigmemtation, However, invasion
is essentially a nocturnal phenomenon, even for those eels arriving late in
season, These eels exhibit a positive hydrotaxis to flowing fresh-water,
as shomn by their invasion on the ebb tide, With the ebb tide, a
substantial amount of freshewater flows out to sea, Salinity measurements
at Makera on the ebb tide have been recorded st 5°/oo, imdicating a
considerable content of fresh-water, Experiments by Creutszberg (1961:
309), Miles (1968: 1597) and myself all indicate that attraction to freshe
water is not due to decreased salinity but rather some organic content of
the waters The amount of this substance would presumsbly inerease with
an increased volume of freshe-water,

It is suggested that adaptive changes in behaviour take place in
proportion to the length of postemetamorphic sea life, The explanation
for this longer post-metamorphic 1life of late season glassweels is dise
cussed later, but on this basis it can be assumed that such eels will have
undergone some behavioural changes prior to their entry into fresh-water.

The corollary tc the above is that the commencement of metamore
phosis initiates processes resulting in speeific morphological and
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behaviocural changes. This is important, as it might otherwise be
inferred from the observations of Deelder (1952) that the behavioural
changes occur in response to the proximity of freshewater, Consideration
of cerebral pigmentation illustrates the peint, The precocious
development of pigmentation on membranes surrounding the brein is in
contrast with the typical sequence noted in other fish larvae, The
appeerance of this pigmentation coineides with increased tolerance
towards light, Perhaps this development allows the brein protection
from direct light which could otherwise penetrate through the large
dorsal fontanelle, This fontanelle is readily seen in VB glass-eels
stained with aligarin dye., In this way, the behaviour of the eel in
response to light could be changed as 2 direct result of the process of
pigmentation, which in turn, is initiated by metamorphosis,

Two observetions by Deelder are of interest when discussing the
behavioural change suggested., Firstly, Deelder (1952: 210) found
different responses by invading glasse-eels to tidal streams at either
end of the dam enclosing the Yssel lLake, Peak invesions at the sluice
at the southern end of the dam took place on the flood tide, while the
most intense invasions at the northern sluice were on the ebb tide, He
concluded that correlation between invesions and tide phases at the
sluices was incidental, Unfortunately, no arrival dates are given but
it is known that the northern sluice is some 30km from the arsa where the
transition in behaviour occurs (Creutsberg 1961: 279), whereas the
southern sluice 1s approximately 4 lm., In view of my explanation, it
seems very likely that these cbservations are related to the later
arrival with subsequent behavicural change, of glass~eels at the northern
sluice,

The second observation was made by Deelder (1958: 140) when
discussing the reactions of invading glass-eels to freshwater: flows.,
Barly season glass-eels commenced their change in behaviour close to
the southern sluice, but a possible explanation for a stronger positive
reaction of late season glass-eels to freshewater "could be, that of the
elvers arriving in the course of the season more and more have started
their change of behaviour at an earlier phase", Unfortunately, he does
not discuss this poasibllity further,

Finally, as additional proof of the proposed change in behaviour,
some results from choice experiments can be given, These experiments
are fully discussed in a later section, but it was demomstrated that
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glass~eals invading late in the season, showed a preference to swim
into flowing freabewater rather than sea-water, This contrests with
results obtained by both Deelder (1958: 137) and myself for early
season glass-eels caught prior to commencing their transition in
behaviour,

Tidal Cyecle

The monthly lunar eycle is known to act as 2 biclogiecel clock
fer many of the recurring eycles found in nature, Lunar rhytims are
widely distributed throughout the invertebrates and vertebrates, and are
often quoted with reference to eel migrations, In the following section,
the catehes of invading glass-eels are investigated, to determine whether
any correlation with the lumar cycle, and hence tidal eycle, is svident,

The phases of the moon in relation to the 1974 and 1972 Makara
catches are shown in Figs, 3.9 and 3,10. These data are better expressed
over a period of 2 lunar moenth, based on the date of the new moon as day
gero (m Fig. 30"3)0

Thus, Figs 3+13 shows the 1971 catches, es numbers caught on |
successive days after the new moen, A largs peak is seen three days
after the full moon, with a further smaller peak at the new moon period.
However, 1% should be noted that this large pesk after the full moon
represents only one night's cateh, Also, the appearance of the full
moon does not bear & constant relationship with the new moon, and the
position indicated on the graph is approximate.

The 1972 figures are more reliable indicaters of anmy lunar
periodicity as they cover a period of six lunar months, and the total
catoh was greater than im 1971. In Pig. 3.13, the largest catches in
1972 appear to be during the neap tide periods but this relationship is
not strong, For both years combined the total ploture is confused, with
no c¢lear correlations,

To further examine the data for any perlodieity over the actual
spring and neap tide periods, Table 3411 was compiled. In this table
the position of sach entry was allocated ascording to its reletion %o
the date of the appropriate moon phase. This overcomes the approximation
of the appearence of the full moon as made in the previous lunar month
caloulations,

The table assumes a period of seven days between suceessive moon
phases, Where an eight day period ocourred, the catch was divided



Fige 3413 Makara Stream glass-eel catches, 1571 and 1972
expressed over a period of a lunar month,
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Table 3.11

Makara Stream glass-eel catches during spring and

neap tide periods for 1971 and 1972.

The days are given in relation to the moon phases

corresponding to spring and neap tide periods.




Days -3 -2 -1 0 +1 +2 +3 N
Spring tides 1971 5 87 74 138 32 167 305 808
1972 87 162 41 L 1 % 105 bk
= 92 249 115 L2 33 184 410 1222
Neap tides 197 Y § 3 2 98 110
1972 72 362 311 56 7% 212 104 1193
s 79 35 3N 56 7% 30 104 1303
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egually between the days either side - days minus three and plus three,
Day zero for spring tides represents full or new moon, while the same

day for neap tides indicates first or last quarter, Thus, a catch made
on the night prior to a full (or new) moon would be recorded in the minus
one day column of sgpring tides, Spring tildes increase to a maximum
height on the day of full or new moon, or perhaps the following day,

If the strength of invasion is directly related to this increased tidal
amplitude, the invasion itself should closely parallel the tide aycle,
building to a peak at or slightly after, the spring tide,

For 1971, the total cateh over the spring tide period far exceeded
that of the neap period, while the reverse was true for 1972, The totals
for both years combined show that the number of eels caught through both
tidal oycles was similar, From this it may be concluded that spring and
neap tides exert no differentlal influences on glass~eel invasion,

Although the data are not presented, no differing trends could
be seen when comparing early and late season catohes for spring and neap
tide periods. This is not unexpected as the time of high water at night
for both spring and neap tides is 2100-2130 hours which allows sufficient
time both before and after, for glass-eels to invade on the tide of their
choice,

The lack of correlation of invasion with the lunar cycle may, in
part be due to the small tidal range recorded at Makara, The mean spring
tide range 1s only 0.3 me However, Deelder (1952: 209) did not find any
direct relationship between invasion and epring and neap tides, He
congidered that any monthly cateh cycles were attributable to the period
of flow st the flood tide, Meyer and Klihl (1953: 87), aiscussing glass-
eel movement at Herbrum on the River Ems, found no correlation with phases
of the moon, and hence tide cycles, although 'runs' did take place on
floed tides at night,

d., Rainfall

Having established the different responses between eerly and late
season glasseeels, it might be predicted that a flood or fresh in the
stream late in season would provide an additional stimulus for invasion,
Conversely, increased freshwater flow early in the invasion seasen
should have little attraction,

Relnfall data for the Makara Valley were kindly supplied by the
Ministry of Works Soil Conservation Station, Quartz Hill, Makara,
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Distribution of rainfall throughout the 1971 and 1972 glass-eel
sampling programmes is shown in Figs 3,9 and 3,10 together with the
catches made, From this material the days with 10+ mm of rainfall

on which fishing took place were extracted., Any significant catches

on any of these nights were noted, In addition, nights when the stream
was recorded as running above normal level are incorporated in the
following analysia. The inclusion of these latter nights was necessary
as, although no rainfall may have fallen on any one day, the stream
could still have been swollen from rain on preceeding days.

The above data for both 1971 and 1972 appear in Table 3,12. A
negative sign in the 'stream swollen' line indicates that stream level
was normal, while a positive sign shows the stream was running high,
The bottom line in these tables gives the state of the tide, or if a
change occurred during the night, the phase on which the majority of
the catch was made. These tide phases are approximations, as the flow
of the flood tide was often greatly slowed or overcome by the increased
velocity of the swollen stream,

From the table, the 1971 data show significant catches occurred
on five out of the six nights when rain fell or the stream was swollen,
The total number of glass-eels, 215, represents only 2% of all
significant catches for the year. As anticipated, most catches during
the second half of the season were made on an ebb tide,

In 1972, significant catches were recorded on eight of the twelve
nights given, representing 52% of the grand total of all significant
catches, In the first half of the season, four large catches were made
during periods of increased flow, although predominantly on the flood
tide., The two large, late season catches were made on the ebb tide,
While the latter result is as expected, the former is not. As early
season glass-eels appear to show no attraction towards fresh-water, a
low probability of invasions during time of increased stream flow would
be expected,

From reference to the fishing diery kept it was found that the
ingreased flow noted for all five sucoessful nights in the first half
of the 1972 season, was not great, and that a definite flood tide took
place close to the predicted time, This contrasts with conditions on a
night when a greater 'fresh' wes running, such as 27 October. The diary
entry for the stream condition on this night reads: "Large fresh in
stream, Swift flow holding back flood tide except for few surges."



Table 3,12

Makara Stream glass-eels, Results from fishing on
nights of increased stream flow,

@ = ebb tide

f = flood tide
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Date 20/9 | u/10 6/10 24/10 15/11 16/41| K
Rain (mm) 11 | 32 10 23 12

Eels (n) 2l 2, 20 87 60 |215
Stream

swollen - * » " . o
State of

tide e i ) 4 e -] e
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Date 11/7 11/8 14/8 16/8 30/8 1/9 6/9 | 9/10 13/10 16/10 27/10 10/41| N
Rain (mm) 25 13 12 10 28 14
Eels (n) 29 60 107 76 140 k3 224, 76 |77
Stream

swollen + - + + + + + - + + + +
SS:: of [ f b f f £ e e : f © B
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On this night a small flood tide did take place, but 4% hours after
the prediocted time,

In summary, it can be stated that if a period of increased
water flow occurs late in the season, there is an increased likelihood
of a significant invasion taking place, Minor floods early in the
season have little inhibitory effect on invasion, It is thought that
e major flood early in season would act aas a deterrent to invasion.
Unfortunately, the only such flood was on 11 July 1972, and although no
eels were caught, this date is too early in the season to be of
signifiocance. Lowe (1951: 309) found that floods delayed 'runs' of
glags=ecels into fresh-water early in the season,

Sumnary
To determine which environmental factors are significant

influences on the periodicity of glass-eel invasion, the 1971 and 1972
catches from Makara were considered,

Low water temperatures appear to have an inhibitory effect although,
under normal conditions, this effect would be confined to the early part
of the invasion season, Invasion takes place only after sunset and
seems unaffected by moonlight. The flood and ebb tidal rhythm has a
direct influence on invasion, although the monthly tidel cycle does not,
Inoreased flow of fresh-water probably provides some additional stimulus
late in the season but early season floods are liable to delay invasion,



3¢5 FRESHWATER MIGRATION

After residence in the lower estuarine areas where they complete
their full behavioural transition, glass-eels migrate further upstream,

The length of time spent in the estuarine area prior to upstream
migration is subject to much variation, but is thought to be of the
order of one to two weeks; early season glass-eels could be expected
to take longer to complete their behavioural changes than late season
arrivals, With the accomplishment of this change and the onset of
pigmentation, the glass-eels commence their upstream migration,

Glass~-eel samples, from the "Elbow" on the lower Waikato River
are discussed as typifying this upstream freshwater migration, Fig. 3.14
gives the frequency of the various stages of pigmentation per memth for
Waikato samples received, over a period of three years, The earliest
sample, from 13 August, was recorded as being taken during daylight, and
S0 it is assumed the eels had completed their behavioural change.
Surprisingly, 19% were at Stage VB as eels at this stage invariably show
behaviour typical of that prior to transition, With time, glass~eels
collected from the "Elbow", show increased pigmentation, The sample

mode shifts from VIA IT 1 for shortfins in August to VIA III 2 in November,

Longfin samples were smaller and do not show tremds clearly, However, the
VIA IT stages found in early season catches are not present by November.
Finally, comparison of the histograms of both species for any month, show
that longfins are further advanced in pigmentation than are shortfins,
This agrees with experimental evidence of faster pigment development

in longfin glass-eels,

As indicated in a previous section, the catches at the "Elbow"
sampling site may not be an agcurate reflection of the percentage of
both species entering the river. For instance, migratory juvenile eels
or elvers, caught at the "Elbow" were all shortfins, indicating many
shortfin glass-eels remain in the lower parts of the river,

Typical length-frequenoy histograms for the Waikato material, in
this instance live samples from 1971, are given in Fig, 3.15, A seasonal
decline in mean lemgth can be seen. This is due, not so much to a shift
in the range of lengths as to an increase in the proportion of eels of
shorter length, Not only does a decline in length ocour throughout the
season, but also a decline in weight, and the relationship of these two
factors, expressed as condition (K), Table 3,13 gives these values for
the pooled samples. Correction factors have been applied to preserved
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Waikato River glasa-eels.
stages per month,
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Fig. 3.15  Waikato River glass~eels. Length-frequencies of live
eels obtained in 1971.

The number and mean iength per species are indicated.
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Table 3,13 Waikato River glass-eels, 1970-1972,

Mean monthly length, weight and conditien.




an  I(em) Wg) K
Aug, 89 6,16 0.25 1,05
Sept. 682 6,05 0.19 0,87
Oot. 161 5.88 0,18 0,91
Nove 337 5.81 0.6 0.82
N 1269
leens 5.97 0419 0,88

As diefforbaohii
n I(em) wg) K
65 6458 0427 0.9
16 6425 0,25 1.03
25 6,10 0,20 0490
106
6,42  0.25  0.94
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material, The significence of this seasonal decline in size and
condition is discussed at some length ia a later section,

Kote: Totals in this table vary from those given in Table 3,7
because not all the eels in each sample were measured, Also, freshly
dead longfins are included in Table 3,13 to give a larger number for
the September sample,

Periodically throughout late winter and spring, large upstream
migrations of these young eels takes place, The above samples come from
such migrations. Cairns (1941: 61) records a shoal of glass-eels in the
Waikato which passed a stationary point for over eight hours, This
shoal was over 4.5 m wide and 2,5 m in depth, Whitebait fishermen on
this river speak of vast 'runs' during the whitebait seasen, which move
upstream apparently indifferent to light and physieal obstacles. One
senior citizen recalled an August migration shich ran contimuously for
three days and four nights. The dimensions of this shoal were 0,5 = 1 m
wide and 0,25 m deep, and the overall impression was of a continuous cord,
However, such compacted schools are only seen in areas of steady down-
stream current, Similar migrations take place on a smaller scale, in
other rivers throughout the country.

The opinion commonly shared amongst observers on the Walkato
River, is that the shoals of glass-eels d&o not appear until a point at
the upstream end of the estuary, approximately 8 lm from the mouth,
Obviously the arsa where the transition in behaviour occurs is downstreanm
of this, perhaps in the areas of tidal streams in the middle or lower
estuary,

The following section deals with the periodicity of these
migrations, Catch statisties from three separate sources have been
placed at my disposal,

In September 1970, the Fishing Industry Board commenced experimental
fishing on the Waikato River, in response to requests from Japan for
supplies of live glass-eels, The cateh figures for the months of September
and October have been made available, No private companies were permitted
to cateh glass-eels for export during 1970 and 1974, but in 1972 limited
licences were granted, Mr T, W, Beckett, biologist to the Group
Development Section of Wattie Industries Litd, has kindly consented to
the inclusion of his catch data, Similarly, Mr C. T, Scollay
representing Wm, Soollay & Co, Ltd hes supplied details of daily glass-
eel catches, also from the Walkato River, Both the Fishing Industry
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Board and Beckett fished at the "Elbow", while Scollay's site was 2 km
dowvnstrean,

These daily catches, together with rainfall, river height and
moon phase data, ere given in Pig, 3,16. Catches are expressed as kilograms
of glass-eels caught per day, The rainfall data were recorded at the
Pukekohe Horticultural Research Station, while the river height came from
an auntomatic tide recorder 2t Tuakau hridge (see Fig., 2.1.,a ) operated
by the Vaikato Valley Authority. The units for the river height are
relative wvalues, based on an epproximzte mean sea level at Port Waikato
of 29,1 m,

The envirommental factors investigated with reference to the
glass~-eel invasion, are now examined, to determine whether any influence
the periodicity of upstream migration,

Fater Temperature

Unfortunately, no dally water temperature readings are available
for the sampling area during the season of migration, However, Beckett
(pers, comm,) found that water temperature was remarkably stable
throughout the season in 1972, The range from mid-August to November
was 13.0°=16,5°C, and there was no apparent cerrelation with eatchea,
Air teuperature records from Pukekohe indicate that August is the coldest
month in this area, but a water temperature of 13°C during this month
is consldered adequate and should not impede migration,

Light

Fige 3417 shows the time of dey when glass-eel 'runs' were
recorded by Beckett, The approximate length of daylight is indicated
by the sunrise and sunset times for Auckland,

In contrast to the invading glasse-eels, the movements of these
pignented glass-eels are not confined to the hours of darkness, None of
the runs recorded in Fig. 3.17 were contimvous from day to day, and all
migrations continuing into the night showed marked declines with time;
few catches were recorded after 2000 hours, In gemeral, most ‘runs'
commenced about middsy and continued until shortly after dark,

Daylight aigrations of glass-eels have been freguently noted for
the Burepean eel, e,g. Mensies (19361 254), Deelder (1958: 136). Similar
observations for the American eel are given by Day (1941: 2). Records of
migrations in the estuaries of German rivers by Tesch (1965: LOL)
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Daily catches of glass-eels on the Waikato River,
phases, rainfall and river height are indicated,

1970: data supplied by Fishing Tndustry Board.

1972A: data supplied by C. T. Scollay of
Wm, Scollay & Go. Ltd.

19728: data supplied by T. W. Beckett of Wattie
Industries Ltd., Group Development Section,

Moon
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Time of day when glass-eel "runs" were

recorded at the "Elbow", Waikato River,

1972

Data supplied by T.W. Beckett.

The approximate periods of darkness are
indicated by the times of sunrise and

sunset.
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indicate that glass-eels move only in the early part of the morning,
taking advantage of flood tides: daylight migrations may take place
when the ebb tide occurs early in the morning,

Zides

a, Tidl Rhyﬂ’m

The times of high and low water at the "Elbow" for days on which
migrations ogcurred, are recorded in Fig, 3.17. These times were
calculated from data on tidal delay predictions for the lower Waikato
River, as supplied by the Waikato Valley Authority,

Most migrations appear to take place on the ebb tide, although
the two longest 'runs’ continued through a complete tidal sequence,
However, at the "Elbow", the flood tide is only represented by a decreased
downstream flow and a resulting increase in water level, No upstream
surge occurs and the water has no measurable saline content, Furthermore,
the reduced tidal amplitude combined with the lag effect of upstream tides,
means that the ebb tide runs for approximately 82 hours, while the flood
tide is only 37 hours in duration,

Rather than take advantage of the reduced downstream flow of the
flood tide phase, the glass-eels prefer to migrate against the increased
flow of the ebb tide, Perhaps the increased flow aids the eels in
orienting themselves as L.,P.J. Chapman (pers, comm,) observed that in arveas
of no current the eels were widely dispersed and appeared to swim aimlessly,
whereas in an area of constant current they swam steadily upstream, only a
few centimetres from the bank, The reduced catches during flood tides do
not represent a more dispersed migration with subsequent less efficient
fishing, as catehing sites were selected as areas of steady flow,

be Tidal Cyole

The influence of the monthly lunar eycle was investigated to
estublish any effect it may have on the timing of migration, From Fig,
5416 it can be seen that all large migrations took place consistently
several days after a full or new moon, When these data are arranged by
lunar month in Fig, 3.18, two major peaks are seen within the eoycle. The
larger peak occurs four days after the new moon, while the smaller peak
ocours approximately the same time after the full moon,

From this it is concluded that large migrations take place on
spring tides, corresponding to the new and full moon phases, It might
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Waikato River glass-ecl catches expressed over a period
of a lunar month,

Origin of data as for Pigz. 3.17.
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also be reagsoned that the different heights of the peaks indicate that
larger nigrations ocour on the new moon tides, which are the larger of
the spring tides, Reference to the actual catehes in Pig., 3,16 show
that while this may be true of the 1970 caiches, the differences in the
1972 catches were due to two new moon migrations but only one at full
moon, The absence of a migration at full moon in October 1972 was
probably due to an absence of eels, as no further migretions were
recorded after this date, despite continued fishing,

The delay in time from the day of the new or full moon and the
migration peak, is not unexpected. Peak catches at the downatream fishing
site of Scollays, were one or more days earlier than those made at the
"Elbow" by Reckett, This indlcates that large-scale migration is
essentially a continuous process. As both sampling sites are some 8-10 km
upstrean from the area where schooling is first observed, a consequent
time lag due to distance and the apparent decline in migration activity
at night would be expected,

The inoreased tidal streams of spring tides seem to provide the
stimulus to migrate upstreanm for those glass-eels which have completed
their behaviocural changes, Some initial upstream transport may take place
on the flood tide but a more directed migration cccurs on the ebb tide
phase,

The upstream limit penetrated by the shoal of pigmented glass-
eels is unknown, The inaccessibility of the river bank for several
kilometres above the "Elbow" means that any movements in this area have
not been recorded. A sample of small eels from Te Kauwhata colleoted on
the night of 27 Jamuary 1971, contained some 1970 glass~eels, Whether
migration was more or less continuous to this point or whether these
eels were stimulated to move by the summer migration of adolescent eels,
is not kmown, I have no records of glass-eel migrations in the Waikate
River extending beyond the area of tidal influence at Tuakau,

A positive relationship between spring tides and upstream migrations

of glass-eels was found by Menzies (1936: 254) for the River Bann, Northern
Ireland, However, Lowe (1951: 307), in analysing further data from the
same viver, found that glass-eel 'runs' coincided with spring tides in
years when the total number of glass-eels for the season was low, In
years when the total was high, migrations took place on both spring and
neap tides, From these results she concluded that the actual number of
glass-eels in the estuary with the associated 'pressure' of interaction,



was a significant factor in initiating a migration, Glass-eels of
A, Japonica migrate upstieam at night on the flood tide with definite
maxime on spring tides but litile movement on neaps (Metsui 19521 232),

Rainfall

Rainfall data for the lower Wailkato arsa were obtained from both
Waiuku (16 km west of Pukekohe) and Pukekohs, A comparison of the records
showed that local differences were very small and so the Pukekohe data
were used as representative of the aresa, Rainfall recorded at Pukekohe
for September-October 1970, and August-November 1972, is shown in Fig,
3+i6s The periods and amount of rain are in good agreement with the
river height, shown in the same figure,

Glass-eel cateches show no definite correlation with rainfall and
hence river height, In 1970, heavy rain on 24 and 25 September failed to
stimulate any migration, as dld further heavy rainfalls on 29 and 30
September, The 'run' from 4~8 October is attributable to the tidal
eycle, although the river was running well above normal height over this
period,

The 1972 catches are also bettor explained by tidal cyele rather
than rainfall and river height, as the two September migretions took
place while the river was dropping but the October migration commenced as
the river was rising,

The increased speed of water flow during flooeds would stop large
migrations from negotiating any open stretches of the bank with its
associated lack of cover and swift flow, such as the "Elbow", Migrating
glass-eels at these times would seek refuge in areas of redvced flow,
where large numbers would accumulate, This would explain the observation
made by severzl whitebait fishermen, that large 'runs' of glass-eels take
place out of peripheral swemp areas during a subsiding flood,

In this instance, the effect of the flood would be a delaying one,
However, if the stimulus to migrate during spring tide periods is due to
the increased tidal amplitude with assoelated increased tidal streams,
then rising flood-waters might also provide an additional stimulus, If
such a stimulus does oecur, it is masked by the dominance of the tidal
cyele, in the cateh figures presented,

A relationship between the discharge of frash-water and the
intensity of the season's migration was found by Lowe (1951: 306) such
that the greater the discharge early in the seascn, the higher the
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seasonal total of glass-eels, Also, floods tended to delay migration,
especially if the seasonal total of glass-eels was low,

Summary
Although low water temperatures might have an inhibiting effect on

invasion, no such temperatures were recorded over the catech periods given,
It is not known whether any decrease in water temperature caused by flood=-
waters would be sufficient to delay migration, but it is thought that the
primary effect of such a flood would be a delaying one due to inoreased
water velocity,

Migrating glass-eels are not inhibited by light but instead show a
preference for movement during daylight hours, A further preference is
shown for migration during the ebb tide phase, although it should be
noted that this phase occupies two-thirds of the tidal rhythm, A strong
correlation exists between the tidal cycle and the periodicity of
migrations; this is the dominant relationship between glass-eel
migrations and environmental factors.,

Unfortunately, I have never witnessed a major upstream migration
of glass-eels, Reports from persons who have done so indicate an upstream
movement of such determination that eels will exhaust themselves in trying
to negotiate an obstacle, rather than give up, At this stage, the eels
are preyed on by other freshwater fish, including longfinned eels, and
also by water rats and birds,

Sehooling behaviour, predictability and relative ease of capture
and handling, makes glass-eels very susceptible %o exploitation by man,
Recent years have seen the development of a potentially large export market
to Japan, where New Zealand glass-eels are used together with glass-eels
imported from other countries, to supplement dwindling Japanese stocks for
eel farming, Combined with this is a growing lecal interest in eel
farming, To date, almost all glass-eels caught for either venture
have come from the Waikato River, A real danger exists that if the
fishing effort in this area centinues at a high level or is intensified,
then this recruitment will be overfished and the local river fishery
will suffer aceordingly,
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3.6 HABITAT PREFFRENCES

Investigations were made to see whether the two species of
glass-eel, once established in fresh-water, occupied different habitats
and hence reduced interspecific reactions,

Unfortunately it was not possible to sample the lower estuarine
area by electric fishing due to the high conductivity of the water, Bels
were captured from this ares by using a hand-net at low tide, Results
from such fishing showed that pigmented shortfins could be found
intertidally in muddy backwaters, Most of these eels were at stages VI
A III-IV in pigmentation, and the earliest stages collescted were VI A IT he
These eels were not normally found in completely muddy areas, but were
associated with small stones and rocks, Fewer eels were collacted from
the main streem itself, but sampling difficulties reduced the effectiveness
of hand-netting in this area, The few longfin glass-eels caught came from
the main stream, among larger rocks,

Eleotric fishing samples were obtained from sites ¢ end d. Prior
to new year, no glass-eels were found in any monthly samples taken upstream
of site d, which is the upstream limit of tidal influemce. To study any
habitat preferences, selected areas of uniform habitat were fished, and
the catches kept separate, The results of three such samples are shown in
Table 3.14.2, Distinet habitat differences were shown between the species,
with the shortfins preferring muddy and silty areas, while longfins were
more numerous in the clear stony areas which supported large amounts of
submerged water weed,

An experiment was carried out in the lasboratory to see whether these
preferences could be duplicated, A partition was made which could bé used
to separate both halves of a 15 1 porspex aquarium, Various substrates
were then plaged in either half, Ten shortfin and ten longfin glass-eels,
taken from the November and December 1971 monthly samples, were plaged in
the aquarium which was then left in a darkened room for two hours, When
this time had elapsed the door was gradually opened to introduce light
slowly and allow any eels exposed or swimming to find shelter, The
partition was then placed in the centre of the tank, and the eels from
both ends captured and recorded. For gquick identification, the longfins
were previcusly dyed a light pink by placing them in a weak neutral red
solution, Three trials were carried out using each substrate choice, This
meant it was necessary to use some of the eels twice., To reduce any bias
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Table 3,14 CGlass-eel habitat preferences,

a (Glass-eels collected from two habitat types
in the Makara Stream,

b Results of substrate choice experiments,




stones and weed muad
Semple date | Ay sustralis A. dieffenbachil | A, sustralis A, diefferbachii
n n n n
Sept.1971 3 9 N 6
Nove. 1971 10 29 21 1
Dec. 1971 13 27 30 3
26 (29%) 65 (71%) 97 (91%) 10 (9%)
b
Substrate choice A, australls A, dieffenbachii
% %
stones/gravel 100 100
OIM - -
stones/gravel 83 400
fine mud 17 -
stones/gravel 37

% 3

fine mud with large stones 63
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due to this, the twenty eels used in any trial were kept for a minimum
of a week before being used again., The results of these substrate choice
trials are given in Table 3.,14.b,

Neither species preferred sand to loose stones and gravel, The
few eels found resting along the margin of the sand and side of the aquarium
immediately sought cover amongst the rocks while the partition was being
introduceds In the second choice trial, only five shortfins (170) were
found in the fine mud, and these had partially squeezed down between the
mud and the wall of the tank, Surprisingly, the fine mud by itself, was
not attractive to shortfins, although in the wild, many shortfins sre
found in shallow muddy areas, However, when several large stones were
placed with the mud, the resulting substrate proved more attractive to
shortfins than did stones and gravel, The longfins showed a preference
for the stones and gravel throughout all of the trisls,

These results were similar to those from electric fishing samples
and supported the observation of specific habitat preferences at the late
glass~eel stage,

E EXPERIMENTS

The specific habitat preferences exhibited by both species lead to
consideration of whether invading glass-eels actively select a stream of
their choice or whether the spesies proportions reflect random movement,

To investigate this a series of preference experiments were conducted, The
aims of these experiments were to observe (a) the preferences of glass-
eels of both specles for various water types, and (b) behaviour of early
and late season invading glasseeels to fresh-water and tea~water,

A three-chambered choice apparatus wes constructed, where glass-
€els placed in a common chamber had the option of entering either of two
upstrean chembers, Water was siphcned into these two latter chambers from
two 25 1 containers, The rate of flow was controlled by an adjustable
elamp,

Invading glass-eels from the Makara Stream were used in the
experiments, For the first series of trials involving preferences of both
species of eel for various types of fresh~water, glass-eels were kept in
Makare Stream water for a minimum of ten days prior to use., In the second
serles of trials invelving shortfins only, those eels for use in trials
involving sea~water were acclimatised to a 50/50 mixture of sea-water/
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freshewater and kept in this water for two days before being tested, A
number of invading glass-eels caught on 15 November 1971, were kept in
similar water, but were tested the following day, For comparison, early
season invading gless-eels captured on 27 August 1973 were treated similarly,

In those trials involving both species, the longfins were dyed
light pink with neutral red solution, to enable guick recognition, They
retained a distinet coloration for up to a week, Two control trials were
run with dyed and undyed longfins and showed no differences in behaviour
between the two states,

For each trial, ten eels were placed in the common chamber, These
eéls were either all of one species or five of each species, The apparatus
was then left in a photographic darkroom for five minutes, after which time
it was inspected and the numbers of eels which had moved into either
upstream chamber recorded. All eels were then removed and new eels
introduced for a repetition of the same trial, Several such trials were
held for each water tvpe tested, If it was necessary to use the same sels
again, they were always left for a minimum of an hour before being tested
a second time,

Water samples were taken from local streams and rivers, These
were: Makara Stream, Happy Valley Stream, South Karori Stream (Wellington
district); Waikanae River and Waimeha Stream (Waikenae district). Local
tap-water and sea-water of various dilutions were also teated, If
temperatures of the samples to be used varied by more than 1°C, the
water was left to stand until temperatures had equalised, Reserve water
was kept aerated, but if not used within a day of collection it was discarded.,

Results are given in Table 3.15s In this table, n gives
the number of trials for each choice, while the sum given is the total
number of movements for the speeles indicated, Thus, in trial (a), 98 in
column Mk indicates that from a total of four trials (n = 4), ninse shortfins
moved into the upstream chamber containing Makara Stream water,

In the first series of trials, invelving both species, results
were generally similar (e,g. Table 3.15.8~0), Thuas both speeies preferred
Makare Stream water to South Karori water, Waimehs Stream to either
Waikanae River or Happy Valley, Natural waters were preferred to
tap-water, However, results from Makare Stream with Happy Valley are of
interest as they show that longfins seemed to bave a slight preference for
Happy Valley water while shortfins showed the opposite preference,




Table 3.15
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Water preference experiments. Selected results.

s = shortfin (A. australis)

L = longfin (A, dieffenbachii)

note: a=f = both species

gek = shortfing only
Mk = Makara Stream
8.,K, = South Karori Stream
H,V. = Happy Valley Stream (fresh)
H.V.* = Happy Valley Stream (old)
S.W. = Sea-water

S.W.+ 8 = 79 sea-water plus 25%¢ Happy Valley Stream
water

S:Wes b = 798 sea~water plus 25% tap/distilled-water

Wh Waimeha Stream

Wk Waikanae River

T.W. = Tap-water
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These latter results were tested for statisticel significance by
means of a three-way analysis of variance after the method given by
Snedecor (1956). Such a test accommedates differences between the species,
successive tests, and between the two chambers, No significant differences
were found at the 55 level for differences in species numbers within the
chambers or between the chambers.
The second series of trials involved shortfin glass-eels only,
using the seme water types as above including sea-water, Again selected
results are given in Table 3,15.d~h, Fresh Happy Valley Stream water
was preferred to "old" water from the same stream collected five deys
prior to use (f). Presh-water from any stream was preferred to tap-water,
and full strength or diluted sea-water, Even the freshly invading glass~
eels collected on 15 November showed no preference for sea-water (g).
However, when sea~water was tested with diluted sea-water (27°/oo
salinity), an interesting observation wes made, If naturel streamewater
was used to dilute the see~water (d) the glassw-cels preferred the diluted
water; if either tsp or distilled-water wes usod to dllute the sea-water ‘
(e) then the glass-eels preferred the sea-water, although this preference
was not strong,.
The early season invading glass-eels from August 1973, showed a
marked preference for sea~water which contrasts with the behaviour of late
season glass-eels (g).
!
|
|

The results indicate that glass-eels are capable of making definite
choices between water types, presumably based on an clfactory response to
some factor in the water itself, The movements of the eels are not simply
due to orientation and progress against a flow of water as differences in
choice were consistent. Also, a trial using tap-water only which was known
to be completely unattractive, produced no movements,

The acute olfactory sense of the freshwater sel is well known,
elthough 1% is less pronounced in young eels (Miles 1968: 1600), Even so,
Telchmann (1957) calculated that young eels ecould detect an odorous substance
at a concentration equivalent to one or twe molecules in the nasal organ,
On this basis it seems well within the capabilitiecs of a glass-eel at sea
about to invade fresh-water o select which beody of water it enters from
these in the vicinity,
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In the trials conducted to investigate this, water was taken from
streams whose proportions of both species of small eels were knowmn., In
general terms, Waimeha Stream is a shortfin habitat while South Karori
Stream and Weikanae River are longfin waters., Makara end Happy Valley
Streams have mixed populations, although shortfins predominate, However,
when Waimeha Stream water was tested with Waikanae River, both species
showed a preference for Waimeha water., Makare Stream was preferred by
both species to South Karori Stream, and visual differences in results
from Makara and Happy Valley Streams were not statistically significant,.
Thus, no proof was obtained for the hypothesis that invading glass-eels
of both species pre-select streams etec. according to the odour of inland
water, This is in contrast to the kmown situation in the wild as implied
above, where adjacent streams of different substrate and water type have
quite different proportions of both species. Accordingly the hypothesis
is not rejected but rather it is suggested that the experimental method
may not have been refined enough to duplicate the natural situation,
Perhaps other physical factors, oxygen content for example, are important
in any seleection,

An hypothesis has been proposed by Bachelier (1972: 163), that
glass~eels return to the stream their parents lived in., This behaviour
would require an hereditary olfactory memory, The dependence on olfactory
stimli for the homing ability of transplanted non-migrant eels has been
demonstrated by Tesch (1970 148) but inherited memory has not been
demonstrated in vertebrates.

By carrying out the further tests on shortfins, it was possible
to learn more about the attraction of freshewater to glass-eels. As
sea~water diluted with either tap or distilled-water proved less attractive
than pure sea-water, the attraction is not merely due to a decrease in
salinity, Further, the attractive substance can be detested in small amounts
as 25 stream-water/75% sea-water proved more attractive than full strength
sea~-water, The substance gradually loses its attraction if water is left
standing for any period.

These findings are similar to those of Creutsberg (1961) and
Miles (1968) who investigated the attrastion of freshwater types to glass-
eels of A, anguills and A, rostrata. Both authors concluded that the
attractive substance was not related to salinity, could be removed by a
charooal filter and was decomposed with storage.
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Finally, the difference in response of early and late season
glass-eels to fresh-water, is of interest, That early season glass-eels
are not actively attracted to fresh-water is in agreement with the
behaviourel response to tide flow previously noted - such eels invade on
the flood tide, Similarly, Deelder (1958: 137) found that "Newly arrived
elvers show no tendency to migrate into freshwater, they even try to
escape when they get in it", Conversely, later in season, invasion takes
place against the ebb tide and such eels show a preference for freshewater.

This behaviour implies that early in the season, invasion of
fresh-water is essentially a passive process as an end result of transport
by the flood tide. Perhaps the directed movement against the ourrent by the
August glass-eels in the experiments was an avoidance reaction to escape
from the freshwater influence, rather than orientation into a current.

This latter behaviour is considered typical of a glass-eel which has
undergone a behavioural change as outlined in a previous section., The
lower percentage of total movements (40%) in trial (h) in contrast to 757
for trial (g) may be indicative of this,

The problem remains of why early season glass-eels carried into
fresh-water, remain there when experimental evidence points to an
avoidance reaction over-riding any active attraction, The evidence for
these glass-eels remaining in estuarine areas is largely circumstantial
as it was not possible to place a net facing upstream to fish water
moving from the estuary into the sea, However, if these early season
glass~eels did move back into the sea rather than remain in the estuary,
then it would be expected that large numbers of pigmented glass-eels would
be caught early in season re-entering the stream, Neither my own catches
at night nor fishing during the day by myself and regular whitebaiters
indicated that this was so, Rather, it is probable that such eels
compromise by remaining in the more saline estuarine areas and completing
their transition to fresh-water,

Unlike the experiments, movements in the wild are not from
salt-water to full strength fresh-water but to brackish water., It would
seem that the odorous substance peculiar to fresh-water proves more
attractive to those eels which have completed their behavioural transition,
Therefore, in early season glass-eels the attraction is sufficient for them
to remain in estuarine areas where any freshwater odour would be
correspondingly diluted, but they have no desire to enter full freshewater
where the odour would be more concentrated.



When glass-eel fishing at Makara on nights when the air
temperature was below 2-3°c. it was often diffiocult to remove glass-eels
from the net, Upon lifting the net from the water the sudden drop in
temperature caused the eels to become lethargic, and the net had to be
vigorously shaken to remove them, Once placed in water from the stream
these eels showed no i1l effects and resumed normal activity., However,
if the small volume of water containing the eels was allowed to stand,
the temperature of the water rapidly dropped to that of the air, and the
eels again became inactive, Addition of fresh stream-water would revive
the eels, and none died as a result of such temperature fluctuations.

The ability of both species of glass-eel to survive sudden
temperature changes was studied experimentally, Fresh glass-eels were
acolimatised over a three day period, to pure fresh-water at 15°C. Four
eels of each species were then removed and placed direectly into containers
at various temperatures. Temperatures were recorded graphically on a
continuous recorder., By using water-bath systems of heat transfer,
temperatures could be controlled to within £ 0,5°%, Hourly observations
were made for the first eight hours; thereafter, daily checks were made
for the 14 days the trials were run, The mumber of dead eels was recorded,
with the point of death taken as the cessation of heartbeat,

The mean values of the temperatures used were, 2.0°, k.2., 7.5’.
9.9°, 20.1°, 23.4°%, 26.7°, 29.4%, Results are summarised in Table 3,16,

At 2,0°, all eels suffered violent tremors immediately they
were placed in the water, Violent shaking was accompanied by contortions
of the body, with the head thrust back at a sharp angle and the gape at a
maximum, After several mimites the eels relaxed and straightened a little,
but were still immobile., Considerable mucus was extruded from the gills,
The brain became noticeably opaque, although the heart continued to beat
slowly. A few laboured swimming movements were made periodicelly by some
eels, but these were always of short duration, On the third day, three
shortfins died, followed the next day by the surviving shortfin, On the
fifth day two longfins died and the further two died the following day.

The temperature shock was less severe at 4,2°C, and only one
shortfin showed tremors, although the other eels were noticesbly distressed.
On the seventh day, two shortfins and one longfin dled; on the eighth day
one shortfin and three longfins died, followed by the remaining shortfin
on the ninth day,




Table 3,16
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Glass-eel direct temperature tolerance experiments,

Deaths per day,

8 = shortfin (A, australis)
L = longfin (A, disffenbachii)




mean G

Day 2,0 bz Te5 949 204 234k 2647 29,4
1 2L
2
3 38 1L
4 13 18,1L
5 2L
6 2L 1L
7 2s,1L 28
8 18, 3L 1L
9 18

10 1L 18

14 1L

12

i3

-
r

no deaths recorded
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Between temperatures of 7.5°-23,4%C no deaths attributable to
temperature effects occurred, However, at 26,7°, ell longfins died, while
at 29.&0. all eels died, At this temperesture, eels were hyperactive,
with the respiratory rate reaching 140 movements per minute, compared with
30 movements per minute at 15°G.

The results indicated that both species ecould withstand e direct
temperature change of £8°C from an embient of 15°C, with no apparent 111
effects, However, a change of %11°C or greater was fatal for all longfins,
A drop of 11%¢ also killed the shortfins, but they were able to tolerate
the equivelent rise, Overall it appeared that shortfin glass-cels were
more tolerant of the inoreased temperatures then were lomgfins, but no
differences in survival rates were found at the decreased temperatures,
Unfortunately lack of time and material did not allow the effect of
agelimatisation to extremes of temperature, to be studied. Such a study
would have given more meaningful results as temperature changes encountered
by glass-eels under natural conditions, would be gradual,

Consliderable effort was made to obtain a wide coverage of glass~
eel samples from throughout New Zealand and offshore islands, In addition
to letters and personal requests to interested persons, whitebait fishermen
and processors, a circular was sent to all Fisheries Inspeetors. Despite
many promises of assistance, few samples were obtained,

Samples were preferred alive, air-freighted in the menner
previously desoribed. For frozen or preserved material, conversion factors
were calculated to convert measurements to the approximate live values,

To caloulate the effect of 5% formalin (formeldehyde solution)
on the length and weight of glass-eels, the following trial was run, From
e large sample of anaesthetised glass~eels ten were selected where pessible,
from sach 0,1 em length group represented, This gave & total of 99
specimens from 5:6-6,8 om, Live lengths and weights were then recorded
and the samples then preserved, They were remeasured at random intervals
and the percentage changes in measurements from the original were caloulated.
Results are given in Table 3.17.a.

Although there was a tendency for the larger specimens to be more
affected than smaller specimens, for reconverting to live values, the




Table 3,17 Percentage differences in length and weight of preserved

glass-eels from live values,

a 9% formalin
b Frozen




a 9 formalin

Days after start 4 66 118 360

Length: mean difference (%) «0,5 =0.3 =045 =146
range -1 .5’ 0 "1.5. +1.0 I~ 05. +0,2 -2.3&, =0,8

Weight: mean difference (%) +hols +241 iy o2 =65
range “6.0.411 2 “6.‘},9‘10.1 "160’0, +2.8 -16.9.-092

b Frozen

Days after start 1 3 15 143

Length: mean difference (%)| -4k w9 «5.6 542
range =5eT9=3e2 ‘506."‘“2 "60‘0-.“08 ~6.h-,-l»2

Weight: mean difference (%)| -23.8 271 -32,6 48,7
range ‘31 07,"‘20.0 "’5,7.“2‘ 07 “lr2o3,-25 08 "59 o1 "‘5708
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relative differences were not significant, end so all sizes were treated
uniformly, This meant that for length, preserved samples measured within
four months of capture were left unaltered, but for samples left for longer
than this, 0,1 em was added to all observations. The weights showed
considerably more variation according to length of preservation, However,
as the ranges of differences in weights were so varied, it was not felt
that live weights could be calculated with much reliability, and weight
was not considered in subsequent comparisons of samples.

Woods (19641 99) also conducted formalin preservation experiments
on glass-eels, and found a deorease in mean length of 2,15% but an increase
in mean weight of 13.2% after three days in 4% formalin, A series of
trials conducted by Ege (1939: 81) gave a reduction in mean length in glass-
eels after two weeks of 3.3 in 4% formelin, and 3.8% in a 6% solutdon;
alechol from 50-80% concentration, gave a reduction in length of 6,50
regardless of strength, Similar trends to my own observations were found
by Parker (1963) for measurements of salmon smolts and fingerlings preserved
in 3,86 formalin, After 30-40 days, length had shrunk to 96% of live length
while weight increased for 1~2 days but then decreased at a deceldrating -
rate,

As two frogen samples were also obtained, a further trial was
commenced to determine length and weight changes in froszen glass-eels,

The anaesthetised eels were weighed and measured, then placed in separate
plastic bags, These were placed in a refrigerator and stored at =4°C,
Periodically they were removed, thawed and measured, The results, Table
5¢17+b show that most shrinkage in length occurred within the first day,
although weight loss was progressive over the period of observation,

In all specimens, the weight loss was high, This was in part due to the
congealed slime which became detached from the body, but mainly to
dehydration of the eels themselves, Again converted weights were liable
to be too inaccurate to warrant further consideration,

Before considering the significance of the variation in mesn sample
lengths from throughout the country, two additional factors must be
investigated, These are the seasonal and annual variations in size,

Seasonal Variation in stg

The mean size of invading and migrating glass-eels declines
throughout the season of arrival, This decline ocours, not only in length
and weight, but also in the relationship of these two variables, expressed
as condition,
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As only total sample weights and not individual weights were
recorded, the condition factor, K, has been calculated from the mean
sample measurement using the cube law as explained in a previous section.
Assuming glass—-eels correspond to this law, the condition values
calculated provide a useful relative index for comparison of samples.

The mean monthly length, weight and condition of the 1974 and 1972
Makara glass-eel catches are given in Table 3,18, Similar figures for
migrating Waikato glass-eels are seen in Table 3,13, The Makara data
indicate that the phenomenon of the seasonal decline in size is a gradual
process, with no sudden agceleration,

A similar seasonal size decline has previously been reported in the
glass-eels of A, anguilla, HKeasurements recorded by Johansen (1905: 8)
show a difference in average length about 0,5 em between early and late
arrivals, Wimpenny (1929: 390) presented length and weight data for
glass-eels arriving at Tolombat in Egypt over a five month period. Mean
values of both measurements decreased throughout this period, If condition
is calculated from these data, a seasonal decline is also evident,

An extensive review of the size of glass-eels from northern,
western and southern Europe was made by Strubberg (1923). He concluded
that the seasonal decline in size was due to the ability of faster growing
and hence larger larvae to show more activity during their migration and
80 arrive at their destination before smaller less active larvae, Also,
earlier hatchers may experience better conditions for growth during their
first few months of life,

Although these explanations are satisfactory for the decrease in
length and weight, they do not adequately explain the decrease in
condition, In the leptocephalus, it is reasonable to assume that weight
is dependent on length, and small size would be represented by a
proportional decrease in both, with little or no difference in condition,
Any such difference would not be of the order observed over the season
of invasion, where the condition of shortfins falls by 24% and longfins by
30%. The comparable decline for A, anguilla, calculated from the data of
Wimpenny (1929: 390) is 267,

The process of metamorphosis from leptocephalus to glass-eel is
accompanied by drastic morphological ghanges, including overall shrinkage.
The physical changes together with their blological significance, are
discussed by Ford (1931). Menzies (1936: 258) suggested that the
physical deterioration during metamorphosis is progressive until the
glass-eels reach fresh-water and resume feeding, To this can be added
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Table 3,13 Makara 3tream glass-eals, 1971 and 1972,

NMean monthly length, weight and condition,

Results of t-tests for the same month in successive
years, generated from length-frequency data

( for samples with mn > 10 for both years)




4+ = 5 percent significance

+ + = 1 percent significance

971 1972
n i w K n i w K
(em) (&) (em) (g)
July 3 6,34 0,24 0,93
. Aug, 12, 6425 0,21 0,37
IOpt. 293 6.08 O.m 0.91 '082 6.26 0020 0.82
Dot, 21% 6,03 0,17 0,79 L52 6407 0,17 C.76
Nov, 225 5,98 0,15 0,72 205 5¢90 0,15 0,73
Dec. 5 5098 0415 0070 9 5-73 0013 Ce71
738 1303
. A lefrenbachi
121 1912
n i W K n i v K
 Jduly 1 6.79 0.32 1,01
Aug, 119 6.75 031 0.99
Sept, 20 6.6 0,27 0.9 120  6.73 0,27 0.89
”t. 1‘5 6.55 0025 0.30 50 6069 0.27 0.89
Nev. 1 60’&0 0.22 0,84 L GM 0,20 0,74
35 304

1240 + +
3021 4+ 4
2+40 +

159
2¢3 =
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the observation of Strubberg (1923: 21) that the rate of metamorphosis
is accelerated by high temperature, Therefore, late season glass-eels
arriving in spring would metamorphose more rapidly than early season
arrivals,

Arrival over the 1000 m isobath triggers metamorphosis in the
Buropean eel (Schmidt 1928a: 113), although the presence of leptocephali
in the Mediterranean remains an enigma to this theory. The semi-pelagic
larvae then continue their migration to the coast (Strubberg 1923: 21).
As these newly metamorphosed eels do not feed (Johansen 1905: 8) it can
be assumed that the longer the post-metamorphic period before invading
fresh-water, the greater will be the decrease in condition,

A similar sequence can be proposed for events leading to the
invasion of fresh-water by New Zealand glass-eels, Early in the season,
relatively large leptocephali arrive off the coast of New Zealand,
Metamorphosis commences at or ebout the 1000 m isobath, and continues
as the eels near the mainland, Stage VB is attained just prior to
invasion of fresh-water by the glass-eel, Thus there is little actual
post~metamorphic life, and the eel has a high condition factor,

Later in the season, smaller larvae arrive above the 1000 m
isobath and commence their metamorphosis, However, the sea surface
temperatures are now markedly warmer and metamorphosis proceeds more
rapidly than previously, Consequently, the young eel has a substantially
longer post-metamorphic life at sea before entering freshewater., The
relative condition of the eel falls progressively, until it enters fresh-
water and recommences feeding,

Associated with longer post-metamorphic sea life is progression
in the sequence of pigmentation, Thus there is an inoreased likelihoed
of glass-eels invading late in season being more pigmented than early
season specimens. Also, late season eels will have at least partially
undergone a behavioural change prior to their entry into fresh-water.
This means their subsequent upstream migration will not be delayed while
this transition occurs.

Samples examined from throughout the country indicate that
Stage VB is the stage of invasion, at least early in season, If
metamorphosis was induced by some factor other than the proximity to
land, for example contact with a specific isotherm, then metamorphosis
at any one period of time would ocour en masse, This in turn would mean
that those invading glass-eels furthest from the area where metamorphosis
took plage, would be considerably more advanced in pigment development
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than those glass-eels invading closer to this area, As this does not
oscur, it is concluded that the leptocephalus is the stage of distribution
around the country, with the process of metamorphosis being initiated

by proximity to land,

Two interesting observations relevant to this discussion, appear
in literature on other species of Anguilla, PFirstly, it has been recorded
that invasion into rivers entering the Baltic Sea, is by small pignented
eols (Schmidt 1906: 213, Bertin 1956: 149). In this instance the invading
eéels have long since passed over the 1000 m isobath where metamorphosis
commences, This observation is in agreement with the stage of pigmentation
reflecting the length of postemetamorphic life,

Secondly, Jubb (1961: 26, 1964t 190) notes the migrations of 'poste
elvers' of A, mossambioa Peters into rivers of South Africa, lo eels
of less than 8,9 om could be found in some rivers and these were only
partially pigmented, From consideration of the prevailing osean ourrents,
Jubb postulates that many leptocephali are swept past the southwest coast
into an area of colder temperature where metamorphosis is retarded, These
larvae remain at sea for about a year, complete their metamorphosis, and
grow to a sise where they are sble to stem the ourrents and reach the
mainland,

Otoliths from these 'post-elvers’ indicate a further year's sea
life than do otoliths from true invading glassesels of the same species,
However, as the 'postwelvers' are only partially pigmented it would seem
that their post-metamorphiec life has been relatively short; probably the
leptocephali swept past the coast do not metamorphese, until, as mch
larger larvae, they negotiate the current the following year end invade
fresh-water. This is also supported by the fact that depths off the
east coast of South Africa increase rapidly and larvee would have to be
swept close to shore to ensounter weter of 1000 m depth or less,

Annusl Variation in Size

In addition to seasonal variations in sise, there is alse an anmual
difference, From Teble 3,18 small differences in mean sample lengths for
the months of September-December 1971 and 1972, can be seen, The largest
difference, of 0,25 em oocurs in shortfins for December, In September
(the month with the largest semples for both specles) differences of
0.18 em for shortfins and 0,09 em for lengfins are found, Neither year
taunphhl:ydmtuhﬂum-omummahngmpumtm
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the other year, Thus, for shortfins the September and October 1972
lengths exceed the comparable 1971 lengths, while November and December
1971 means are greater than those for 19572. In longfins, the 1972 means
exceed the 1971 values, T-test results are given in Table 3.18.

Waikato glass~eel measurements also show small annual size
differences, For example, the mean length of 322 shortfins for
September 1971 was 5.96 om while 360 shortfins from September 1972
averaged 6,13 em, Similarly, ennual differences of up to 0,3 cm were
recorded by Strubberg (1923: 9) for European glass-eels,

Considering the long larval life of the eel at sea with its
dependence on water currents for transport, annual variations in sige
would be expected,

Meag Lengths of Samples

As the leptocephalus, an active stage of growth in the life cyecle,
is the stage of distribution around the country, it can be assumed that
glass~eels from areas furthest from the general region of arrival of the
larvae, would be of a larger size than glass-eels from areas in proximity
%o this arrival region, Consideration of the average sizes of glass-cels
from different areas might then indicate the distribution routes followed
by the leptocephali,

By this reasoning, the data of Vladykov (1966: 1009) imply a
migration route northeastwards along the Atlantic ecoast, for larvae of
A, rostrata., This is in agreement with the known current systems for
this area, Comparable calculations using mean lengths of A, anguilla
glass~-eels are more complicated, as those eels arriving at eastern
European countries have previously e¢rossed the broad continental shelf
of the East Atlantic seasboard, where metamorphosis is initiated,

For consideration of the various New Zealand glass-eel samples
received, the country has been divided into seven areas (see Fig., 3.19).
This seperation into geographical areas is one of convenience for
revealing any gross differences between samples; the boundaries are
Qrbitrary and bave no actual significance,

Ideally, comparisons of mean lengths should be made using live
glass-eels of similar pigmentation stages, collected at the same time in
the same year, This would eliminate both seasonal and annual sise
variations, and slso shrinkage differences caused by both pigmentation
and preservation, Unfortunately, insufficient samples are available
from any one year to fulfil these requirements, Therefore, any annual
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Fig. 3.19 Mean lengths of selected glass~eel samples arranged
by area,

Results of one-way analysis of variance tests between

areas using length-frequency distributions

Areas dnfc P
A. sustralis
1,2 1,481 3240353 + 4
2,5 1,92 0+3153
5."' 1,511 0‘155‘{.
4,7 1,815 8340438 + +
3,7 1,835 961381 + +
1,5 1,408 6°8547 + +
A. dieffenbachii
1,2,3,4,5 14,225 0°8049
b7 1,50 10°6143 + +
3,7 1,117 24°9213 4+ +
3,6 1,93 81°8666 + +

+ = 5 percent signifieance

+ + = 1 percent significance




170°E 175°

59-9  (2-2) 166
64-2 (2:4) 83

- 35°S

591 (2-4) 399
64-1 (2-9) 46

®

@ 60-7 (21) 83
i 64-3 (2:7) 15

O

60-1 (1-9) 146
641 (3-6) 16

611  (111) 10
64-8 (2-4) 66 61-8 (21) 670

®66'6 (2:3) 35

11 (16) 1"

australis mean length (mm) (S.D.) n

. dieffenbachii mean length (mm) (S.D.) n




66

variation has been ignored and no samples have been discarded because
of the year of collection, To supplement my own material, measurements
recorded by Ege (1939: 142, 210) have been included in the following
analysis, together with unpublished data of Burnet,

As the peak of the invasion for both the Makara Stream and Weikato
River was September-October, only samples from these two months were
considered, with the exception of Ege's data for Hokitika and Southland,
The most frequently occurring stages of pigmentation recorded in all
samples were VI A II 2-4 for short-fins and VIA III 1-3 for longfins,
and using these stages, the appropriate eels were assigned to one of
the seven areas, After samples had been corrected for preservation
shrinkage, the grend area totals were meaned, Results are shown in
Fige 3419+ For convenience in comparisons, lengths are given in mm,

The raw length-frequency data were then tested by a one-way analysis
of variance to determine any north-south size differentiasl, Results
(P.652) indicate that significant differences do occur in the length-
frequency distributions for areas along & north-south axis. However,
remerbering that the annual difference may be of the arder of 2 mm,
these data must be interpreted with caution., While differences of 1 mm
and more are statistically significant at the 5% level, they may not be
biologically meaningful,

' Despite this, it is suggested that the figures indicate a genersl
arrival pattern of larvae from the north of New Zealand, with a subsequent
southwerds movement down west and east coasts. This trend is more reliably
seen from the data for shortfins as the sample sizes are larger than those
for longfins, Unfortunately, no shortfins were received from area six
although it would be snticipated that the largest eels would occur here,
All mean longfin lengths for the North Island areas are within 0,2 mm of
each other and thus show no trends, However, the value from area seven

is more than 2 mm greater than the North Island samples and, in conjunction
with area six, indicates an arrival from the north, Although the
collection date of the latter sample is not known, the eels are much
larger than any others of a similar stage of pigmentation and warrant
inclusion on these grounds.

Arrival from the north agrees with the pattern previously suggested
from the distribution of the two subspecies of A, sustrelis, but is
csontrary to the theory of transport of larvee by the East Australian
Current with arrival off the southwest coast of New Zealand,
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Coll n Dates of e

To investigate any seasonal staggering of glass~eel movement in
fresh-water by different areas, all known samples were arranged according
to the date of collection., These included my collections, unpublished
material of Burnet, and data from Ege (1939t 91, 155), These data are
given in Table 3.19.

The frequencies given in this tsble represent variable fishing
efforts, Also, the peak invasion time in a given locality may vary
significantly from year to year, depending on hydrological conditions,
Because of these factors, and the small sample numbers for most areas,
it is not possible to make acourate predictions about the length of the
glass-eel season in different areas,

However, the earliest peak in the season is found in area one,
which is also the area with the smallest mean sige of glass-eels, Peak
periods for the South Island areas, five and seven, are later in season,
The monthly totals approximate the invasion intensity calculated for the
liakara data, with peak months being September, October and November,

Speeles Proportions

During freshwater invasion or subsequent upstream migration, both
species of glass-eel are typleally found together. In broad terms they
have a commen season of arrival and show similar behavioural responses to
stimuli, However, more speeifie behaviour is shown in habitat preferences,
The proportion of both speeies occurring in samples of upstream migrating
glass~eels may be biased by the favourability of the downstream habitat
for either species, and alsc vary with the time of the year,

If it is essumed that most esls remain resident in the water system
they originalyy invede, and relstive mortalities are proportional to the
numbers of both species present, then the relative abundance of both
species of invading glass-eel should be a relisble index of the proportion
of both species present. Unfortunately, because of the noecturnal behaviour
of invading glass-eels, such samples are not easily obtainable, and the
majority of glacs-cels in the species proportion map given, were collected
during their upstream migration,

The speeios proportions of all data available to me are shown in
Fige 3420, The first figure represents the percentage of shortfins and
the sample number is shown in bracgkets. The grand species proportions
from these data ave, shortfins 908, longfins 10% (n = 11557), but these
cannot be considered indicative of the nation-wide pattern,




Table 3.19
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Frequenecy of collection dates of all glass-eel samples

by area,

8 = shortfin (A, australis)
L = longfin (A, dieffenbachii)

Areas 1-7 correspond to those given in Fig 3,19,



Month of collection

Area Species July Aug, Septs Octs Nove Dee, Jan, N
(1) s 3 7 7 3 1 24
L 3 7 3 3 16
(2) s 1 1 3 3 N 1 13
L 1 1 3 2 3 1 11
(3) g 2 1 3
L 1 1 2
(%) s 1 2 1 L
L 1 1 2
(5) 8 i 1 2
L 1 1 2 1 5
(6) S o
L -
(n 8 1 5 3 9
L 1 I 1 6
8 ¢ 1 5 13 17 13 3 52
% 2 9 25 33 25 6
L ¢ 1 5 11 1 9 i 1 42
% 2 12 26 26 22 10 2
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Species proportions of all avallable glass-eel
samples.




“Data from Ege (1939)

"Data from Burnet (pers. comm,)
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The data show that shortfins were the predominant species in
the North Island, especially north of Tauranga and on the east coast,
In the South Island, longfins were the principal species on the west
and south coasts and shortfins on the east. This distribution is of
interest as it is similar to that given by Schmidt (1928: 387) who
found longfins predominated in the south and west of New Zealand and
shortfins in the north and east,

Agsuming these agreements indicate the validity of the proposed
distributions, then the differences must be attributable to one of two
causes, Either the distribution is random and reflects the routes of
arrival of the larvae, or both species exhibit specific habitat choices
at an early stage of their arrival in coastal waters,

It has been previously stated that the leptocephalus is regarded
as the stage of the life cycle at which distribution around the eountry
takes place, However, in the vieinity of the 1000 m isobath which
generally lies 50-100 km offshore, the influence of freshewater would
be berely, if at all, perceptible. For instance, Stanten (1971: 154)
found a tongue of discernable "fresher water" extended for 29 km from
the mouth of the Buller River on the west coast of the South Island,

The average discharge from this river at the time of observation was
6000 cuseocs., However, this influence extended obliquely from the
shore due to the passage of the Westland Current,

The Clutha River which has the largest flow of any river in
New Zealand, has a direct effect on inshore salinities recorded 100 km
further along the coast (Jillet 1969: 358), However this influence is
adjacent to the shore and seldom extends beyond 30 km offshore,

Obviously offshore movement of fresh-water is highly varisble and is
largely dependent on rainfall and coastal cirgulation,

Thus it is extremely unlikely that the leptocephalus could show
any preference for commencing metamorphosis in an area offshore to the
preferred water-type of the juvenile eel, Further, the known distribution
is not indicative of dispersal according to temperature preference as
isotherms have a general east-west orientation, Therefore the overall
distribution of both species is probebly attributable to arrival routes
but with local differences due to preferences shown by invading glass-eels.

However, consideration of mean lengths of glass-eels by area
suggests an arrival pattern for both species from the north of
New Zealand. If correct, this common route together with a similar length of
larval life would in turn suggest reasonably close proximity of spamming arees
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to each other. Conversely the endemism of longfins compared to the more
widespread distribution of shortfins is thought to be indicative of more
widely separated spawning areas,

At the present state of knowledge it is not possible to resolve
these problems but it is suggested that the overall species pattern
within New Zealand reflects the larval arrival routes.

The occurrence of more than one species of eel in samples of
migrating glass-eels is not peculiar to New Zealand, Jubb (1964: 195)
gives an instance of four anguillid species living within one river
system, i.e, A, mossambica, A, marmorats Quoy and Gaimard, A, nebulosa

labiata Peters and A, bicolor bicoler McClelland. The first three
species are longfins while the fourth is a shortfin, Although

considerable overlap in the range of these species ocours, no data are
avallable for their relative proportions in glass-eel and 'post-elver!
samples. A large sample of A, reinhardti Steindachner glass-eels
examined by Ege (1939: 211) contained approximately 1% of A, sustralis
sustralisg. Again, the former species is a longfin and the latter a
shortfin,

With the exception of inter-tropical eels which show no marked
seasonal reproductive cycle (Bertin 1956: 184), catadromous and larval
migrations of other freshwater eel species are seasonal phenomena,
Arrival times of glass-eels of temperate species is from late winter
through spring, but this may be advanced or retarded aceording to
proximity of the spawning area., Although few data are available, it
can be assumed that in areas of overlapping speeies, mixed species
migrations are common,

The total number of vertebrae can be one of the most important
oriteria used to distinguish morphologically similar species of fish,
It is the most significant character used to date to separate members of
the Family Anguillidae,

Sehmidt (1927: 385) investigated vertebral counts in both speeies
of New Zealand eels, but found the differences too slight to form a
distinctive distinguishing character. He considered that this faot would
lead to difficulty in separating the larvae of the two speciess In the
course of research on Australian eels, Sohmidt (1928b: 197) showed that
a real difference exists between vertebral counts of Australian and
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New Zealand shortfinned eels, with the former having an average of
112.68 vertebrae and the latter 111,64, Accordingly he proposed the
recognition of two subspecies., Ege (1939: 205) supperted this proposal
and considered the meristic differences to be an expression of
geographical separation, He gives mean vertebrel counts for the
Australian and New Zealand shortfins as 112,64 and 111,73 respectively,

Although these differences are small, Schmidt (1928b: 199)
considered them indicative of geographical separation of the spawning
areas of the two subspecies, He postulated that the New Caledonian
submarine ridge formed a physical barrier in the breeding area,
confining the Australian subspecies to the west of the ridge and the
New Zealand subspecies to the east,

The question of whether phenotypic variation is environmentally
or genetically determined has recently been brought to light in the
controversial theory of Tucker (1959). He maintained that the American
and European eels are not separate species as commonly supposed, but
ecophenotypes of A, anguilla, Furthermore, the distinguishing meristie
features between the two 'populations' could be attributed to temperature
differences in the spawmning area encountered by the developing larvae and
their subsequent distribution by water currents,

This theory has been eriticised by several authors including
D'Ancona (1959), Jones (1959), Deelder (1960b), Bruun (1963) and Sinha
and Jones (1967b)s In his hypothesis, Tucker refers to experiments by
Téning (1952) who produced changes in the mean vertebral number in
Salmo trutte with sudden temperature changes. Although the changes in
vertebral number produced were proportionally similar to those which
exist between the American and European eels, Bruun (1963: 159)
concluded that the experimental conditions were in no way similar to
the temperatures which affect the eel eggs during their development,

More recent evidence on the existence of two distinot species is
the results of haemoglobin electrophoretic patterns of both species,
investigated by Sick et al (1967). The absence of a haemoglobin allele
in Buropean eels is put forward as strong evidence against the one
population concept of Tucker,

The difference beiween mean vertebral ocounts of Australian and
New Zealand shortfins is one vertebra, If invading New Zealand shortfins,
at some stage of the season, showed a mean vertebral count similar to
that of the Australian subspecies, this would lend support to the
contention of Tucker that meristic variation can be environmentally
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induced, Also a common spawning area for both subspecies could be
assumed, with either or both subspecies providing spawning stock,
Perhaps those larvae hatching early in the season could encounter
currents which would direct their migration to, for example, Australia,
whereas hydrological conditions later in the hatching season might
favour transport of larvae to New Zealand, Small seasonal temperature
differences in the spawning area could conceivably bring about a gradual
change in mean vertebral count.

Further, as any changes in temperature and current flow would be
gradual, the earliest shortfin glass-eels to invade New Zealand fresh-
waters, could be expected to have similar vertebral counts to the
Australian shortfin. As the proportion of larvae with a reduced vertebral
count inereases throughout the season, the mean vertebral count would
become established at the value recognised for New Zealand shortfins,

Such a hypothesis can be tested by examination of the mean monthly
vertebral count for invading shortfin eels throughout their arrival
season,

The 1972 Makara glass~eel samples, covering a six month season of
arrival, provided suitable material for such an analysis. These samples
had been stored in alcohol and proved satisfactory for investigation
by radiography.

Where possible, a minimum of 100 eels of both species were examined
each month, Longfins were included as a control, to see whether any
similar vertebral count changes to those "proposed" for shortfins ocour,
Fifty eels were taken from the first half of the month and 50 from the
second half, A fine grain radiogrephic film was used with a 1} minute
exposure at 25 kv giving best results, The negatives were examined with
& binocular microscope, using strong reflected light,

Total vertebral counts were made, For this, the thin atlas vertebra
imnediately behind the cranium, was counted as the first vertebra, and the
last hour-glass shaped vertebra was taken as the last but one, All
structures posterior to this were counted as one vertebra, These latter
centra fuse during subsequent development to become one compound vertebra.
In practice it was easier to count the last neural arch as the terminal
vertebra, as this consistently overliay the last two centra,

As no differences were found between half-menthly means, the data
are presented as mean monthly values in Table 3,20,
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Table 3,20 Vertebral counts of New Zealand glass-eels by month

of arrival in fresh-water,




A, australi

No, of vertebrae July Aug, Sept, Oct. Nov, Dec, Total
115 2 1 1 I

114 3 7 5 L 19

113 1 1k 25 29 31 1 101

112 8 25 6l 59 76 3 235

111 5 29 L7 56 60 5 202

110 3 10 19 29 17 70

109 1 3 1 3 8

108 1 1

17 85 165 172 192 9 6L0

Mean 111.59 111,65 111.67 111.66 111,68 111.56 111,66
8.D, 0.8, 1,22 Yt1.06 %100 ¥4.00 20,68 24,05

dieff

No. of vertebrae July Aug, Sept. Octe. Hov, Total
115 1 9 1 1 b
114 12 1 5 28

113 2 32 19 b 67

112 36 28 18 1 83

11 1 1% 7 7 29

110 1 1 3 5

N 96 67 48 1 216
Mean 143,00 112,45 112,52 112,29 112.00 11244
8.0, S8 20,55 20,98 1,10 1,04
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The seasonal range in the mean vertebral count for shortfins is
small (0,12 vertebra) and does not overlap that of the Australian
subspecies, Therefore, the hypothesis that early in seasen, New Zealand
receives a proportion of shortfin glass-eels whose vertebral counts
correspond with the Australian subspecies, is rejected, There iz no
reason to consider that Australian and New Zealand shortfins are eco=
phenotypes of the same species, but rather thet they are separate
subspecies., The seasonal mean vertebral number of 111,66 is in good
agreement with the values determined by Sohmidt and Ege,

The seasonal range for longfins for the months of August-Ootober
is 0.25 vertebra. Insufficient data are availsble for July and November.
The seasonal mean of 112,44 is slightly less than the 112,66 calculated
by both Schmidt and Ege, but is well within the standard deviation of

21,005 given by Ege,




b DOATIRE ERLS
ket DNTRODUCTION

With the onset of summer each year, mass upstream migrations of
Juvenile eels of both species take place throughout the country,

The smallest eels commence their migration from the upper estuarine
areas, where they have been resident since their arrival as glass-eels a
little over a year previously, From there they make their way steadily
upstream and show considerable determination in overcoming obstacles en
route, The most easily observed and well known migrations are those
whose progress is interrupted by hydro-electric dams,

Karapiro Dam, 130 km upstream on the Waikato River (Fig., 2.1.a),
is the lowermost of several power stations on this river, The annual
elver migration there is of such magnitude that it can pose considerable
problems, Dam persennel reported that on one occasion, a malfunctioning
turbine was stopped for inspection. During the maintenance period,
elvers swam up the outlet and completely clogged the turbine chamber,
They had to be manually removed before the turbine could function again,

A daytime visit to the dam during the season of elver migration
typically shows the spillway festooned with the dried bodies of elvers.
At night, especially during e light rain, the elvers attempt to climb the
spillway or the face of the dam, The latter involves a vertical climb of
30 ms Those eels which have not negotiated the climb by daybreak and
are unable to find cover in a crack or joint, are lisble to become
desiccated by the sun and remain adhered to the dam, That significant
numbers successfully negotiate Karapiro Dam is evidenced by the later but
much smaller run of elvers which occurs at Arapuni Dam, the next upstream
power station,

Elvers also by-pass most waterfalls and rapids by climbing along
the damp margins and so avoiding the main volume of water. However, they
are unable to penetrate beyond areas where a swift current rushes over
bare and smooth rock, The Huka Falls on the upper Waikato River, provide
an impassable barrier to elvers, and prevent their entry into Lake Taupo,.
Likewise, Travers (1871) reported that a series of rapids in the Waiau
River, North Canterbury, confined eels to the downstream section,

This summer migration, or secondary migration as it is commonly
known, is of major importance in populating upstream areas, In large
rivers, waves of small eels, grouped approximately by sisze, reach




progressively further upstream each year, If suitable habitat is
encountered, many eels may choose to remain and establish territories,
rather than progress further upstream, In this way, eels are able to
disperse and occupy the available habitats along the complete river
system, including territories vacated by migrant eels,

That not all eels migrate upstream from the estuarine areas is
seen by the frequently large populations which estuaries contain, Such
populations, especlally among small eels, are largely shortfins, This
is further supported by a small fishery established on the mudflats at
the head of the Firth of Thames, Hauraki Gulf, Eels caught from this
area seen by myself, were all shortfins and had been feeding almost
exclusively on crabs,

This annual upstream migration is not confined to New Zealand
eels, Skead (1959) reviewed several years observations on the migration
of elvers of A, mosgsambica, in the Buffalo River, South Africa, Summer
migrations of Australian eels are recorded by Kershaw (1911) and |
Whitley (1929)s A similar phenomenon was witnessed in Few Guinea by
Herre (1930). It appears that the "dakko" stage of the Japanese eel
is a migratory elver, while summer migrations of juvenile Eurcpean
eels have long been known.

4e2 MATERIALS
Distribution of Semples

The invasion of glass-eels into estuarine areas seems to have been
regarded by Cairns (19413 62) as a possible 'pressure' which induced the
elvers to migrate in the following months, In view of the continuing
summer migrations which take place throughout the first few years of life,
this explanation is unsatisfactory,

However, some elvers do move upstream in the company of migrating
glass-eels, over the winter and spring months, Perhaps the presence of
glass-eels is sufficient to arouse a latent migratory urge in the elvers
and causes them to migrate prematurely., Three small samples of such
elvers were obtained from glass-cel catches from the 'Elbow' at Pukekohe,
during 1970. These were transported alive to the laboratory for examination,
All the 206 elvers were shortfins with a mean length of 8,6 om (range
6.9+13.2 em), The ocoasional large runs of these eels proved a nuisance to
both glass~eel and whitebait fishing,
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Further elvers were caught at Makara during September-December
while fishing for glass-eels at the stream mouth, In 1971 a total of 86
were taken, of which 85 were shortfins, The size range was large at
8453040 om but 856 were less than 20 cm, In 1972, although there was
an increase in fishing effort, only eight elvers, all shortfins, were
taken, All these elvers were in good condition and the few whose
stomachs were examined indicated they had been feeding on marine organisms,

It was presumed that these elvers were resident in the lower estuary or
adjacent parts of the sea, and moved at will between the two.

The true elver migration over the summer months, was observed and
sampled at both the lMakara Stream and the Waikato River. To obtain more
widespread samples, a ¢ircular was sent to all major hydro dams requesting
personnel to cateh samples of the migration and record any relevant
information, Preserving jars and formelin were supplied to those stations
which indicated they were able to help, In this way, elvers from an
additional seven localities were obtained,

The areas from which elvers samples were received are shown in
Pig. hels

|
\
|

Period of Migretion

All samples were collected from Jamuery to February, Cairns (1944:
62) noted that elvers arriving at the lowest power station on the Waikato
River, then slightly above Karapiro, were very regular in their time of
appearance, Dates given for four consecutive years 1936-1939, lie
between Jamuary 18«22, In 1970, I visited Karapiro Dam twice in early
February and saw the end of the migration. Observers stated that the run
had begun in mid-January and had almost completely finished by the last
week of the month, However, their eriterion for defining the beginning and
end of the migration was the absence of elvers during the day, It was
found that although few elvers may be seen during the day, vast mumbers
could still be present and would swarm up the spillway at night.

During 1971, the first elvers seen at Karapiro Dam were on
18 January. Again I collected samples a week later, by which time the
peak of the run was over, The run in 1972 was the suallest remembered by
experienced observers, The cause for this is not known, but the
commencement of large scale glass-eel fishing in 1970 may have besm a
sontributing factor, In 1973, elvers were seen in Januery 17, and a
substantial run occurred over the following days,
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Loocalities from which elver samples were received,
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My data are in agreement with the consistency of arrival
observed by Cairns,

Nothing is known about the migration from the upper estuary to
the dam itself, In this stretch, the water is often turbid and no reports
of the form the migration takes have been received, It is assumed that the
elvers swim close to the banks,

The Maoris were well acquainted with the annual migration of
elvers, Downes (1917: 303) records the fishing season "commenced in the
early summer .,.. and lasted for two or sometimes three months", Elvers
were captured as they attempted to elimb rock faces, or bundles of brush
were placed in pools where the elvers had congregated. The elvers which
climbed into the bundles at night would be shaken out the following
morning.,

ke3 ANALYSIS OF SAMPLES
Length of Elvers

The lengths of samples, as given in Table 4.1, indicate the
variable sige of migrating elvers from different localities. In all
samples containing both species, the mean longfin length exceeds that
of the shortfins, This reflects a similar trend seen in glass-eels, As
expected, elvers recorded at an upstream site are larger than downstream
elvers from the same river, This is seen from both Makare and Waikato,
but not from the Waitaki River samples (Waitaki and Aviemore), However,
these latter samples are small and cover a larger size range of 12 om,

Typically, the lengthefreguencies of elvers correspond well to a
normal distribution pattern, Fig, 4.2 shows four typical samples,

Within any one area, variations in mean lengths oeccur throughout
the migratory season, This is seen in Table 4.2 where samples from
Karapiro Dam are arranged chrenologically, Included in this table are
figures from Woods (19641 100) for two samples taken from the seme site -
the base of the spillway, A range of 1.3 em for the mean shortfin lemgth
and 1,8 em for longfins can be seen, Of interest is the similar trend
in these lengths, such that for any one sample, an increase or decrease in
mean length for one species is paralleled by a similar change in the other
species, The magnitude of these changes is also similar. The significance
of this arrival pattern by similar "size groups" is not known,

As a check to see whether the v-riations in lengths recorded
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Table 4.1 Migratory elvers: species proportions and mean lengths

(cm),
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Fige 4.2 Length=frequencies of four elver samples,
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Table 4.2

Migratory elver samples from Karapire Dam (base of

the spillway): species proportions and mean
lcagthl (0‘)0



Date n A, sustrelis A, dieffenbachil
% 1(%48.0.) range % 1(%18.0.) range

19/1/T1 276 | 86 8.k (20.83) 6.7-10.6 | b 9,0 (20,97) 7.3-12,2
26/1/71 4Bk | h7 945 (%1.03)  7.4~12.9 | 53  10.8 (31.29)  7.7-14.8
28/1771 657 | 63 9.3 (20.97)  7e1-12.5 | 37 10,3 (%1.26)  7.8-15.1

" 333 | 65 9.3 (31.15)  6.9-12.4 | 35 103 (31.13)  7.3-13.3
5/2/70 376 | 62 8,9 (0.73)  7.1-11.1 38 943 (31.42)  7.0-1k4.k
12/2/70 647 | 48 8.9 (20.81) 6.6-11,6 52 9.4 (51.14) 6.8-13.9
*27/2/62 357 | v 9.3 (*2.22) 26 9.8 (f2.24)
*5/3/63 3h | 76 9.7 2, 1044

* data from Woods (1964: 100)
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were not simply due to randem fluctuations within any one night, two
samples were collected on 28 Jamuary 1971. Both were taken from the
same place at the base of the spillwey, but an hour apart. The results
were identical (Table 4.2) indicating that the pattern in mean lengths
wag not attributable to chance hut represented a real grouping,

Using this combination of samples from three separate years, it
is not possible to ohserve any seamsonal trend in the mean sizes.

Species Proportions
Table 4.1 also gives the percentages of both speeles for the

verious semples, Most speecimens, 89, came from the North Island,
Here, 65 of the catch were shorifins whereas in the South Island,
shortfins comprised only G% of the species propertlons, The fluctuations
which oceur in the proportions of both speeies arriving at Kerapiro Dam can
be seen from Table 4,2, No trend is obvious but the overall predominance
of shorifins is apparent, Agein, the simllerity between the two samples
of 28 January 1971 shows the proportions remain consistent on any night,
The Te Kauwhata sample, collected from the base of a radial flood
gate at the entreance to Lake Waikare, is of interest, as it was comprised
completely of shortfins., Similarly, in Makara the domnstream site (d)
showed a higher proportion of shortfins than did the upstrean site (e).
These observationa are discussed in a later section.

Aze Groups

Distinet age groups gould not be distinguished from examination
of the length~frequency data, and so some age determinations were made,
The method of ageing eels from burnt otoliths is fully discussed in a
following section. Samples aged were small, as it was not intended to
establish growth retes but only whether several age groups were present
in the samples, and the approximate proportions of sach group,

From the results it was found that there was frequently an overlap
in length between successive age groupss In such cases, the mid-point of
the overlap was taken as the age group limit, Where successive ranges did
not meet, the mid-point of the difference was defined as the group limit,

Results from Waikato and Mokau Rivers are presented in Table 4.3,
Unfortunately South Island specimens were all preserved in strong formalin,
and the otoliths were generally unsuitsble for reading, Roxburgh and
Aviemore elvers were examined, and it was found that both contained




Table 4.3 Migratory elvers: proportions of age groups in
samples from Waikato and Mokau Rivers,

8 = shortfin (A, sustralis)
L = longfin (A, dieffenbachii)

n = number aged
range = range in length of aged eels
% = percentage of total sample per age group



Ares Month Species

Waiketo Aug.
("Elbow")
Waikato Jan,
(Te Kauwhata)
Waikato Jan,
(Karapiro Dam)

L] "

(Mokau R,)

0
n 1
range (em) 6.9-8.4
% 57

0
n 7

vange (em) 6,5-7.3
% 21

ln'ﬂng. (Ol) 6.6-7-7
% 8

( )
m
s. n 7.6

n 5
renge (Gl) 845=10,1
% 57

Age Groups

15
842-10,7

39
745=9.6
76

10
7+9=9.8

15
8.2"100“'
63

1

'
8.5-9.3
55

L
10,6113

30

2

1
11.0-12.9
4

2

2
10.4~11.0
3

2

7
10,2=12,3
15

2

10
9:9=-12.4
3

2

L
948=11.1

L3

3

3
12,2-13.0
13
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eels from age groups three to seven, but the deterioration of otoliths
prevented reliable age groups from being defined, These data are not
presented,

The shortfin elvers from the "Elbow" captured during August,
show high proportions of age groups 0 and 1, In the summer (Jamuary)
samples from Te Kauwhata and Karapiro Dam, the age group 0 of August has
been promoted to age group 1 eto, Several aspects are of interest, The
high proportion of age group 1 (39%) in the August sample indicates that
a considerable number of shortfins choose to spend at least the first two
years of freshwater life in the upper estuarine areas, The Te Kauwhata
sample is dominated by age group 1, as are the Karapiro Dam samples for
both specles, In these Jamuary collections, age group 0 is comprised of
the previous years glass-eels. As would be expected, this age group is
more prevalent in the downstream (Te Kauwhata) semple,

Habitat preferences are discussed later, but it has already been
suggested that many shortfin glass-eels and elvers remain in the upper
estuary for one to two yeers. It might be anticipated that small lomgfin
eels, being less suited to such areas, would migrate upstream more rapidly.
Certainly the differences between the spescies proportions of glass-ecels
and Karapiro Dam elvers support this theory, However, if the upstream
movement of longfins is rapid, then it would be expected that age groups
0 and 1 would predominate at Karapiro, In fact, although age group 1 is
the largest of the three groups represented, age group 2 (31%) far
exceeds age group 0 (6%). Therefore, it seems that large numbers of
longfins elvers from age group 0 and, more surprisingly, substantial
numbers from age group 1, live in the waters downatream of the dam,

New Plymouth elvers also show a predominance of age group 1.
Unfortunately the exact locality on the Mokau River of this eateh could
not be ascertained, but the presence of age group 3 among the longfins
may indicate a less rapid upstream migration than that of shortfins,

Overall, although a large percentage of shortfin glass-eels remain
resident in the lower reaches of rivers, those that do migrate upstream do
so more rapidly than longfins,

koh QBSERVATTONS
Behaviour

The behaviour of migrating elvers was observed during sampling
visits to Karapiro Dam,
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pass over any object which caused a substantial break in contact between
themselves and the substrate, Presumably the undulations of the body
present a broad lateral area relative to vertical areas, which prevents
the eel from sliding backwards under its own weight,

A sample of elvers found ascending a vertical wall were collected
for comparison with a second sample taken from the base of the spillway.
The lengths of the climbing elvers were as follows with the figures in
brackets being measurements from the gemeral sample:;

shortfins mean length 8.8 om (9.5), range 7.4-11.8 (7.4~12.9)
longfins mean length 9,6 om (10.8), range 7,912,0 (7.7=14.8).

Further, the peroentage of eels less than 10 em in the climbing
samples was 91% and 72% for shortfins end longfins respectively, By
comparison equivalent figures for the general sample were, shortfins 7%
and longfins 28%, Obvicusly smell size is an advantage in elimbing as the
surface area to weight retio decreases with increasing size of the eel,
Twelve centimetres which correspends to a weight of 2.5 g, would seem to
be the maximum size for vertical climbing,

Upon encountering a eurrent, all elvers immediately orientated
themselves to face into it. This positive rheotaxis could be easily
induced by artificially creating = small current., Elvers also showed a
distinot thigmotaxis as all crevices and pools on the splllway end elsewhere
were crammed with eels, Often only a2 fringing circle of heads could be
seen, These aggregations were partly enforced by the limited cover and
resting areas available, but later laboratory observations confirmed this
social behaviour,

Thigmotaxis was also demonstrated in escape reactions, If the
leading members of a column of elvers ecrawling up a fan of water were
disturbed, they immediately made vigorous attempts to escape back the way
they had come, This penic reaction was repidly transmitted through the
whole colum, and most elvers would re-enter the deeper water,

Mortalliy
Considerable mortality occurs among the elvers, In addition to

thodndool:m;tothohuorthspulny,mmmjom
inthooonmheonhinduwm.lmmaothn-mampu-
conditions Continued but unsuscessful attempts to scale the dam had
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exhausted such elvers, and with no food immediately available, there was
little chance of their survival,

Predation is also a significant factor in mortality., In the
shallow water at the base of the spillway, many large eels, up to 3 kg,
were seen, Most of those were longfins, All large eels proved very wary,
but 11 were gaffed and their stomach contents examined, Of these, the two
shortfins contained no elvers while the mine longfins contained a total of
25 elvers, The maximum number from one stomach was seven, The
cannibalistic habits of longfins are well known to eel processors but very
few small eels are found in the stomachs of shortfins,

When the bodies of these large eels were thrown back into the water,
they were immediately attacked by several large catfish, lctalurus nebulosus
(Le Sueur) (F, Ietaluridae). These catfish were extremely furtive and were
not able to be caught, but their omnivorous feeding habit together with
large numbers suggests they would eat considerable gquantities of juvenile
eels,

The turbulent pool below the turbine ocutlets also contains brown
trout, These fish would also prey on elvers,

Shags, ducks and kingfishers were seen to catch elvers, especially
where these had congregated in pools or were wriggling across exposed
ground during daylight, Water-rats also took advantage of these
eoncentrations, and at the outlet of Lake Waikare, Te Kauwhata, seven rats
were seen in torchlight, catching elvers as they wriggled over the concrete
base of the floodgate.

Finally, man now harvests varying quantities of elvers, Although
no longer used directly as food, elvers have been used in recent years as
"seed-ecls" for stocking experimental eel ponds, If sufficient quantities
of glass~eels can be obtained in the future, it is likely that this
practice will discontinue,

Jigratory Stimull
The stimulus or stimuli which initiate migration are unknown,

Although low temperatures (less than 10°C) could inhibit mass movements

of elvers, the fact that summer migrations occur within a few weeks of each
other throughout the whole country, indicates that it is not the reasching
of any specific temperature which triggers migration., Temperatures
recorded in the Makara Stream over the migratory period renged from
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14,2°21,5%, but the two 'runs' recorded at site 'd’' did not correspond
with any common value or fluctuation,

8imilarly, the lunar eycle appears to have no direct effect, as
seen by the consistency of arrival times each year at Karapiro Dam, A
sm2ll migration was recorded at Makara during a 'fresh' in the stream, but
the larger movement took place when the stream level was normal, Further,
the water level below the Karapiro Dam is relatively constant and would
provide little differential stimulus, Hardy (1950: 25) observed that
increased water flow did not induce a larger mumber of elvers to olimb
the margins of & small waterfall in a North Canterbury streanm,

Migration may be initiated by the summation effect of several
factors. Perhaps a temperature greater than a threshold value, the
inereased day-length of summer, and the rapid escalation of a schooling
tendency shown initially by a few elvers, all contribute to the onset of
migration, Increased water flow may produce a stronger rheotaxic reaction
and be & further contributing agent but is not the causative one. Any
inhibitory effect of 1light would only be of significance where water is
clear and shallow, or where elvers have to leave the water to negotiate
an obstacle,

Habitat Preferences

Comparison of glass-eel and elver catches for both Waikato and
Makara show gross differences in the species composition between the two
stages for both areas, Thus, the grand mean of the "Elbow" glasse-eel
semples was 98% shortfin (n = 3004) while the grand mean for Karapire
shortfin olvers was 62% (n = 3260), The small elver catches for the
Maksra Stream indicated a preference by longfins for upstream areas
(Table 4,1). Elvers attempting to enter Lake Waikare (Te Kauwhata) were
all shortfins and local fishermen confirmed that this lake is inhabited
by shortfins only,

During electric fishing operations in Wellington streams and
rivers, it was frequently observed that both species of small eels showed
definite habitat preferences, The Waikanae River, 50 km northeeast of
Wellington, was fished twice, The substrate in the areas fished was
coarse gravel-rocks, The catch of eels less than 26 om, was 94% longfin
and 6% shortfin (n = 412),
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In gontrast, samples collected from the nearby Waimeha Stream,
were predominantly shortfins, This stream was fished on four occasions and
resulted in 1016 eels less than 26 om being collested, Of these, 97% were
shortfins and 3% longfins, The distance between the outlets of the
Waikanae River and Waimeha Stream is 2,5 km,

To investigate any pattern in habitat selection by species, five
representative areas were sampled. in the Nakara Stream. A portable
'pack-set' electric fishing machine was used to collect all eels below
26 om in each area, Temperatures and flow rates were recorded, and the
substrate classified aceording to Lagler (1952t 243), If the bottom type
changed during progress upstream, fishing was discontinued until the
required substrate was again encountered,

The results are summerised in Table 4.L4, Flow rates in the
stations paralleled the bottom types, such that the swifter the flow the
eoarser the substrate ete, Stations 1 and 3, although some distence apart,
were similar with sluggish flow, unstable silt bottom and fringing weed,
The numbers of eels from stations 1 and 5 were considerably less than the
numbers from the other stations but it is assumed the species proportions
recorded are valid indicators of the relative abundance of both speeies.

Although shortfins were predominant in all stations, Table 4.4
shows that the proportion of longfins is directly related to the bottom
type, and hence water flows Thus the percentage of small lomgfins in
swift stony water is greater than that in slower middy areas,

To investigate the sisze distribution of both species within the
five stations, the percentage distribution per two om length group was
caloulated, These data are given in Table 4,5 for the first five such
groups; eels from 16-26 om are given as one group,

Shortfins, more numercus in the samples, show better distribution
by size than do longfins, Thus, Station 1 shows a high propertion of smell
shortfins (70% < 10 em) while Station 2 does not afferd a good habitat for
such eels and they are noticeably absent, Station 3 would appear to be &
suitable habitat for small shortfins but has only 2% < 10 em, Although
substantial numbers of small eels have penetrated these upstream waters,
the predominant shortfin sise group is 10-12 em. This group also dominates
Station 4 while the 12-14 om group is the largest in Statiom 5,

Likewise, the small numbers of longfins show 2 tendency for the
smaller size groups to predominate in domstream areas, Upstream, in
Stations 4 and 5, the proportion of eels in the larger groups increases,
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Table 4.4 Species proportions of eels less than 26 cm from
selected substrates in the Makara Stream,

km = distance from stream mouth

S = shortfin (A, australis)
L = longfin (A, dieffenbachii)



Station 1
(144 Xm)

Station 2
(2,9 ¥m)

Station 3
(‘h5 km)

Station 4
(545 lom)

Station 5
(648 lom)

°C = 1308

flow = 0,12 w/s
cateh: n = 49
°G = ‘3.5
flow = 0,34 n/s
eatch: n = 108

°G = 14,8
flow = 0018 #ﬂ
cateh: n = 88

% = 14,5
fiow = 0.4 m/s

catoh: n = 140

% =13.8°

flow = 0,48 m/s
catch: n = 38

bottom type = silt
weed = few fringing emergents
100% 8

bottom type: fine gravel
weed: submerged, luwxuriant
99% 8 0L

botiom type: silt
weed: fringing emergents
9% 8 1% 1L

bottom type: fine-coarse
rubble
weed: filamentous algae

806 s 206 L

bottom type = coarse rubble,
boulders
weed: few fringing emergents

63% s 3L
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Table k.5 Percentage distribution by length groups of eels léss
than 26 om from selected substrates in the Makara

Strean,



A, sustralis
Stations
Length groups (x2 em) 1 2 3 b 5
% % % % %
6 -8 35 3

8 « 10 35 5 24 13 17
10 - 12 10 23 33 31 29
12 = 14 2 19 29 154 33
1% - 16 9 15 10 15 &
16+ 9 38 12 27 17
(n) (49) (102)  (87) (112)  (2u)

A, dieffenbachii

Stations
Length groups (x2 cm) 1 2 3 L 5
% % % % %
6 -8

8 - 10 80 100 25 14
10 = 12 20 1" 50
12 = 14 " 7
1% - 16 14 7
16+ 39 22

(n) o (5 (1) (28)  (14)
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These results are consistent with the observation that successive
sumner migrations penetrate further upstream, As found with glass-eels,
longfins showed a preference for swifter stony areas, whereas shortfins
were less numerous in such areas but dominated muddy regions, With
increase in sisze, the habitat requirements of eels change, Longfins up
to 15 em can find adequate cover under large stones and smell rocks at
the margin of a stream or river, Larger specimens are found in deep
pools, weed beds or beneath undercut banks, Upstream migration would aid
small eels in finding successively larger rocks and thus better cover,
Although shortfins inhabit sluggish silty areas, only the small individuals,
to about 20 em, are found buried in shallow stream margins and backwaters.
Larger fish prefer deeper pools and undercut banks eta,

Differences in the habitat preferences of both species of adult
eel were noted by Cairns (1941: 65), He found that a change of habitat
within one river produced a definite change in the species composition, with
longfins inhabiting "fast-flowing boulder-strewn mountain water", while
in deeper end sluggish reaches, shortfins predominated, Burnet (1952b: 119)
found small shortfins, less than 30 em, in swift-flowing and stony areas at
the head-waters of river systema. The Makara samples confirm that this
type of habitat is suitable for small shortfins,

Definite habitat preferences imply different feeding habits,
Unfortunately few data are available to compare the feeding habits of
small eels of both species, Cairns (19423 133) combines both species for
the smallest size group he examined, It would be of interest to know
vwhether selective feeding by species occurs within an area where both
species coexist.

In discussing feeding habits of longfins, Burnet (1952a: 55)
concluded that selection of food organisms was not entirely due to food
preference but also to the relative abundance of the organism, Also,
feeding preferences were general and were readily adapted to differences
in feuna, From this it would seem that differences in diet between both.
species merely reflect the availability of food items found within the
respective habitats, and therefore it is the suitability of the habitat
rather than availability of specifio food types which is the primary
requirement in habitat preference, Observations on relative mortalities
of asphixiated glass-eels and elvers suggest that longfins have higher

oxygen demands than do shortfins., This has not yet been tested experimentally.

If correct, this would provide a plausible explanation for the habitat
preferences shown by both species.
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Such habitat preferences are ecologically important, as they
allow both species of eel to inhabit the same river system, but with
limited interaction and competition due to spatial separationm,

Species Mortality

The elver sample from the Mokau River, New Plymouth, was sent
alive, packed in an inflated plastic bag, Unfortunately, the volume of
eels to oxygen was excessive and considerable mortality took place during
transport, On arrival, only eight eels from a total of 232 were alive,
All eight eels were shortfins, yet shortfins comprised only 18% of the
total, As previously noted with glass-eels, longfins did not appear
well-suited to transportation by this method which requires cutaneocus
respiration,

To compare survival rates of both species exposed to air, ten
eels of each species were placed in plastic aquaria in a constant
temperature cabinet., These ten eels comprised five less than 15 em and
five greater than this length. A thin film of water together with
saturated sponge chips covered the bottom of each aquarium, This water
was changed every second day to prevent the accumlation of waste products,
Water of the required temperature was added as necessary to compensate
for water lost by eveporation, In addition, large shallow trays of water
were plaged in the cabinet to maintain a moist atmosphere,

The eels were acelimatised in serated water to the required
temperature, by reising the temperature 2°C per day, After two days at
this temperature they were removed and placed in the aguaria, Two eels
remained in the serated water as controls. Twice daily inspections were
made and dead eels removed and recorded, The cessation of heart-beat was
defined as the point of death,

The results, Table 4,6, indicate that shortfins were able to
survive better under these conditions than were longfins. At 15°C, 70%
of the longfins died but nome of the shortfins, At 20°C, 4O% of the
shortfins and 90% of the longfins died while at 25°C, 100% of both species
dled, However, at this latter temperature, longfins died at a greater
rate than did shortfins, There was no consistent difference between the
survival ability of the small and larger eels,

According to Krogh (1904) eels in water receive up to 3/5 of
their oxygen requirements by direct absorption through their skin, He also
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Table k.6 Survivel of vels exposed to air of constant temperature,

(Deaths per day).

au is >15 em = §

{15 om = s

A, dieffenbachii > 15 em = L
(15 em = 1




Days

Total

7

1L

1L
2l

15

3

1

is
2L
11

is

2

1L
11

1L
11

1L
11

3

18
2s

s

1L

1L

25

31
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considered that cutaneous respiretion was sufficient to maintain life

in the European eel, as long as the air temperature did not exceed 15°C,
However, more recently, Berg and Steen (1965: 483) found that oxygen
uptake from the air at this temperature was insufficient for requirements,
and few eels could survive exposure of 60 hours or more.

The above data (Table 4.6) suggest that the ability of
A, dieffenbachii to respire cutaneously is similar to that of the
Buropean eel, which is also a longfinned species. The shortfin appears
much better suited to these conditions. As suggested in the previous
section, the longfin seems to have a higher oxygen demand than the
shortfin and serial respiration at temperatures of 15°C and greater is
insufficient to maintain life, In addition to differences in respiratory
demend, cutaneous respiretion in longfins may be less efficient than in
shortfins, If so, this could be a funotion of skin thickness as longfins
have a thicker dermal layer than shortfins, Eel processors frequently
speak of the "double skin" of longfins, but this is probably a reference
to the pigmented myolemma which is internmal to the dermis,

The ability to tolerate prolonged periods of exposure to the air
has endowed freshwater eels with additional survival capacity. Accordingly
they are able to leave the water to negotiate obstacles during migrations
or move from one body of water to another, Stories of eels moving across
fields on damp nights are widespread, Fishermen take advantage of this
respiratory ability and transport eels to processing factories in wet
sacks, Air-freighting of eels in inflated plastic bags has been discussed,

During the first few years that an eel spends in fresh-water,
seale development commences. The scales of freshwater eels are rudimentary
and embedded in the skin, Reduction in scale size or even complete loss of
scales is one of a number of morphological specialisations shown by all
genera of eels which allows them to inhabit holes and ervevices, All
eels are adept at sudden reverse movements ¢o withdraw back into cover -
protruding and overlapping scales would hinder such movement, whereas
reduced scales still afford some protection to the body surface but allow
greater freedom of movement.

The following seotions deal with the origin and pattern of scale
development in both species of freshwater eel, while their value in age
determination is discussed later.
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Methods
Scale collections were made from the monthly Makara Stream eel

samples, In addition, scales from a large size range of shortfins from
Pukepuke Lagoon were obtained, Although this thesis is primarily concerned
with eels of less than an arbitrary value of 26 em in length, a complete
size range was studied for certain aspects of scale development, This was
necessary as scale development is not complete by 26 om, and trends
observable at this length could only be verified hy studying larger sise
groups.

For easier handling, eels were first killed by prolonged immersion
in benszocaine solution and were then deslimed in a strong solution of
ammonia, Seales in both speeies were found to originate along either side
of the lateral line, at a point 2/3 of the distance from the anus to the
tip of the tail, Samples of scales were collected from this area by
soraping a scalpel blade over the epidermis, Where available, over 100
scales were taken from each eels, These were then stored in numbered vials
in a solution of LO% isopropyl alecohol to which a few drops of antiseptic
had been added to prevent fungal growth,

Scales were observed using reflected light, To accentuate the
gsonation pattern, they were lightly stained in a 041% methylene blue
solution, For permanent mounts, stained scales were partially dried in
air to remove excess moisture, A large drop of Depex mounting medium was
added and any globules of water teased away from the scale before covering
with a cover slide, This procedure was necessary as scales ocurled
immediately they became dry and were then unsuitable for further examination,

To ascertain the extent of lateral and longitudinal squamation
in eels of less than 20 em, the left side of the duslimed eel was dried
and the bagk of a scalpel blade rubbed across the skin, The outlines of
scales, visible as small pits in the skin, could then be seen, In eels
with only a few scale rows, a strong methylene blue stain was found useful,
A few drops of a 10% solution were painted over the surface to cover all
areas known or suspected of conteining seales. After half a mimute the
area was flooded with 100% isopropyl eloohol to destain the skin, The
scales were then left stained deep blue and could be easily measured, If
no scales were found on the left side of the body, the right side was also
investigated as a further check,




The scales are elongate, typically three times as long as they
are wide, Mean dimensions of 20 scales from five body ereas of 2 67 em
shortfin are included in Table 5.1. Scales are contained in individual
sacs below the epidermis, but unlike most fish they do not overlap and
are able to expand in all directions. Occasionally in large eels, a
small overlap of scale margins does ocour and adjacent scales may even
fuse to form a compound scale,

Fig, he3+8 shows a typical scale from a small eel, The scale
itself is formed by concentrie rings of loculi, These loculi are of
varied shape: in the centre of the scale they are square or slightly
elongate but in most other areas they are quite elongate with a polygomal
boundary., Wely (1940: 46) showed that contrary to general belief, these
loculi were not formed of caleareous platelets, but of fibres,

Thcringnoflomlimm'angodpmnoltothcwginofﬂn
seale, but at intervals in scales of large eels, 2 narrow fibrous band
separates the bands of loculi into zones, This distinctive zonation is
seen in the figures of Hormyold (1922: 12) and Frost (1945: 32), Although
such distinect gones are seen in the scales of some New Zealand eels of
both species, the majority of scales examined showed less obvious zones,
In most cases, a 'ring' was shown, not as 2 clear fibrous band but as a
ring of partially formed and truncuted loculi with 2 flush outer margin
(Pigs 4e34b)s The outer margin of these loculi was often visible as a
thin line, Further, adjecent sones often took up differing amounts of
stain pesulting in the outermost sone being stained darker than the
innermost; this sided in delimiting rings,

Thus, scales show definite sones which have of'ten been
interpreted as representing annual growth, These sones are most easily
seen at the ends of the scale and are less distinot at the short axis
where they are often crowded, Some scales, even in large eels, show no
genation at all, or perhaps a very reduced number of rings, Some of these
may be replacement scales, but on oceasions, helf or more of the scales
examined from any ome eel were of these types, It is unlikely that such
large numbers of scales are lost during the normal mode of life, but
rather, for reasons not understood, many scales often fail to record
complete semation,

The arrangement of scales varies with different areas of the body,
Over most of the trunk, scales lie in small groups, obligue to the lateral
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Scale from a 24,4 om A, auatralis showing one annulus,
The annulus is seen as an area of truncated loculi with
the loculi external to the annulus atained more heavily
than those intermal to it,

Enlargement of a scale annulus showing the typical
truncated loculi,
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line, with the adjacent group arranged at right angles, In this way a
mosaic pattern is formed, with seales lying in longitudinal rows. This
is seen in Fig, 4.4.Ds At the base of both dorsal and ventral fins, two
to three rows form parallel to the fin, This aligmment parallel to the
long axis of the body, contimies slong most of the dorsal ridge and onto
the snout,

EFattern of Squametion

a, Sequence

As previously stated, scale development in both species commences
at & point epproximately 2/3 the distance from the anus to the tip of the
tail, From this origin, scales spread rapidly anteriorly and the greatest
number of developing seale rows is found mideway aleng the anal ~ tail tip
distance, Most new scales are formed on the periphery of the area already
scaled but mmall isolated pockets of new scales may form separately,
especially along the lateral line itself,

As scales spread anterliorly, development of the rows above the
lateral line prooceeds more rapldly than development of rows below this
line, Therefore a 'tongue' of soales aspreads forward from the lateral line
area immediately posterior to the pectoral fin and joins the scales which
have developed on the dome of the head, Finally all ventral areas of the
body become completely squamated, and scales also appear on the reys of
the pectoral, dorsal and anel fins, The only areas of the body to remain
free of scales are the lips and the opercular flaps, although development
in the pre~orbital area and immediately posteriocr to the mandibuler
symphysis, is often incomplete.

Successive stages in seale development are illustrated in
Pigs LeSea~f,

b. Length at Appearance of Scales

_ Prom a large sample of lakara eels to 26 om, the number in each
om group which possessed any scales were recorded. Results, Table 4.7,
show that scale development takes place over a smaller size range in
shortfins than in longfins and in any of the om groups at which scales
develop, the percentage of shortfins with scales present is greater than
lengfins, Comparative values for the Japanese eel, from Matsui (1952: 93),
are also given., The minimum length at which scales were formed was 16,5 em
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Pigehobea Scale from a 84,2 om A, australis showing ten scale
annuli

b Arrangement of scales on the body of a 28.7 em
A, australis. Lateral line pores are just visible
in a horizontal line in the centre of the photograph,
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Pige 4.5. a=f Successive stages in scale development in
Ao dieffenbachii.

g Scale sampling sites on 67.2 cm A, sustrelis.
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Table 4.7
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Percentage of small eels per centimetre group with

and without soales.




A, austraiis A, dieffenbachii A, japonica®*
Cm group Sceles Scales n Seale: Scales n Scales Scales n
absent present absent present absent present

% % %
14 100 - 1 100 - 6 100 - 304
15 100 1" 100 - L 98 2 50
16 75 25 12 85 15 7 31 69 75
17 36 64 11 70 30 10 2 98 83
18 - 100 14 37 63 8 - 100 38
19 25 75 8 8 92 13 - 100 18
20 100 6 Sk 17 100 115
21 100 7 100 6
22 100 L 100 7
23 100 10 100 8
2k 100 2 100 7
25 100 100 3

92 96 683

* data from Matsui (1952:93)



20

for shortfins and 16.4 em for longfins. Conversely, the largest eels
recorded which had no scales present were 19,5 cm and 20,5 em for
shortfins and longfins respectively.

These ranges in length cover two age groups for the Makara data,
Additional shortfin samples from Pukepuke Lagoon gave a range of 16,3=
18,0 em for length at scale development, This latter population is
faster growing than Makara shortfins, and this length range incorporates
eels from age groups one and two, compared with age groups three and four
for the Makara data, Together these data indicate that it is the
attainment of a ¢ertain length and not age which initiates secale
development,

¢. Longitudinal Development

The longitudinal extent of scale development was measured, and
recorded as a percentage of the total length., Only those scales which
formed a continuous row were included - isolated and scattered scales
some distance from a contimuous row were ignored., Results for both
species, expréssed as the regression of percentage body length covered
by scales against total length,arc shown in Fig, 4.6.a.

The regressions were calculated as:

shortfins Y = 9.7487(X) =« 150,0549 » =0.,8606 (n = 65)
longfins Y = 11,1818(X) - 203.8892 » =0,8708 (n = 66)

Both species show a positive relationship for this aspect of scale
development with eorrelation coefficients highly significant at the 5¢
level.

Longitudinal scale development commences at a shorter length in
shortfins than in longfins, but in the latter species it proceeds more
rapidly, Extension of Pig. 4.6, gives maximum development in shortfins
at 25,8 om and 26,9 om in lomgfins, In practice, the total length is
never gompletely covered with scales as these do not develop on the lips
and the tip of the caudal fin, These two areas comprise spproximately %%
of the total body length,

d . Lateral Development

Lateral scale development was also observed in both species, For
this, the sum of the number of scale rows above and below the lateral line
was recorded. By definition, a row constituted a continuous line of scales



Figehe6 Rates of scale development for both species of eel
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greater than 10% of the total length of the eel, The greatest number of
rows was found mideway along the anus - tail tip distence,

The results in Fig. 4.6,b show that although such lateral scale
development commences at a greater length in longfins than in shortfins,
rows form more rapidly in longfins. By a length of 21 em, both species
have approximately the same number of scale rows but thereafter the mumber
of rows in longfins exceeds that in shortfins,

The regressions for these data are:

shortfing Y = 5,1453(X) - 87.7005 r=0.838 (n=57)
longfins Y = 12,3395(X) = 237.h486 r=0.8,95 (n=49)

The maximum number of scale rows recorded over a large range of
shortfing to 70 em in length, was 63, with 32 sbove and 31 below the
lateral line; the maximum for longfins was 98, with 51 above and 47 below.
The mean number of rows for a sample of five eels of each species over
35 em in length was 56 for shortfins and 90 for longfins, Extension of
the regression lines in Fig, 4.6.b shows that these values are reached at
lengths of 28 cm and 26,5 om for shortfins and longfins respectively,
After this, the slope of the graph could be expected to level off as
few, if any, new scale rows would be added with inoreasing size of the eel.

In shortfins, the mean number of scale rows above the lateral
line was greater than the mean number below this line, The opposite was
true for longfins, However, the difference in number between the two
values wes small, usually one or two with & maximum of five, Because of the
cblique formation of adjacent groups of seales, it was often difficult to
determine the precise mumber of rows; accordingly it is not thought that
these differences are significant,

It was also establishod that the number of scale rows varied
according to the curved dorso-ventral distance of the body. This
relationship was curvilinear, Thus, increased area is covered by an
increased number of scale rows together with an increase in the size
of the scales themselves,

e. Scale Size

Scale sizes were measured over a large size range, using scales
taken from body area D (see Fig, 4i5¢g)s As & relative measure of sise,
the longest scale radius was used, Five regularly shaped scales from each
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eel were measured using 2 micrometer eyepiece, and the mean radius per
eel used in & regression analysis of scale redius against total length,
Where available, ten eels from each ten cm length group were used, giving
a total of 57 shortfins and 53 longfins., Unfertunately, few eels larger
than 80 cm were obtained and analysis beyond this length was not possible,
A positive linear correlation was found for the above relationship
(Pigs 4eb.0). Correlation coefficients for both species were highly
significant at the 5% level, i.e.

shortfing Y = 0,0203(X) = 0,0339 r = 0,9362 (n = 57)
longfins Y = 0,0136(X) = 0,0125 r = 0,919 (n = 53)

Discussion
The origin of scales in the caudal area for both New Zealand

species is similar to the findings of Pantalu (19571 270) for the Indian
eel, A, bengalensis (i.e. A, nebuloge nebuloss), end Smith and Saunders
(1955: 251) for A, rostrata, However, Hormyold (1922: 11), Waly (1940:
48) and Voronin and Rusetskaya (1971: 748) found scale development in

A, anguilla commenced near the amus, Matsui (1952: 234) gives a similar
area of origin for A, japonica. In both New Zealand species, by the time
scales appear on the lateral line above the amus, the number of scale
rows mid-way along the anus-tail tip distance, are at their maximum,

An investigation of scales of the Buropean eel led Gemsbe
(1908) to conclude that scale formation commenced during the third year of
life in fresh-water, This was disputed by Ehrembaum and Marukawa (1913)
who found scale development to be dependent upon length rather than age,
They give the 'scale size' for A, anguilla as 16-20 om, Subsequently the
consistent appearance of scales at certain lengths has been recorded by
mny authors,

A simllar range to the above was found for A, rostrata by Smith
and Saunders (1955: 251)% The renge for A, japoniss is 15.5+17.5 em
(Matsui 1952: 92).

While the above data are in close agreement with those of the
present study, Pantalu (1957: 270) records that for A, bengalensis, "all
the specimens examined over 116 mm in length had well-defined scales in the
caudal region", As noted by him, these results are considerably different
to those known for the European eel,
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Previous research on New Zealand eels by MacFarlane (1936) and
Cairns (1941) indicated that scales formed regularly during the seventh
year of 1life, Data from the present study show that all relationships
of secale size and development including time of development, are directly
related to length, The mean lengths given by both authors for seven year
old fish are of the order of those expected for the commencement of scale
m‘tho

MacFarlane noted that scales first appear along the latersl line
in the posterior third of the body. However, Cairns (1941: 56)
considered scale development to commence at the lateral line but “close
to the vent", This latter statement is incorrect.



5«1 INIRODUCTION

As is often the case with other freshwater fisheries, the wild eel
fishery in New Zealand is subject to intensive and effective fishing,
With the establishment of a large overseas market together with such
factors as the relatively small capital outlay required for both fishing
and processing,eels constitute a lucrative but nevertheless highly
vulnerable resourge, Their relatively long and complex life history
renders them particularly liable to over-exploitation. Strict management
of such a resource is essential if a long-term and stable fishery for wild
eels is to be maintained.

Basic to any management practices is knowledge of the growth rate
and age structure of the stock. There has been considerable research on
this for the Eurcopean eel in the last 60 years, A teble of most of the
significant contributions in this field appears in Penas and Tesch (1970:
300-301), Previous growth studies on New Zealand eels have been conducted
by Cairns (1941) and Burnet (1969b). The present study is perhaps more
important from the aspect of materials end techniques rather than for the
limited growth data obtained,

The ages of fish from a uniformly growing population can often be
determined from the length-freguency distribution of members of the
population, Individual ages are calculated from observation of the bony
parts, normally scales and otoliths, but also from vertebrae, finerays
and operculae, These structures can be variously prepared and viewed to
show distinet zone patterns, which frequently correspond to annual growth,
In the present study both scales and otoliths were investigated, Initially,
some vertebrae were collected but this was discontinued when it was
established that otoliths were suitable structures from which to determine
age,

Age determination from examination of bony structures is based on the
theory that fluctuations in growth rate are reflected in the optical
properties and probably chemical compesition of the pattern of szonation
in the bony part,

With reference to interpretation of otolith zonation, much confusion
has arisea as the nature of the light used has not always been defined, The
terms "hyaline zones" and "opague sones" are used to deseribe whether a zome
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allows light to pass through it or not, When viewed under reflected light,
the hyaline (transparent) zones appear black coloured while the opague
zones appear light, This is accentuated against a black background where
hysline zones appear black and opaque sones white., Conversely, under
transmitted light, the hyaline sones appear light and the opaque zones dark,

Contradictory opinions exist regarding whether the opaque zones are
laid down in summer or winter, Irie (1960: 220) concluded that the opaque
zone was formed during winter and spring, wherees the hyaline zone formed
during summer and autumn, This is contrary to the generally esccepted
opinion that opaque zones are formed during summer and hyaline sones in
winter, Consistent with this latter opinion is the suggestion by Graham
(1929) that visual changes in the otolith sones reflect metaboliec changes,
such that hyaline somes are formed when anabolism is low and opague zones
when it 1s high, Seasonal changes in temperature and availability of
food would produce such metabolic changes,

In the present investigation it was established that the broad
opague zone gorresponds to summer growth, while the hyaline zone is bounded
by a narrow dark band formed during late winter,

The following three sections deseribe the preparation and interpretation
of the structures investigated for possible use in age determinations, The
results are those determined from otolith readings, Finally, growth as
expressed by the relationship of length and weight, is discussed,

5.2 SCALES
Scales have been used in & number of investigations by various

researchers as a means of determining the age of eels, In these instances,
the scale annuli and zones are interpreted as representing the pattern of
annual growth in the same way as narrow winter and broad summer bands appear
in the otolith, From the growth rate caloulated from age for length data,
the time until scale formation commences can be back-calculated,

Both species of eels were examined to see whether the scale zomation
reflected annual growth as caleulated from otolith examination,

Sampling Site

A check was made to find which area of the body had seales with the
maximum number of annuli, For this, two shortfins and two longfins greater
than 50 em in length, were examined, Results were similar and those
presented are for a 67,2 em shortfin from Pukepuke Lagoon, Scales were




96

collected from the five areas as indicated in Fig, 45.g. Ten regular
scales from each area were measured to observe comparative sizes., A
further ten well-formed scales were then chosen and the number of annuli
for the 20 scales from each area counted, Results set out in Table 5.1
indicate that scales from area four, which have the greatest breadth for
length ratio of any area, show the highest percentage of 'true' readings
(60%)« The largest scales came from area three but only 15%¢ showed six
scale annuli, No scales from any other area showed the maximum number of
annuli,

Interpretation of Scale Anmuli

From samples of Makara Stream eels of as large a size range as
possible, scales from 181 shortfins and 193 longfins were examined, Ten
of the largest and most regular scales were selected per eel and the
maximum number of complete annuli recorded, The eels were then classified
inte groups according to the number of amnuli recorded. Thus group 0
contained those eels whose scales had no annuli; group 1 had one annulus
ete, Mean lengths of the scale groups were then calculated,

The regressions for the mean lengths per scale group are shown
in Pige 516

i.e, shortfins: Y = 6,6654(X) + 18,0250 r = 0,9989
longfins: Y = 8,0976(X) + 19.5584 r = 0,9963

Shortfins show an excellent linear relationship whereas the normal type of
growth curve for fish is asymptotic. Further, data from P, Todd (pers.
comn,) who has aged large Makara eels, indicate that shortfins of 80 cm
and larger would beleng to age group 25+,

Similarly,longfins show an equally good correlation for lengths of
up to 80 om., Mean lengths per scale group for eels larger than this do not

fall on & straight line and have been ignored for purposes of this correlation,

Scales from such eels showed that the outer szone or zones were very wide, At
approximately 80 om and beyond, new annuli in longfin scales are laid down
less frequently and the scale enlarges by addition in width of the existing
outer sones rather than by laying down new zones, P, Todd (pers. comm,)
found longfin eels of over 80 em from Makara to be in age group 28+, Thus
in neither species of eel do the number of scale anmuli indicate the age
of the eel,

From the age groups given above for large eels of both species, it
can be seen that growth rates in the Makara Stream are slow., To see whether




Table 5.1

Eel scales, The maximum number of annuli and mean scals
size recorded 2t various sites along the body of a

67.2 om A, eustralis.

The positions of these sites are indicated in Fig.h.5.g.
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No.
annuli

LAY N A

No.scales

Mean sigze
(mm)

A B c D E

2

1

1 2

9 19 3 6

1 1 8 9

3 12

20 20 20 20 20

145x0,5  2,4x0,8  2,8x1,0  2.2x0,9  1.1x0.4
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Fige Sef Relationship of the number of scale rings to
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a faster growing population showed a similar lack of correlation between
known age and scale anmuli, a sample of shortfins from Pukepuke Lagoon
was obtained, Scales from 80 eels up to 70 em in length were examined,
Again the relationship between the number of scale annuli and mean fish
length Y = 7.2357(X) + 20,4643 was linear (r = 0,9943), and differed from
the mean length for age graph obtained by examination of the otoliths of
these and other eels,

The slope of this regression, 7.2, is close to that obtained for
Makara shortfinsi.e, 6,7. From this it is concluded that little difference
exists between the mean length per scale group relationship in slow and
faster growing shortfin populations and in neither instance are the nusber
of scale annuli indicative of age.

As the annuli of scales are not amual in formation, the term "scale
rings" is used hereafter with "scale zone" denoting the area between
sucgessive scale rings,

Beriodicity of Scale Ring Formstion
To determine whether eany seasonal periodieity is involived in the

formation of new scale rings, the marginal increments of monthly secale
samples taken from Makara eels were calculated, For this exercise, five
eels of each species per month were utilised, From each scale sample,
five regular scales were selected, The marginal inecrement for each scale,
expressed as the width of the outer zone as a reciprocal of the width

of the adjacent szone, was then calculated, By this method, a newly formed
ring is indicated by a low increment value,

As it was found that a new gone was laid down simltanecusly in
almost ell the scales examined from any one eel, the five reciprocals per
eel were averaged, The mean monthly values for these scale increments are
shown in Table 5,2,

These data show that there is no specific period for ring formation,
This is to be sxpected from the lack of correlation between scale rings and
age., However, if the six month period from November to April inclusive is
considered, mean increment values of 0,96 and 0,99 for shortfins and
longfins respectively are obtained., These months include spring and summer
when most growth could be expected to take place. Any chegk in growth,
shom as a ring, should be laid down immediately prior to this peried.
Equivalent values for the remaining six months are 1,09 for beth speecies,

December was chosen for further analysis as this month had the
smallest increment value for both species, A further 30 eels were examined




Table 5.2
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Monthly merginal incremsnis of eel scales,




Jan,

Feb,

April
May
Jure
July
Aug,
Sept,.
Oct,

Nov,

A, australis

0494
1,01
0,96
0.93
0.97
1.27
114

1e1h

1.0
1.04
0,86



98

with five scales from each eel being measured, Ah increment value of
0450 or less was considered indicative of formation of a new scale ring,
Three (17%) of the 16 shortfins examined showed new ring formation,
while the equivalent longfin value was four {29%¢) from a total of 14, The
ranges of increments were distinctive with 'new' zomes being 0,21=0,47,
compared with 0,89=1,40 for 'old' zones, Mean increment values were 0,99
for shortfins and 0,94 for longfins, compared with the previously calculated
figure of 0,86 for both species.

gussi

The area where scales are first formed is also the "best' area for
collecting scales for reading., Frost (1945: 34) found that scales
containing the maximum number of zones in A, anguilla were formed above the
anus, As previously discussed, this corresponds to the area of scale origin
for this species noted by other workers,

It has been shown that the formation of rings in the scales of both
specles of New Zealand eels is dependent upon length, Therefore the rings
are not amual in formation eand are not indicative of age. However, the
rings appear to be seasonal in that they are generally laid down prior to
the spring-supmer period, Thus the average marginal scale increment over
this period is below that of the remaining months,

Therefore, at constant increments in length a nmew ring is laid down
in the scales of an eel, with the exception of large longfins, as discussed.
Such e ring is more likely to appear prior to the onset of seasonal growth,
Both Frost (1945: 33) and Pantalu (1957: 272), investigating northern
hemisphere eeis, found scales with new marginal growth during summer and
autumn, although Pantalu records that some scale growth ocours all year rcund,

The direct relationship between the number of secale rings and fish
length is understandable, as the commencement of scale formation is similarly
dependent upon length, Other phenomena in the life history of freshwater
eels are also length dependent, ineluding a change in rheotaxis for eels
greater than 35 em (Opuszynski 1965: 4L05), changes in feeding habits (Burnet
1952a: 54), and the onset of sexual maturity (Deelder 1970: 3: 1).

Appearance of scales on the attainment of a speeific length has been
shown for Buropean, American, Japanese and Indian freshwater eels, For
scales to be used in age studies, the formation of rings must be shown to
be ammuel, In addition, the scale size and time to reach this size must
be known,
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Several authors have aged eels solely from scale readings, while
others have used scales in combimation with otoliths or length-fregquencies,
Recently, Vorenin and Rusetskaye (1971) determined the age and growth of
eels in Byelorussian lakes by scale reading, They considered that not
only did scales indicate age but, by back-caleculation, they could be used
to study growth, Good agreement between ages determined by scale rings and
length~frequencies was found by Pantalu (1957: 273) in the Indien eel,
but he did not consider that scales could be used to back-caleculate growth,
Hornyold (1922) aged Worcester eels by otolith examination, but also
compared differences in the number of szones present in otoliths and scales,
He found considerable discrepancies between the two, which inereased with
the sigze of the eel,

Seales were used by VacFarlane (1936) to age A, dieffenbachii end the
results correlated with otolith armuli and length~frequencies, However the
data he presents are sparse and unconvinoing, Both scales and otoliths
were used by Cairns (1941) in age and growth studies on both New Zealand
species, iis contention that "the scales as well as the otoliths, are of
value in determining the age of eels in New Zealand" is based on the
incorrect assumption that scales form during the eels seventh year of life,

53 QIOLITHS
Otoliths were removed by biseoting the head sagitally, The sagitta

itself could then be scraped out from the sacculus with the point of a fine
secalpel, and any adhering tissue removed by rubbing between thumb and
forefinger. Otoliths were then placed in numbered vials and either stored
dry or in the alcohol solution used for scale storage, Both methods proved
satisfactory. The otoliths from eels preserved in formalin for more than
a few weeks were found %o be unsatisfactory for examination., Formalin
gradually decaleified and softened such otoliths,

The sagitta, the largest of the three otoliths, is oval in shape,
laterally flattened with convex outer and concave inner surfaces. The
sulous is open anteriorly and extends along two-thirds of the outer
surface, Cracks frequently rediate from the centre, Cairns (1941: 56)
mistakenly considered these to be the result of grinding,

Otolith Diameter To investigate the relationship of otolith size and
total fish length, dlameters of whole otoliths from eels of up to 26 em in
length were measured. A minimum of five eels per centimetre group were used,
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giving a total of 110 shortfins and 101 longfins, The regressions for
these data,

shortfins: Y = 0,0814(X) - 0,0381 r = 0,9747
longfinst Y = 0,0778(X) - 0,1042 r = 0,989

are shown in Fig, 5.2+ The high correlation coefficients for both species
indicate that a direct linear relationship exists between otolith diameter
and fish length, This is consistent with isometric growth in eels of the
above size range,

This direot relationship enables the approximate size of a small
eel to be determined from measurement of the otelith, In this way the
sizes of eeles could be calculated from otoliths found in digested and
faecal material of predatory fishes and birds, Unfortunately, it is not
possible to differentiate between the otoliths of both species as they
are similer in appearance, At any given body sige longfin otoliths average
slightly smaller than those of shortfins but considerable overlap occurs in
actual measurements.

It has been assumed (Matsui 1952: 234) that the intercept of such a
graph indicates the length of the larva at which the otolith commences
formation, This length for longfins is thus 1,3 om, which is a similar
length to that given by Matsuli for the Japanese eel, However, the egquivalent
value for shortfins is 0,5 om which would seem to indicate otolith formation
commences immediately upon hateching,

Diameters of otoliths from invading shortfin glass~eels do not fall on
the line plotted but lie, on an average, 0,1 mu below, With the onset of
growth in fresh-water, the otolith initially increases in size rapidly,
espgeially in its greatest diameter. Otoliths from pigmented shortfin glass-
eels have a diameter up to 30¢ greater then invading glass-eels of the same
length, Differences in longfins are less marked. Due to the zbove, the
regression for shortfins does not accurately reflect the relation of the
smallest otoliths to length, and therefore the true point of intercept on
the length axis is probably close to 2 om,

Dreparation of Otoliths For examination, otoliths were prepared in three
ways - whole, ground or burnt, Of these methods the first was found
suitable for otoliths from small eels (< 8-9 om) only, and for eels larger
than this, either of the other two methods were used,
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Fig. 5.2 Relationship of otolith diameter to tetal length.
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The clarity of otoliths to be mounted or ground was improved by
placing them in beechwood creosote for 24 hours prior to usage, Various
other media with high refractive indlces including xylol snd cedarwood oil,
were investigated as possible clearing sgents. lowever, beechwood ereosote
gave consistently good results and was adopted. Defore mounting or grinding,
the otoliths were placed on filter paper which absorbed the surfece creosote,

Otoliths from glass-eels did not require clearing but were mounted on
slides, using Depex as & mounting medium, Otoliths from larger eels were
too dense, even after clearing, for the zones to be viewed edequately, and
grinding was necessary to reduce the thickness,

Grinding of the lateral surfaces of otoliths has been widely used as
a technique to prepare eel otoliths for exsmination, Hormyold (1922: 16)
cleared otoliths in creosote prior to grinding the convex surface, A similar
Yechnique was adopted by Frost (1945: 29) and Pantalu and Singh (1962: 264),
Etohing of the polished surface with dilute hydrcchloric acid to kighlight
the sonation, was used by Cairns (1941: 56) and also Sinhe and Jones (1967a:
101).

In the present study several variations in grind ug technique were
investigated, including embedding otoliths in blocks of polyester resin for
sectioning and polishing. The technigue finally adopted was to place
cleared otoliths on a fine carborundum atone. A short length of black
plastic adhesive tape was placed on the end of the forefinger, and the
otolith was ground with a eireular motion with water being added as necessary,
Brief final polishing was dome on a rouge stone. The ground otolith was then
washed in water, dried in air and mounted on a slide., These slides were
dried for 24 hours in an oven at 35°C, Higher temperatures caused air
bubbles to form under the coverslip, Generslly, the thinner the ground
otolith, the more readable it became,

Otoliths from eels less than 20 om were approximately oval in erosse
séotion ani, with care, both surfaces could be ground without remnoving the
outer margin, A definite concave imner surface developa in otoliths from
eels lerger than this and so most grinding on such otoliths was done on the
convex outer surface. Excessive grinding on the inmer surface soon removed
the ocuter margin, In slow growing eels, this could mean the loss of at
least one peripheral otolith zone,

To check the loss of otolith margins by grinding, the diameters of
112 otoliths from eels of 8«26 om were measured before and after brinding,
The only significant changes occurred in otoliths from eels greater than
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20 om, where 48% (22) showed a loss in diameter of less than 5, while only
one otolith recorded a decrease of greater than 56, With care the actual
amount of the margin lost remains small, and of'ten results from chipping
rather than excess grinding, However, there is an inereased possibility of
significant errors being introduced in large and slow growing eels where
thin sections are essential to observe the full complement of rings, For
this reason the technique of burning otoliths was investigated,

The burning of otoliths to determine ages of fishes including
A, anguilla was deseribed by Christensen (1964), More recently, Moriarty
(1972) used burnt otoliths to age eels, !is technique is deseribed (1973)
together with a useful method for making permanent mounts from the otolith
fragments,

My own technique varied slightly from that of Moriarty, in that the
otolith was broken prior to burning and the pieces were held directly in the
flame rather than heated on a scalpel blade, The advantage in breaking the
otolith first is that a good transverse fracture can he obtained which
passes through the nucleus and consequently all the zones, Small otoliths
when placed on a scalpel blade sometimes sprung upwards while being
heated and were consequently lost,

The otoliths, stored dry, were placed between the folds of a small
piece of clear plastic with the convex side uppermost, A scalpel blade was
placed across the short axis, A firm press resulted in the breaking of the
otolith into two approximately equal halves, The plastic coweging
prevented loss of these pleces.

BEach piece was then firmly grasped with a pair of fine forseps and the

broken margin held at the edge of an incandescent Bunsen flame until the
sides of the otolith were seen to turn a deep brown colour, If the piece
of otolith was heated until it turnmed black or grey it became very brittle
and could not be handled satisfactorily,

Burnt otolith halves from the same pair of otoliths were then placed
in a compartmented tray. When required they were removed from this with a
fine brush, For inspection, the pieces of otolith were positioned on a
piece of plasticine which was then immersed in beechwood creosote, A
bright side lamp at a 45° angle was found to be the best 1llumination.

Using this method it was possible to burn otoliths from eels as

small as 7 em, although it was better suited to larger eels of 10 em or
more,



103

Appearance of Otolith Zones  Ground otoliths were viewed with reflected

light against a black background, The appearance of the surface of

burnt otoliths proved to be similar with the opaque sones being white and
the hyaline mones black, A check was made using otoliths from four adult
shortfins, One otolith from each peir was ground and the other burnt.

In all four instances both otoliths showed identical zonation but the
burnt otoliths showed greater contrast between zones. The hyaline sones
in the latter showed as a distinot heavy line whereas in ground otoliths
they were broader and less definite, When read, all otoliths were
awarded 'readibility' points, based on the following five point scale:

5t excellent - well defined rings of very good contrast;
4: very good - contrast good but less than 5;

3t good - readable but irregular zone widths and some
multiple (secondary) zones;
2: fair - rings visible but irregular;

1t not readable,

The following description is applicable to otoliths prepared by
either method.

The 'nucleus' or centre of the otolith corresponds to the sea-life
of the eel and has already been deseribed, Surrounding this glass-eel
otolith is a broad opague szone which is often divisible into two sub-zones,
Bounding this gzone 1s a hyaline ring, Depending upon the size of the eel
& number of opaque and hyaline gones are seen, forming successive concen-
tric rings. Such rings are most clearly seem along the longest axis of |
the otolith where they are well spaced. |

Typically, the imner margin of an opaque zone shows the greatest |
opacity with a decline towards the cuter margin until the hyaline zone is
reaghed. This is less pronounced in burnt otoliths, Sometimes within a
sone, subsidiary or secondary sones are formed, These can usually be
recognised as they show varipus degrees of opacity and the hyaline boundary
is very thin, Often such secondary sones are incomplete and do not
traverse a full circle., The relative sone widths are often a useful
indication of the true extent of the zone,

Interpretation of Otolith Zones  To establish whether the zones in the

~otoliths were annual in formation, the marginal growth increments of a
series of otoliths covering a year, were measured, Otoliths from ten
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shortfins larger than 15 em, per month, were examined by the burning
technique, The distance from the last hyaline zone to the outer margin
of the otolith was measured with a micrometer eyepiece, and expressed as a
reciprocal of the width of the penultimate zone., Using this technique,
the period or periods during the year when a hyaline zone is formed in the
otolith can be ascertained.

Mean monthly increment values are shown as a graph in Fig, 5.3.
This graph indicates that the hyaline zone or ring as it appears in burnt
otoliths, is annual in formation and is laid down between September and
October, Of the ten otoliths examined from October, nine showed a
discernable hyaline ring close to the outer margin., The opaque zone
commences formation from October. The annual formation of these otolith
sones validates the use of otoliths for determination of age in eels,

As the increasing size of the otolith is known to be directly
related to growth in length of the eel, it is assumed that the marginal
increment values reflect the relative rates of growth throughout the year,
Surprisingly, the growth rate during summer is rather slow, with a sudden ;
ageeleration during March. The high indices from April to September
indicate that little or no growth takes place over this perioed,

The widths of all opaque szones in otoliths from 12 of the larger
Makara shortfins (I = 23,2 em) from the monthsof May and June, were
measured to find whether the zones corresponding to any particular year ‘
were uniformly wide, If so, this would indicate & better than average ‘
season for growth, Zone measurements for each eel were expressed as a ‘
reciprocal of the broadest zone. Results indicated that mo one year was
especially favourable for growth for all or most of the eels. For nine of |
the 12 eels, the first year in fresh-water produced the widest ring, This |
is in agreement with the observation that inorease in the diameter of the
shortfin glass-eel otolith is initially at a faster rate then that found
among larger eels,

Other authors have examined the growing margin of eel otoliths to
determine whether the sucocessive sones represent annual growth, Frost
(1945: 30) found the opague zone in A, anguilla to be laid down between
August and November, while Sinha and Jones (1967a: 103) recorded July-
November. In both instances the authors found it difficult to determine
the exact time when wones were formed as these were not well differentiated
during their early formation, This is not surprising as both these studies
involved ground otoliths,
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Fig. 5.3 Marginal growth increment of otoliths, Hean monthly
values,
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For marginal growth to be measured, it is suggested here that the
smallest otoliths that ean be satisfactorily handled should be used, as
growth and consequently relative zone widths should be greatest during
early years. These otoliths should be burnt as this technique shows a
more precise hyaline sone than does grinding,

Data from MacFarlane (1936) shows that ages calculated from otolith
readings for a sample of small longfins, correlated precisely with peaks
in a length-frequency distribution, The consistency of this relationship
is very surprising. In his age end growth study of New Zealand eels,
Cairns (1941) considers the ebove date of MacFarlane sufficient proof to
assume that zones in the otolith are anmual,

Designation of Ace Groups As the winter zone in the otolith is laid

down prior to October, it is appropriate to consider 1 October as the
"birthday" of eels of both species., On this date all eels are promo ted
into the next age group, For convenience, the glass-eel otolith, which
represents sea~-life, is ignored. Therefore, the age group refers to those
years spent in fresh-water,

Juvenile eels during their first year in fresh-water are placed in
age group 0, In practice, it is possible to have eels from two different
year olasses in age group 0, as all glass-eels invading fresh-water prior
to 1 October are "promoted” into age group 0 which already contains those
eels that were glass-eels the previous year,

To caleulate the age group of larger eels, the number of winter szones
of freshwater life are counted and one gone is subtracted to compensate for
age group O, A serlss of otoliths, together with age group and size of the
eel, are shown in Pig, S.4.a«f,

As glass-eels of A, anguilla arrive during the spring, Frost (1945:
30) proposed 1 May as their "birthday", However, as glass~eel invasion
escurs at different times in various countries and, in the case of New
Zealand, over a period of six months, this classification based on 2 mesn
date of invasion is not convenient for relative age comparisons,
Accordingly, the above method involving the periodicity of otolith sone
formation is used. A similar approach was adopted by Tesch (1928: 57)
and Sinha and Jones (1967a: 104) although these authors do not propose a
specific "birthday", As it is frequently difficult to distinguish when the
winter sone is laid down in the otoliths of large eels, especially if
growth is slow and the rings bumu erowded, a "birthday" provides a
convenient and uniform reference date,
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FigeSuls Otoliths : a~d = ground; e-f = bumt,

e A, sustralis 11.3 cm, age group 2 (outer ring barely
visible in photograph).

b A, sustralis 16.5 om, age group 4,

¢ A, dieffenbachii 17.9 om, age group 4 (the apparent
hyaline zone immediately adjacent to the outer margin
is an effect caused by the sloping edge of the
otolith and is not a new zone),







d A, dieffembachii 25.2 em, age group 8,

& 'A au is 23,7 cm, age group 5,

£ A, sustralis 2.6 om, age group 6.
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Seb LENGTH-FREQUENCY

The lengths of all eels less than 26 em collected during menthly
sampling in the Makara Stream, were recorded and the data arranged in
0.5 om length groups. Although the electric fishing catches were not
designed to be quantitative, the samples are considered representative
of small eels present in the areas fished, For later analysis, the
otoliths together with length and weight data, were collected where
possible from five eels per centimetre group per species,

Monthly length-frequency data are not reproduced here but they
falled to show any obvious age groups with the exception of age group 0.
This group could be traced through the monthly samples from their time
of arrival as glass-eels until they were promoted into age group 1. From
the monthly length-frequency histograms, a visual division was made between
age groups 0 and 1, The mean length of the resulting members of each
group was then caloculated, This mean length is approximate only, as
the method used does not allow for any overlap in length between
successive age groups,

The mean lengths of shortfins calculated by the above method were
approximately 0.5 em less than the mean age group lengths obtained for
February and August 1971 which were aged by otolith reading, This is
explicable as, in the February sample aged, the known length range per
age group shows that both age group 0 and 1 have a negative skew, similar
to that of'ten observed in large glass-eel samples, Such a bias is not
taken into account by a stratified sampling technique as used for gellecting
otoliths,

However, for both species, the mean lengths caloulated by the length-
frequency method are well within the ranges established for the aged
samples, Also, the mean lengths of migratory elvers collected during
January and February 1972 of 7.5 om and 7.7 em for shortfins and longfins
respectively are in good agreement with the mean lengths as determined
from the 1971 monthly length~frequencies.

The resulting graphs for mean monthly lengths are given in Fig, 5.5,
Broken lines indicate a lack of representative samples and numbers are
the number per sample, The mean lengths as calculated from the eels
aged for February and August are given for comperisoen, with vertical lines

indicating range in length, The agreement between these separate caleculations

is further evidence for the validity of aging by otolith reading.
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Approximate mean lengths per month of age groups 0 and
1 Makara eels, as established by vigual separation of
these groups from length-frequency data,

Sample numbers are shown, Dotted lines indicate no
sample or the length-frequency data showed no clear
separation into groups.

Solid cireles and vertical lines represent the mean

and range of age groups for the months of February and
August 1971, as calculated from otolith readings.
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These graphs show variations in the seasonal pattern of growth
such that, from May to October-November, little or no growth in length
oceurs. From November to April, both species grow approximately 2 om,
Cessation of growth during autumn and winter is similar to the trend
noted from the otolith marginal increment data,

The monthly sample of February 1971, wes analysed by the probability
paper method as given by Cassie (1950). This method is designed to produce
@ polymodal frequency distribution for sisze data, The Februsry sample,
which was one of those aged by otolith reading, contained 187 shortfins
and 96 longfins. However, with the exception of age group 0, the data
proved unsuitable, as when the graph of probebilities was constructed,
an irregular series of small inflexions resulted.

It was thought that the failure of length~frequency distributions
to indicate age groups may have been partly due to small sample numbers,
To increase the sample sisze, all Makara eels captured between the months
of May to October inclusive were added together and plotted as a histogrem
with 0,5 om intervals. Growth over these months has been shown to be
minimal ,
These months gave a total for eels of 20 om and less of 1490
shortfins and 81 longfins, These date are shown in Pig. 5.6, Both
histograms show an initlal peak corresponding to glass-sels, but
further age groups are obscured, presumsbly by overlapping ranges in
length of successive groups.
|
|

The fallure of length~frequency distribution to show age group
patterns has been noted by several authors. Bertin (1956: 43) stated
"To judge an eels age solely by its length would be to risk an error
of one to five yars either way.,” Similarly, Smith and Saunders (1955:
254) s Deelder (1957: 84), Sinha and Jones (1967a: 105), Burnet (1969b:
381) and Mordarty (1972: 40), found length to be too varisble to be
indicative of age, especially amongst larger sisze groups,

Conversely, MacFarlane (1936: 46) found excellent agreement between .
age and length in small A, dieffenbachii. Although Cairns (1941) does not
discuss the age-length relationship, the ranges in length per age group
he gives for both species show only small overlaps, even in fish over 60
en in length, Presumsbly, if arranged by length-frequemncy, these data
would have shown a good age group distridbution,
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Length-frequency histograms of Makara eels collected
between May and October 1971.
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Studies on A, bengalensis by Pantalu (1957: 277) and Pantalu and
8ingh (1962: 271) showed that the modes in lenmgth-frequenecy distribution
were indicative of age for up to aix years of freshwater life, Penéz and
Tesch (1970) investigated age and growth in 8400 speoimens of A, anguilla
by length-frequency,

Determination of ages from the frequenoy of lemgth distribution, is
a convenient and quick teehnique for anmalysis of lerge samples, However,
the use of this method should be confined to uniformly and rapidly growing
species which show discernable polymodal histograms and thus little overlap
between adjacent age groups, Freshwater ecls would seldom fulfil these
requirements, ‘

5¢5 RESULTS
From the monthly Makara samples, the months of February and August

1971 were selected for aging, These two samples were six months apart and
are considered as summer and winter months respectively,

The February sample comprised 77 shortfins and 31 longfins to 21 em
in length, The August sample of 89 shortfins and 21 longfins included
eels to 26 emy To the latter sample a further 19 shortfins and 36 longfins
from the following month were added to give a larger sample mumber,

The otoliths were ground and mounted on serially numbered slides,
These sllides were later viewed at & single sitting with no reference to
the size of the eels, The age group was recorded, together with the
readibility, From the results, mean length per age group graphs were
construoted. The graphs for both species from the August sample are given
in Pig, 5.7+ The range in length and one standard deviation per age group
are also ghown,

For both species, the points plotted showed a distinet linear
relationship, Regressions, fitted by the method of least squares, gave
correlation coefficients of 0,9963 for shortfins and 0,9876 for longfins,
The equations for these relationships were:

shortfins Y = 242333 (X) + 8.4911
longfins Y = 2,0652 (X) + 10,0503

Although the data are not mnnud. growth rates caloulated from
the February sample were in good agreement, and the equivalent
regressions were:
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Mean length per age group for Makara eels collected
in August 1971.

The solid cirecle indicates the mean length and the
vertical line the range. The horizontal merks are
one standard deviation from the mean,
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shortfins Y = 2,2346 (X) + 6,9162 (r = 0,9949)
longfins Y = 2,0693 (X) + 8.2393 (r = 0,9852)

Because of this close agreement it was considered unnecessary to
age further monthly samples,

To check the consistency in otoliths readings, the August sample
was re-read, nine months after the initial reading, The results, shown in
Fige 5.8 indicate that considerable differences in interpretation ccourred
between the two readings, Even the classification of otoliths from the
smallest eels showed differences, with four eels from age group 0 placed
in age group 1 by the second reading, Overall, 63% of both readings
were in agreement; 25% of the second readings were one age group less
than the first reading while ¢ were one greater.

However, the regressions for the mean lemgths per age group from
the second readings were similar to those calculated from the first
readings:

shortfins ¥ = 2,3607 (X) + 8,9001  (r = 0,9912)
longfins Y = 2,0500 (X) + 10,3000 (r = 0.9843)

Agreement between the two sets of longfin readings was better than
that for shortfins, such that the difference between mean lengths at age
group seven was 0,14 om for longfins end 1,30 em for shortfins, These
values reflect the higher mean readibility of the lomgfin otoliths,

The length and weight per age group data for February and August
1971 are summarised in Table 5.3.a «d, Alsc included are the mean
weights per age group together with ranges in weight and standard _
deviations, The calculated weights have been obtained by substitution
into the length-weight relationship (see following section),

Mean age for length graphs were constructed using the August data,
and length intervals of 2 em, Both species gave lineer sorrelations
highly significent at the 5% level, In slow growing species like eels,
vhere large overlaps in age groups of'ten oscur for fish at a given
length, such data are of limited application and so are not presented,

The graphs (Fig, 5.7) indicate that the growth rate of small eels
in the Makare Stream is slow, However, the mean lengths for age groups
seven and eight would, in fact, be greater than those caloulated as the
range in length for these age groups exceeds the 26 ecm maximum of the
samples,
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Comparison of repeated readings of the otoliths from
Makara eels collected in August 1971,

The numbers inside the squares indicate agreements,
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Table 5.3 Length and weight data per age group for eels from
the Makara Stream.

e A, australis February 1971
b A, ddefferbachii February 1571
o A, sustralis  August 1971

d A, dieffenbaghii August 1971
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The shortfin regression has an intercept on the Y-axis at 6,26 anm,
which corresponds to the length of shortfin glass-eels recorded at
Makare during August 1972 (I = 6.25 om). The equivalent intercept for
the longfin regression is 7,38 em, a significently larger size than the
mean length of 6,75 em for August glass-eels, However, reference to the
graph for longfins shows that the mean lengths for age groups seven and
eight fall below the regression line for reasons given above, If the
regression is re~caloulated using data to age group six inclusive, the
resulting line cuts the Y-axis at 7.05 em, This is only 0.3 em greater
than the expected value.

A small sample of juvenile eels from the Walmeha Stream, Waikanse,
were aged to compare growth retes with those of Makara eels, A total of
61 shortfins and five longfins from a sample taken in June 1971, were
aged by burning of otoliths. The otoliths proved very readable with a
mean readibility index of 4.2.Results are set out in Table S.4.a and b,

Again the rates of growth as indicated by the mean length per age
group, are slow, and the regressions are linear,

shortfins: Y = 2,1046 (X) + 7.6776 r = 0,9890
longfins: Y = 1,7407 (X) + 6,3825 r = 0,9946

The age group increments of 2,1 and 1.7 em for shortfins and
longfins respectively, are below the lakara values. It is probable that
the high density of small eels in this stream is the major contributing
factor to this slow rate of growth,

rimlly,a-myhofﬂ?ahorwinafremmmm.mmm
Unlike the above eels from Makara and Waimeha Streams these eels covered

the complete size range available, from 12,7-83.6 eom. During investigations

on scale development it was necessary to observe scales from large eels
of lmown age. Therefore, two samples of vels from Pukepuke Lagoon taken
by fyke nets in Mareh 1970 and 1972, were aged by the method of burnt
otoliths, Negligible numbers of longfins ocour in this coastal lagoon
(pers, comm, P,H,J, Castle).

Unfortunately, no eels in age group 0 were available as these could
not be caught by fyke nets and the conductivity of the water wes generally
too high for effective electric fishing,
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Table 5.4 Length per age group datu for eels from the Waimeha

Stream, Waikanae for June 1971,

a A, sustralis
b A, dieffenbachil
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The results expressed as mean lengths per age group, are graphed
in Fige 549+ Included are the range and one standard deviation, The
growth rate is asymptotic with log Y = 1.2160 + 0,5237 (leg X). An
index of correlation, calculated according to the method given by Mills
(1955) gave a coefficient of 0,87,

The growth rate for shortfins in this lagoon is therefore far more
rapid than that for either Makara or Waimeha Streams,

Previous growth studies on New Zealand eels appear in Cairns (1941)
and Burnet (1969b), Both authors use "age in years" rather than "freshwater
life" as a measure of age, end also assume a sea~life of two years, For
comparison with my data, three years must be subtracted from their figures
to allow for sea~life and age group 0,

Growth rates recorded by Cairns for both species are much faster
than those found by Burnmet or myself, Unfortunately the rates givem by
Cairns appear to be based on composite samples from throughout the country,
It is now well established that growth in eels showsa high degree of
geographical variation and this makes the data of Cairns less meaningful,

Burnet (1969b) constructed growth ourves for both species of eels in
Canterbury Streams, based on tag return data from large eels and otolith
readings from small eels, Although no table of lengths per age groups
is given, it is possible to determine the approximate lengths from the
graphs themselves (pp. 382-383).

The rate of growth of Makara Stream shortfins is intermediate
betwsen that determined by Burnet for equivalent sised shortfins in the
Doyleston Drain and the South Branch, Longfins from Makara grow at a
comparable rate to those in the Main Drain and more repidly than these in
the Seuth Branch, Although no density estimates have been made for the
Makara Stream, in size and temperature range the stream appears similar
to both the above Canterbury streams,

The comparatively rapid rate of growth of shortfins in Pukepuke
Lagoon is initially greater than that given by Cairns (1941), However,
Cairns' growth rate is linear, whereas that of Pukepuke Lagoon is asymptotie
and the annual inerements in length decrease with age. CGrowth in this
lagoon is very similar to that established by tag returns for shortfins
in the Doyleston Drain. For this latter area Burnet (1969b: 379) found
ennual growth inerements among small eels of up to 9 om which are of the
same order of length increases calculated for Pukepuke Lagoon, Although
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Pig. 5.9 Mean length
per age group of A, australis from Puke
Lagoon,. e




90

=

80

70

60

|
o
wn

(wo)

40-1

yjbuan

30

20

10

24

22

20

18

16

14

12

10

Age groups




112

growth in Pukepuke Lagoon is initially more rapid than in the Doyleston
Drein, from age group nine onwards, both populations show & similar rate
of growth,

The variasbility of growth rates for small eels can be seen by
comparing results for shortfins from the Makars Stream with Pukepuke
Lagoon, Rates of growth in small eels may not be typical of growth in
sugeeeding years and growth rates in small streams would not typify growth
in larger bodies of water, However, such date do give groumds for caution
in expleiting what is probably a relatively slow growing fish stoock.

Growth rates of the European eels have been recorded by numerous
authors, including Ehrenbaum and Marukawe (1913), Frost (1945), Deelder
(1957), Sinha and Jones (1967a), Penédz and Tesch (1970)., Both Smith and
Saunders (1955) and Gray and Andrews (1971) have studied ege and growth
in the American eel, All these investigations gave more rapid rates of
growth than those recorded for Makara although most were below those from
Pukepuke Legoon,

Slow rate of growth is frequently characterised by large overlaps in
successive age groups. Such overlaps ere typical of growth in eels,
Nikolsky (1963: 207) considers a large growth differentisl to be an
adaptation which encbles a wider variety of food to be utilised, The
linear growth curves for Makare and Waimeha ecls are characteristic of
dense populations with slow growth rates, vhereas the asymptotic curve
of the Pukepuke Legoon shortfins is more typical of most fish populations,

The flexibility of growth in eels is well known. For instance, an
eel kept in a battery jar for 57 years was only 30 em long when it died
(Harrison 1953). Conversely, Japanese eel farmers are now hopeful of
growing cels to a marketable size of 150 g (approximstely 40 om) in six
months, using heated water,

It is suggested that in the wild, the growth rate of oels is
primarily a function of water temperature, availadbility of food and
population denaity, In addition, the total volume of water available
to eels is also a significant faector, Although females are known to
grow more rapidly than males, it seems that the potential growth of
neither sex is seldom, if ever reached in wild stocks,




In fisheries biology, length~weight data are analysed for twe reasons,
Firstly, to give the mathematicel length-weight relationship which enables
one value to be converted into the other, and secondly, to give the condition
of the fish, The term condition has been variously interpreted as
indicating fainess, general "well-being" (Le Cren, 1951: 202) and the
"physical cepacity for survival and reproduction” (Cassie 1957: 375).

The length-welght relationship of most fish can be expressed as:

'-.Lb

mmv:msht.Lalongth,azacmsmtaudb-moxpmt. |
(2 is often used in place of }, but as p is widely recognised as
designating the mumber per sample, it is preferable to use }).

For analysis of the length-weight relationship by a straight line
regression, the above formula is expressed logarithmically:

log W=1loga + b log L

where b gives the slope of the line and log a the elevation,

The variation cbserved for individual fish between the observed
weight for length and the expected (theoretical) weight for the seme
length is an expression of the condition, Various types of condition
faotor, K, have been caloulated, based on the "cube law' which assumes
that the exponent b is equal to three as the value of b usually varies
about this number,

@s8e K--.;L’l xtg

These expressions measure the ratio between the observed and
expected weights at a given length for an "idesl" fish which obays the
cube law, However, the exponent b is rarely equal to 3 and accordingly
Le Cren (1951) proposed the use of a relative cendition factor, Kb, such

that
n-—E

al

In practice, Kb can be caloulated from the retio of the observed
(W) and caloulated (W) weights for a fish of the same length.

i.e4 Kb = ‘!
w
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It is often desirable to compare the condition of various subgroups
within a large group of fish, Such subgroups might represent differences
in sex or reproductive state, sampling areas, or time of year when caught.
By using an analysis of covariance (Snedecor 1956: 394~412) the values
caloulated for b from the logarithmic form of the length~weight formula
previously given, can be tested for homogeneity, If there is no
significant difference between these values, a2 common regression for the
pooled data can be salculated, end the values of g adjusted for this
regression, Le Cren (1951 204) states that "These adjusted values of g
are accurate measures of the relative condition of the subgroups and the
significance of the differences between them oan be subjected to accurate
statistical tests",

To analyse the monthly Makara length-weight data by the method of
covariance, a computer programme was used., This programme was written and
kindly made available by Dr R, D. Elder, Fisheries Research Laboratory,
Wellington, and appears in Appendix 1, The progremme generates values for
testing residual veriances, homogeneity of regression coefficients (b) and
elevations (g) of the subgroup regressions. If the residual veriances were
found to be homogeneous, then the test for the homogeneity of the regression
coefficients could be undertaken, If the differences between these
coefficients were not significant then the adjusted means (elevation of
the regression line) could be considered to be accurate measures of
relative condition, These adjusted means, which are measures of weight
relative to the calculated grand mean length, were then tested to find
whether differences between them were signifisant,

Length-Weight Relationships The length and weight data from 1040 shortfins

and 238 longfins, to 26 om in length were analysed, These eels were from
monthly Makara samples and covered a period of one year, The regression
equations for these pooled data were:

shortfins: log W = 35,1565 log L ~ 3.025¢  (r = 0,9945)

longfins:t  log W = 3.3355 log L = 3,1948  (r = 0,9965)
or

shortfins: W = 0,000943 1 1565
longfins: W = 0,0006386 1 >°3355

where W = weight (g) L = length (em)
r = correlation coefficient

These regressions are plotted in Fig, 5.10,
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Length-weight relationship for both species of
eel, to a length of 26 cm,
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For given lengths less than approximately 8.5 em, shortfins are
heavier then longfins, but above this size longfins are heavier, Values
for b are greater than three, indicating neither species maintains the
"ideal"” shape during growth, To assume the cube law would be to introduce
a percentage error in weight of 32+102% for shortfins over the known
length range of 690 om, Equivalent errors for longfins are 23-208%,

The date were further analysed by length groups, The three length
groups were 5-11 om, 11~19 cm and 1926 cm, CGrowth exponents, b were all
greater than three, with the smallest size group for each species having
the largest value i,e, 3.,4598 for shortfins and 3.6830 for longfins.
Again the regressions for these small eels showed shortfins to 8 cm were
heavier than longfins to the same length, The converse was true above
this length, Smallest values of b for both species were in the 11-19 am
range: shortfins = 53,0715, longfins = 35,2927,

Previous studies on New Zealand eels have included some data on
length-weight relationships, Cairns (1941: 60) gives only data for eels
greater than 45 om and does not fit a regression, Similarly, Shorland
and Russell (1948: 176) give length-weight data for a small range of
large eels; although they do give an equation, it is not of the above
types Burnet (1952a: 49) caloulated the lengtheweight relationship for
longfins over a range of 12-50 inches as:

or as expressed sbove W = 0,00004101 L >*305

Unlike the above data, his measurements were recorded in inches and
pounds, .

Finally, regression from Woods (1964: 103) for both species over a
large size range are given as:

shortfins: W = 0.,000803 1 >*'® ona
longfinst W = 0,000575 1 >+

The exponents for these latter data are close to my omm,

Values for the growth exponents of the Buropean and American eels
are also greater than three (see Frost 1945: 118, Sinha and Jones 1967a:
109, Smith and Saunders 1955: 259, Gray and Andrews 1971t 124), The two
exceptions to this statement are for females of the Eurcpean eel recorded
by both Frost and Sinha and Jones, The greatest ranges of b as given are
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2,99-3,38 for the Buropean eel (Sinha and Jones) and 3,08«3.,4) for the
American eel (Gray and Andrews), These latter figures are for eels from
different areas and indicate the wvariable effect of environment on the
pattern of growth,

Analysis of Condition  For analysis of condition, the adjusted mean
weights obtained from the analysis of covariance wers used. Although the
adjusted mean weights can be substituted into the formula:

Kb = ;
w

to give a relative condition factor varying about one, it was felt that
the actual weights gave an easily reéognisable index of condition and these
have been left unaltered, The monthly samples from Makara were used but
only those months where more than ten eels per species were available are
ineluded in the calgulations, This meant that both May and October were
deleted from the longfin analysis,

Results from the analysis of covariance are given in Table 5,5,
Regression coefficients for shortfins were found to be significantly
different at the 5 level (although not at the 1% level), indicating that
real differences exist betweeén the monthly lemngth-weight relationships,
The adjusted mean weights for the grand mean length of 14,30 cm were also
significantly different,

Conversely, neither the regression coeffisients nor the adjusted
mean weights for longPins were significant at either level, Thus the
differences in the adjusted mean weights for longfins reflect differences
within monthly subgroups rather than between subgroups, Although these
adjusted mean weights, relative to a grand mean length of 12,52 em are
not significantly different they are plotted with the adjusted mean
weights for shortfins for comparative purposes (see Fig, 5.11).

Le Cren (1951: 203) considered three types of variables could
affect condition, These are fauctors related to length e.gs age, sex,
maturity; sampling bias; and "long-term" features of envirezment,
feeding, reproductive cycles ete, As the above analysis adjusts mean
weights to & grand mean length per species based on the "best fit" of the
regression for all data, this minimises differences related to length,
Eels in the size range of those examined are in the stage of adolescence
and active growth and no differences in relative condition would be
attributable to maturation processes. The sampling method of electric
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Table 5.5 Analysis of covariance for Makara Stream eels,
Between months, by species.




Regression coefficient Adjusted mean weight

F. d.f, P, Fe d.f, P.
A, sustralis 2,14800 11, 1028 <,01  19.9162 11, 1039 >.05
> 05

A, dieffenbachii 1.45666 9, 229 <05 1.,03116 9, 238 < ,05
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fishing is not thought to be selective for "fat" or "thin® fish,
Therefore, differences in relative condition should be largely related
to the "longterm" features,

The hibernation of New Zealand eels during the winter is recorded
by Cairns (1941: 66). Burnet (1955: 24) found feeding almost ceased below
7-8°C but had no difficulty in sampling eels throughout the winter,
Similarly, Woods (1964t 104) gives 6°C as the temperature below whieh no
feeding oocurs.

Although I have no evidence for complete hibernation in eels, they
can be expected to show reduced feeding activity at low temperatures, It
was thought that such overwintering, although accompanied by a decrease in
metabolism, may have utilised stored body fats and so caused a gradual
deoline in the condition of the fish, However, reference to the graph
of monthly relative conditien in shortfins (Fig, 5.11) shows that this
did not ocour, In fact there was a tendency for condition to increase
over the winter months,

The reason(s) for this trend are not clear, but the data do not
support the ebove hypothesis of the direct relation of temperature and
relative gondition, Likewise, Frost (1945: 120) who caloulated
eondition in the European eel over eight months, found a higher condition
factor over the autume-winter period then Quring summer, In a comparison
of relative condition by month for smapper, Chrysophrys auratus Forster
(F, Sparidae), Cassie (1957: 386) found & pesk condition during spring
which he suggested was a result of the ready aveilshility of foods A
decline in condition over the following months coincided with the onset

of the spawning season, although this relationship was not supported by
the state of the gomeds,
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Index of relative condition throughout the year,
Adjusted mean weights by month,

Weights for A, sustralis relative to a grand mean
length of 14.30 em,

Weights for A, dieffenbachii relative to a grand
mean length of 12,52 em,
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6.1 INTRODUCTION

With the rapid expansion of the wild eel fishery in New Zealand
during the past few years, increasing interest has been expressed in
the possible cultivation of eels to supplement the catch of wild eels,
Approximately 90% of the annual Japanese eel production is of cultured
eel, Matsui (1969) was optimistic about the potentisl of eel farming
in New Zealand, However, although the principles of farming practice
established in other countries can be applied to this country, the
details of cultivation might best be worked out under New Zealand
conditions,

The following experiments were designed to produce some
guidelines in the areas of temperature range, amount of food, and
species suitability for eel farming in New Zealand. Although it was
recognised that results obtained under loboratory conditions may not
duplicate findings from large-scale farming operations, it was considered
that the trends observed would be applicable,

6.2 MATIRTALS AND METHODS

To study growth in both species of eel under controlled
conditions, a unit of 20 glass tanks was constructed. The tanks had
a volume of 57 1 each, but the overflow fitted to all tanks, reduced
the actual velume to 45 1, Each tank had a supply of domestic fresh-
water, This was used to replace water lost through evaporation and
was also trickled into heated tanks to ensure some turn-over of water
ocourred in the event of air failure,

In addition, six tanks had a cold-water supply: another six
had both cold-water and heaters while the remeining eight had heaters
only, These appliances provided a full range of constant temperatures
from 7-35°C,

Cold-water was obtained from a 500 1 commercial milk chiller,
As the refrigerant coils were of copper, the chiller was used as a
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heat exchange system, Water from a 120 1 supply tank was gravity-fed
through 60 m of garden hose placed inside the chiller, By maintaining
the water within the chiller itself at 2°C, en output of 5 1 per minute
of water at 6-7°C could be obtained, This cool water was conveyed

to the tanks through a common main, Solenoid valves sctivated by
thermostats controlled entry of cold-water into each tank,

These two-stage thermostats enabled heaters to be fitted also,
giving the unit more versatility., The heaters were 150w immersion
types. Fig. 6.1.2 shows & tank equipped with both cold-water supply
and an immersion heater, although the latter is partly obscured in
the photograph., Part of the tank unit is seen in Fig, 6,1.b,

The remaining heated tanks were supplied with partially immersed
bi-metallic strip thermostats, which gave a minimum differential of
1.5° compared with 1°C for the two-stage thermostats, The power
supply to sach tank could be isolated by an individual switeh, and
the complete unit had a master switch, Additional safety wes ensured
by using an isclating transformer for the whole unit,

Each tank received a supply of air which both aerated and mixed
the water., During experiments at temperatures of 20°64, air-lift
filters packed with nylon wool were used to remove suspended material
from the water. In addition,,tanks were cleaned by siphoning twice
a week,

The overflow from each tank was equipped with a short outlet
pipe extending 10 cm into the tank, This pipe was perforated with
small holes and had sections of fine netting glued to the sides and
end to inerease the area available for water to escape, Because of
this precaution, no tank overflows were experienced, and a 1.5 em 1lip
on the leading edges of the tanks ensured no eels were able to escape.
The overflow water ran to waste,

The tank unit was assembled in an aguarium room where it received
fllumination frem both fluorescent lighting and incident deylight, To
provide some cover for the eels, sections of stone pipe were placed in
the tanks, These were readily used by most shortfins but it was found
that the longfins preferred to heng suspended from pieces of plastic
netting, During the day, the majority of eels remained either
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Pig.6.1.2 Tank used in experimental growth trials,

The thermostat and solenocid valve on the left control
the flow of cold-water into the tank, The heater is
partly obscured behind the piece of stone pipe in the
bottom of the tank,

b View of a section of the tank unit,
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congregated under the pipe or in the netting, although some were aelways
active, Activity increased at night and with increased temperature,

Originally it was intended to use both glass-eels and elvers of
both species for the growth trials, However, considerable difficulty
was experienced in keeping longfin glass-eels alive. Further, the
much smeller size of glass-eels meant they were less readily handled
than were the elvers, and so elvers only were eventually used, The
opinion had been expressed (Matsui 1969: 9) that it would prove
difficult to induce elvers to feed, No such difficulty was encountered,
The procedure used to establish feeding patterns in elvers was similar
to that already described for glass-eels, Again,natural foods of
Zubifex worms, whiteworms and maggots were introduced after a week of
acolimatisation,

A variety of foodstuffs were tried, to determine which proved
acceptable to the eels, In addition to the above live foods, fish
roe, minced liver, minced fish, assorted minced molluses, and synthetic
trout and eel preparations wers all readily consumed. To provide a
diet contalning a variety of essential ingredients, the following
was used; four parts minced fish:four parts minced liver:q part
synthetic trout foed. (This trout food is a composite product with
an analysis of 32% protein, 7% fat, 3% fibre - the carbohydrate content
is high but unspecified). To 20 g of this mixture, 1 ml codliver oil
and 1 ml gelatin solution were added, These latter ingredients helped
bind the mixture and lessen fragmentation in the water.

Food was simply dropped into the centre of each tank and the
eels then forag:1l for it on the bottom, Althouzh this allowed all
éels acosss to the food at the same time, it did result in problems
from dispersal of food particles and made assessment of the amount of
food consumed difficult, It had been hoped to train the eels to feed
from floating chambers, but most seemed reluctant to enter any such
apparatus, even through holes in the side,
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The amount of food per tank was calculated as 2 percentage of the
live weight of eels. Initial trials indicated a rate of 2-3( of body
weight/day to be slightly above the level required for maintenance at
temperatures of 1 5-20°C, Weekly rations were weighed out in advance and
placed in cubicles in & plastic ice~block tray., These trays were then
frozen until required, All food not used within a month of preparation
was discarded. Most tanks were fed three times per week.

Elvers used in these experiments were obtained during January 1971,
from Karapiro Dam, They were kept at the laboretory for several months
until the tank unit was completed, The stocking rate was caloulated on the
basis of weight of eels per volume of water, The number of longfins
available diotated this to be 55¢/tank, This weight corrésponds to &
density of 1.4 kg/m’s Matsul (19691 11) proposed a stocking density
for elvers in a large pond of 0.7 kg/nz. Assuming such a pend to be a
metre in depth (Matsui 1969: 11), this density can be considered as weight
relative to volume also, and shows that my average stocking density was
twice that recommended by Matsui,

The species were separated and random samples of approximately 55g
wet weight were placed in numbered tanks, At the beginning and end of the
trials the length and weight of each eel was recorded, It was intended
to use these data in an analysis of relative condition, but the results
of the triels did not warrant this.

At intervals of five weeks, the total number of survivers in each
tank was counted and re-weighed en masse, This was always carried out
one day efter feeding. For this weighing, eels were not anaesthetised but
were netted, the surplus water drained from them, and weighed in a large
plastic dish, The weight of the dish together with water and mucus was
then subtracted to obtain the live weight of the eels (= biomass, B),
Differences in five repeated weighings to calculate the amount of error
involved, varied from 1- ¥ with a mean value of 1.6%.

Amounts of food for the next five-week period were then calculated
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Daily checks were made for any dead eels, These were removed, and
measured and weighed before being discarded, Tanks were dosed weekly with
a 2% solution of malachite green and methylene blue, to reduce the chance
of fungal infection, This treatment, together with the constant slow flow
of water in all tanks, prevented the outbreak of any major disease, No
pathological examinations of dead eels were made,

The amount of food eaten was assessed once every two weeks, This
caleulation,made as follows, was both difficult and time consuming,

Firstly the tanks were carefully siphoned clean of any faecal
matter and the filters turned off for the duration of the feeding time,
The portion of the weekly ration was then weighed and placed in the tank,
When feeding ceased completely, usually within ten minutes of introdueing
the food, the remaining food fragments were siphoned out, This material
was strained through a fine cloth., Surplus water was then squeezed out
from the residue until it had regained the consistency of the eriginal
food, This compacted residue was then weighed and subtracted from the
weight of food introduced to the tank, to calculate the amount of food
actually consumed,

To determine the accuracy of this method, four trials were
carried out in an empty tank where a known weight of food was fragmented,
left for 15 minutes before siphoning out and reweighing, In all cases
there was a net decrease in the reweighed value but the mean agouracy
of 93% was considered satisfactory (range: 88-96%),

The measurement of production adopted was that given by Chapmen
(1968: 199). 1.e, the total elaboration of fish tissue during s given
time interval, including that formed by individuals which die before this
time expires, Wet weights were again used as results did not warrant
conversion to energy equivalents,

The conversion efficiency, K, was calculated from the ratio of
production to the amount of food consumed, expressed as a percentage,
The usage of P (production) rather than mean weight (W) or biomass (B),
recognises that eels which do mot survive the full period have often
consumed a considerable amount of food, Conversion efficiency is also
termed gross or total growth efficiency (Davis and Warren 1968; 233),
An efficiency of zero usually indicates that the fish are not eating;
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it may also mean that no difference in production was recorded from the
previous value,

Experiments were carried out in two series, The first series ran
for four five-week periods and investigated growth at varying temperatures
and rates of feeding in both speeies. It had been planned to discard
these eels after this series, but the absence of a substantial "run" of
elvers at Karapiro Dam during the summer of 1972 meant that the survivers
of this series had to be used again in the second series., Six weeks
separated both series. Eels were acelimatised to the required temperatures
over a period of ten days., For eels at 3o°c this meant an increase of
1.5% per day,

For presentation of results, the two series are treated separately
as results from the second series were inconsistent and did not complement
the first series,

643 RESULTS

Tabulations of the results for both series are given in Tables 6.1
and 6.2.

Shortfins at 10°C were largely inactive end ate little, Their
mean food consumption was 29% of the food given., However, because of the
decreased activity, a high degree of conversion was achieved during one
period. At both 15° and 20°G, eels showed a net increase in production
with greater efficiemcy at the lower temperature, The 3% level of
feeding at 25°C proved insufficient and eels lost weight.,

Longfins gt 10°C showed an overall loss in production but at both
this temperature and 15°C, considerable mortalities ocourred which probably
affected results. This mortelity was thought to be due to the chlorine
poisoning from the domestic water supply, as both these tanks received
periodic large volumes of chilled water. Ailing fish did not feed and
gradually lost condition until death,

The longfins at 20°C showed a net loss in production although this
took place over the last period, Prior to this an overall increase had been
recorded, Unexpeotedly, the eels at 25°C showed an increase in production
although the efficiency was not high,
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Table 6.1 Results of growth experiments at varying temperatures
and rates of feeding,

Rate of feed (%) % biomass/day

n = number of live eels

= biomass (grams wet weight)
= production (grams)
conversion efficiency

w ® W w
]

= total production

=
"

mean conversion efficiency
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If the first three periods only are considered, as the fourth is
less reliable due to high mortalities, the eels at 15° and 20°C show
increases in production, whereas eels at 10%and 25% show decreases,
These results are similar to those observed for shortfins, However, the
increase in biomass during the last period at 25°B, remains an enigma,

As explained, all tanks required some additional water from the
domestiec supply. Periodically this water contained sufficient chlorine
to be readily detected by smell, It was thought that this chlorine content
adversely affected both species of eel, especially during the last period
of the first series and more generally throughout the second series,
Attempted treatment of incoming water by addition of sodium thiosulphate
solution did not overcome the problem and presented further practical
difficulties,

of Vary:

To study the above, in the first series both shortfins and longfins were
kept at 20°C and fed diets ranging from 1,3,5 and 7% of their biomass per
day.

Shortfins showed reasonably consistent results. At 20°C the 1%
level is below the maintenance requirement and production declined, For
feeding rates of 3, 5 and 7%, both production and conversion efficiency
increased, indicating that food available at these levels was in excess
of that required for meintenance activities., Although the percentage of
food eaten decreased with increased rations, the actual amount eaten
increased., If conversion efficiencies were to be calculated on the
amount of food given rather than the amount gaten, the order would be
reversed,

Longfins at both 1 and 3¢ showed a net loss in production, Although
an increase took place at 5%, a substantial decrease occurred at 7%.
Comperison of the different periods shows that all tanks initially lost
welght, especially the tank at 7%, Later increases in the latter tank
were not sufficient to offset thls first decrease in biomass. These
results indicate that 3% is below the maintenance rationfor longfins at
20%, but it should be noted that at 3, 5 and 7%, longfins ate a smaller
percentage of the available food then did shortfins, Thus longfins at 3%
ate an amount of food which ecorresponded with an effective rate of 2%,
while those at ¢ consumed food at a rate slightly greater than %%,
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As a control, the conditions in two tanks per species were reproduced,
Therefore results for eels at 20°C and a 3§ rate of feeding from the trial
at varying temperatures and those at varying feeding rates, should be
similar, Although results for shortfins do correspond reasonably well,
those for longfins do not.

For the second series of trials (Table 6.2) suffiolent longfins for
only two tenks were available, These were held at 25° and 30% with feeding
rates of 5 and 7% respectively (Table 6.,2,a and b), The primary objective
of these two trials was to observe the effect of temperature on survival,
At the higher temperature all the eels died within one month of the beginning; .
At 25°C, a1l eels were dead within nine weeks. At both temperatures, eels
were hyperactive, very excitable and did not feed efficiently, Death was
attributed directly to the relatively high temperature,

Results for shortfins at both 25° and 30°C with feeding rates of
55 7 and 9% were inconsistent (Table 6,2,0-h)., At 25° a feeding rate of
F was adequate - the actual amount eaten at this rate was approximately
4%, However, at the same temperature but a rate of 7%, a decrease in
production took place, Unfortunately most eels at the 9% feeding rate
died from accidental electrocution.

A Those eels at 30°C were extremely active, A burst water hose
which resulted in a rapid drop of 20,5% killed all but cne eel in the
tank fed at 7. The apparent inerease in production in this tank was
probably & result of endosmosis in the dead fish, Bels at the 9% rate
died progressively from the sixth to the tenth week, No disease could be
diagnosed and chlorine polsoning was suspected, In the remaining 30°C
tank, a decrease in production ccocurred,

At 30°C, shortfins like longfins, became extremely excited by the
introduction of food, However, they seemed unable to feed effectively and
considerable wastage resulted, Although shortfins can survive prolonged
periods at 30°%, even when fed excess they do not grow. At 25%, more food,
nﬂxwghamm”orfcodgim, was eaten at the higher
rates of feeding., The maximum amount eaten was at the 9% level and
corresponded to an actual consumption of 5,5%,

During the second series of trials, four tanks were stocked with
shortfins at densities of 6.1, 19,6, 56,3 and 83,0 g/tank, These densities
correspond to 0,16, 0450, 1.40 and 2.1 kg/as
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Table 6.2 Results of growth experiments at varying temperatures,
rates and frequency of feeding, and densities.

Rate of feed (%) = % biomass/day

= number of live eels

= biomass (grams wet weight)
= production (grams)
conversion efficlency

= total production

M w RN 9 w B
L]

= mean conversion efficiency
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At the lowest density the five eels, although excited by the
introduction of food, did not feed and died by the eighth week, Eels
stocked at 19.6 and 56.3 g, after initial increases in production,
appeared to lose appetite, Almost all died, probably as a result of
chlorine poisoning, At the highest density, eels fed actively and
consumed over 90% of all food given, resulting in a L% increase in
production, A comparable trial during the first series, of shortfins
at 20° and 5% but at a slightly lower density, produced a met increase
in production of 32%,

Ra £ Table 6,2.m=n

Two tanks were stocked with shortfins at equal densities and fed
the same amount of food weekly., The first tank received rations daily
while the second tank was fed only twice per week, It was hoped to
relate these results to a comparable tank in the above trials which was
fed at the same rate (%) but three times per week, Unfortunately this
tank was one of those affected by chlorine poisoning,

Results were inconclusive as the eels fed twice per week died
prematurely., At the end of the second period this tank showed a greater
increase in production than the other tank,

6.4 DISCUSSION

During the trials it became apparent that shortfins are more
easily handled and adapt better to laboretory conditions than do longfins,
Also, the growth trends shown by shortfins are more consistent., Behavioural
differences in regard to cover have already been mentioned, In addition,
longfins showed much more aggression than did shortfins. Periodically, a
longfin would swim around with its mouth open and bite any other eel,
regardless of size, which it ceame across, This behaviour did not appear
to establish any "peck order" (order of dominance) or territory, No
cannibalism was observed,

Generally, all eels were similar in size and so no obvious size-
hierarchy developed. The exception was one shortfin, substantially larger
than any other eel, which was retained in both series, In the second
series this eel was placed in the 25°C and 9% feeding-rate tank, At the

start of the trial it had a length of 20.7 om, compared with the mean
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tank length of 10,9 cm,

This eel clearly dominated the tank at feeding times when it fed
voraciously, often intimidating smaller eels by its aggressive behaviour,
If unable to find the food, as eels located food by smell and not sight,
this eel would grasp another eel in its mouth and swim rapidly around the
tank, The victim was never eaten but was released, apparently unharmed,
as soon as the larger eel located the food, It is presumed this behaviour
was a form of displacement activity., During the gourse of the trial, the
body weight of this eel increased by 66%, whereas the mean increase for
the other eels in the tank was 31%, Obviously large size conferred the
eel with advantages in securing food, The importance of sorting eels to
be cultivated in ponds by sise, is mentioned by Matsui (1952: 242) and
Koops (1967: 361).

Feeding and swimming activity were noticeably affected by
temperature, At 10°C the appetite of both species became much reduced
resulting in a food intake below the maintenance requirement, Matsui
(1952: 243) records that the productivity of pond-cultured Japanese eels
decreases below 15°C due to inactivity and loss of appetite and below 10°C,
eels are not fed, He also states (1969: 7) that feeding ceases when
temperatures exceed 28-30°C, Water temperature was regarded by Kubo (1936)
as the major factor in determining the amount of food consumed by cultured
eels,

At higher temperatures, the metabolic rate inereased rapidly, In
dddition to increased swimming activity, the respiratory rate of eels
inereased, Unlike fish with large opercular apparatus, eels are not able
to compensate for increased respiratory demands by an increase in
amplitude of respiratory movements, but rather, must inorease the rate
of movements (van Dam 1938), Respiretory rate thus parallels metabolic
rate,

The mean number of respiretory movements per minute for resting
eels of both species was as follows (figures for longfins in brackets):

10° : 21 (19) 15° + 28 (30) 20° 1 39 (40)
25° ¢ 58 (57) 30° : 90

To compensate for this increase in metabolic rate, the food intake
must also increase, Data from shortfins indicete that above 20°C, a
ration of 3% body weight/day is insufficient, Eventually a point must be
reached where food intake is no longer adequate and the fish lose
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condition and will eventually die. Prior to this, fish may die from
thermal shock, Longfins seem unable to survive prolonged periods at
25°C and over, whereas shortfins are able to withstand temperatures
of up to 30°C. Both upper and lower temperature tolerances can be
increased by gradual acclimatization (Brett 1956: 76). '

In the trials, shortfins at any temperature had a greater appetite
than did lengfins. Further, the maximum appetite of longfins was more
definite and remained relatively constant at any feeding level in excess
of the maintenance ration, Conversely, the appetite of shortfins was more
flexible and was influenced by the amount of food available, such that the
more available the greater the amount eaten, Although converasion
efficlencies, caloulated on the amount of food eaten, increased with
increased rate of feed, so did the amount of food wasted, Ultimately
the question of whether the increase in production and conversion efficiency
echieved by increased feeding is warranted relative to the food wasted, is
an economic one, My limited data suggest that the more rapid growth but
at greater expense, would be economically feasible,

The effect of the density of fish may be considered in two ways,
Firstly the volume of water available per fish and secondly, the total
volume of water which contains the fish,

Shortfins at the lowest density and hence the greatest volume of
water per fish, did not feed although they became excited whem food was
introduced.s It seems that some "social stimulation" as mentioned by
Brown (1957t 397) is necessary to induce effective feeding. In contrast,
those eels at the highest density fed extremely well and showed & high net
inerease in production. The gregarious and thigmotactic behaviour of small
eels probably accounts for this success.

An asymptotic relationship between stocking rates and production
is given by Matsui (1952: 164) for farmed eels, with largest increases at
lowest densities, However, increased density often leads to increased
aggression, as found by Kinne (1960: 301) in a study of Cyprinodon magularius
Baird and Girerd (P. Cyprinodontidae), The same fish showed a decreased
appetite when crowded,

The second aspect, of growth related to the total volume of water,
is considered a major factor in the small amount of growth recorded from
the overall trials. The best rate of growth recorded during the experiments
Was only comparable to that caleulated for Makara eels - an equivalent
increase in length of 2.4 om per year for shortfins, A growth rate of




129

this order would be impracticably low for an economic farming venture,

However, during 1971, I was able to monitor growth in a smell trial
pond (20m x 10m x 0,5m deep) set up by a local eel processor, Glass-eels
were introduced in October 1970 and fed a mixture of fish roe and cooked
fish several times a week, Eight months after the trial commenced, I
measured a random sample of 50 small eels, The size ranges were:

shortfins 7.,6+11.2 om (mean = 9,2), 0,6=2,4 g (mean = 1,2);
longfins 8,5=14.4 cm (mean = 10,3), 0.8=5,3 g (mean = 2,2)

These observations indicate the flexibility of the growth rate of
New Zealand eels, Although ithe growth recorded in the laboratory is not
directly compareble to that expected for eels cultured in large ponds,
the relative differences between tanks are assumed to be valid indicators
of growth trends, The restriction of growth imposed by smell containers is
well known amongst aquarists,

Fregquency of feeding as well as the amount of food probably affects
conversion efficiency, although this was not proven experimentally due to
high mortalities. At higher temperatures, digestion proceeds more rapidly.
Hence Burnet (unpublished data) found digestion in longfins at 20°C took
from 12-18 hours while Crossland (1972: 31) recorded 18-24 hours for
shortfins at 17°C. Brown (1957: 385) found that the amount of growth
recorded in trout fry varied with feeding frequency, Similarly, Meske
(1969) obtained slightly better growth for eels fed hourly than for those
fed two-three times daily, although there were some differences in food
quality between the two trials,

Few conclusions can be drawn from the limited data obtained for
growth requirements in longfins, Temperatures of 25°C and greater cannot
be tolerated and optimum conditions probably lie between 15°-20°C, At
these tuperaturia a ration of 3 biomass/day is in excess of the
maintenance requirements, Burnet (1952a: 59) calculated a theoretical
maintenance requirement for adult longfins of 1% body weight/day.

The highest percentage inerease in production (i.e. the net preduction
expressed as a percentage of the original biomass) obtained for shortfins
was at 20°C with a feeding rate of 7% when the increase was 52,5%.
Increases of 43.7% and 34.0f were obtained for shortfins at 20°C and 5%
but with increased density and frequency of feeding respectively, Eels
at 20°C and 5% retions (normal density of 55 g) were next at 32,0%
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inorease, while those at 25°C and 9% recorded 25,9%, Thus, 20°C was the
optimum tempereture with a high feeding rate produeing best results,
Density and frequenocy of feeding were also important,

The same combination of 20°C and 7% rations produced the highest
mean efficlency of 6.9%, This was followed by eels at 15°C and ¥
rations, and 20°C and 9% retions, Efficiency at 25° and 30°C was
generzlly low due to increased activity, Similarly, Kinne (1560: 307)
found appetite and sonversion efficiency in the desert pupfish decreased
above an optimum temperature,

Recommendations by Matsui (1969) for cultivation of New Zealand eels
were for temperatures of 15°C and a feeding rate of 7-10% blomass per day,
depending on size of the eels and the season, Data on Japanese culture as
given on Onodera (1962) indicate a feeding rate of 8% biomass/day gives
a conversion efficiency of 106, A further review of Japanese pond culture
(sanders, 1971) gives a high feeding rate for glass-esls of 30% biomass/
day but-reducing to 10¢ for eels of 20g and over, These quantities are
divided into two feeds per day, Under these conditions, a marketable eel
of 150g is produced in two years, It is now known that Japanese growers
are hopeful of achieving this size in six months, using heated water and
enclosed tanks,

Several New Zealand companies have shown interest in cultivation
of eels in warm waters, and at least two pilot schemes are in operation at
present, Effluent from thermal power stations offers large quantities of
heated water and it is hoped full adventage will be taken of such low-cost
warm water,

Either glass-eels or elvers could be used to stoock culture punds,
Although elvers are larger and more easily handled, glass-eels would be
preferable as, at this stage, they have not developed specific feeding
habits and should prove more adaptable to an artificial environment, Their
arrival during winter and spring means full advantege can be taken of the
warm summer temperatures,

Further, the growth rete of elvers may in some way be governed by
their residence in freshewater prior to stocking., One company engaged in
eel farming has had encouraging results in reising gless-eels but has not
been able to duplicate this with elvers even though these appear to adapt
satisfactorily to the culture system and feed readily. In the same way,
Taiwanese eel farmers have no interest in using elvers as 'seed eels'
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although large numbers are available (T, W. Beckett, pers, comm,),.

At both gless-eels and elver stages, shortfins show a greater
capacity for survival than longfins and also demand a higher price on
overseas markets,

In addition to the identification and treatment of diseases,
another major area for investigation is the availsbility and economios of
a suitable foodstuff, Cheap fish, either reduged to fish meal and
incorporated into a compound foed or fed whole, forms the major food item
of Japanese eel farms, At present, little low price fish is landed in
New Zealand ports although the potential for large stale pelagic fishing
is currently being both investigated and encouraged, This might be the
only economic source of this {ype of food which seems most suitable for
eel feed,




The spawming areas of New Zealand freshwater eels are unknown,
However, as the seasons of catadromous and anadromous migrations are
similar to other temperate eels (which are known to spawn in the tropiecs),
it is assumed that New Zealand eels behave similarly. The extra summer
ring seen in otoliths of A, anguilla glass-eels compared with those of
both New Zealand species is consistent with the known 2} year marine larval
life for the European species and thus a 15 year period for New Zealand eels.

Back calculations of possible distance travelled using known current
speeds and the duration of larval life, are subject to considerable error,
For example, the extent to which the leptocephali actively swim as opposed
to passive transportation by water movement, is unknown while current
patterns and velocities are also liable to irregular fluctuations, The
precise location of the spawning areas will only be found by the collection
of newly hatched larvae,

Vertebral counts of New Zealand shortfins confirmed that the
mean number of vertebrae differed slightly from that given for the
Australian shortfins, However, as this difference was only one vertebra
while the range in total vertebrae for New Zealand shortfins was eight,
this character would not allow identification of individual New Zealand
and Australian shortfins from a mixed sample. This small yet consistent
difference together with differences in total distribution is possibly
indicative of separate spawning areas for these two sub-species,

Recruitment of glass-eels consists of two phases, although this is
not widely recognised, These migrations, the freshwater invasion and
the upstream migration are distinguished by different responses to light
and fresh-water, and also by presence or absence of schooling behaviour,
The nocturnal movements of invading glass-eels means that this phase is
seldom observed whereas the large upstream migrations which take place in
many river systems are both well known and exploited,

The predictability of these upstream migrations means that they
are susceptible to intensive fishing which may cause detrimental long-term
effects to the overall fishery. Fortunately the return of larvae is not
considered to be specifically to the water from which their parents
originated and provided & sufficient number of migrants are available
from the country as a whole, then recruitment will not decline, At
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present the National Parks are the major unfished areas in the country.
However, only two of the ten parks have a coastal frontage whereas
waterways from the other eight pass through land acgcessible to fishermen,
Therefore the National Parks cannot be considered as a sufficient reserve
of unexploited eels to maintain the present fishery and additional
protective measures are required,

An analysis of glass-eel samples obtained from throughout the
country indicated that shortfins predominated in the North Island and
along the east coast of the South Island while longfins were more numerous
in western and southern areas of the South Island., The reasons for these
differences are not understood, although it is thought that they may
reflect the arrival routes of the larvae, It is known that specific
habitat preferences are important factors in local distributions with
longfins preferring the clear, swift and cool rivers while shortfins
predominate in slower, muddy waters. Thus, even adjacent water systems
of the above types will differ markedly in species composition,

Unfortunately it was not peossible to demonstrate experimentally
that invading glass-eels differentiate between water types such that
shortfins prefer one type and longfins another., However both species
did show preferences, although these were similar, and it i1s considered
that the experimental technique may have not been refined enough to show
selected species preferences, Habitat preferences are important in making
more efficient use of the available cover and foodstuffs and so decreasing
the amount of interspeeific interaction, The physical requirements of the
eels are probably more important in habitat choice than food preferences.

Mean lengths of selected glass-eel samples showed an overall
increase in length from north to south, This does not agree with the
situation anticipated if glass-eels arriving at New Zealand have been
transported by the East Australian and Tasman Currents. In this latter
instance the reverse size gradient would be expected with the larger eels
ocourring in the north, However the distribution of both shortfin
subspecles also agrees with an arrival from the north of New Zealand,

This cannot be confirmed from hydrological data.

The summer upstream migration is an important stage in repopulating
upstream areas and enabling eels to find their preferred habitat types.
Thus the migration is a recurring phenomenon for eels of up to 30 em in
length which have not yet become established in a suitable habitat., TF




134

stimulus/stimuli which initiate these movements are unknown but it is
interesting to note that migrations occur throughout the country within
the period of a few weeks,

It has often been assumed in freshwater eels that scale rings
represent annual growth checks, However, for both New Zsaland species
all features of scale development including ring formation, are related
to the length of the fish rather than age, This is consistent with
other behavioural and morphological features of the life history which
are also length dependent.

Conversely, measurements of the marginal growth increment of
otoliths, and comparison of ages from the youngest year class with
length-frequency distributions, showed that zonation in otoliths is
annual, Again this is often assumed but the presence of subsidiary or
secondary rings in many fish otoliths, including eels, is sufficient
reason to warrant proof of this annual formation. Both grinding and
burning techniques are suitable to show the otolith zones although the
former 1s better suited to small otoliths which are difficult to break
evenly for burning.

Results from ageing emphasised the flexibility of the growth
rate in eels, Growth of eels less than 26 cm in length in two small
streams, was slow - 20 cm eels were mainly in their sixth or seventh
year of freshwater life, In contrast, shortfins of these ages from &
coastal lake averaged 42-46 om in length, which is a faster rate of
growth than that given by most workers for the European eel, Under the
more favourable feeding conditions of an eel farm it would be anticipated
that a much faster rate of growth than that of wild eels could be achieved,

However, regardless of which of the above growth rates is the
more typical, it is apparent that the eel fishery is based on a slow
growing fish, This fact together with available markets for eels of all
sizes and the development of relatively sheap and effective methods of
fishing and processing, has placed substantial pressure on the fishery
itself and reports of localised over-fishing are increasing,

In addition to the length-weight relationship, relative condition
was calculated by an analysis of covariance, The adjusted mean weights
were used for comparison of monthly condition, It had been expected that
reduced activity over the winter months might be indicated by a decreas
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in condition. It is known that in southern parts of the South Island,
most eels hibernate over the winter months resulting in a suspension

of fishing operations, Further, at temperatures below 10°C, the feeding
of both species falls off markedly - the mean monthly temperature in the
Makara Stream falls below 10°C from June to August., However, no annual
trend in changes of relative condition was found,

FPinally, laboratory growth experiments conducted on elvers of
both specles showed that longfins were very difficult to keep alive in
the laboratory for any appreciable period - a fact that was also noted
with glass-eels of this species. Shortfins were much more tolerant of
the variety of conditions end survived at temperatures from 10-30°C,

This is of interest as the important eels of world commerce are all
longfins, In fact, of the 208 tonnes of glass-eels imported by Japan
in 1972 (Polsom, 1973: 43) the New Zealand contribution of 1% probably
contained the only significant number of shortfins. (Although the New
Zealand eels were not sorted by species, they all came from the Waikato
area and would have been 90% + shortfins),

The growth trials showed that highest rates of growth were achieved
at temperatures of 20°-25°C with high rates of feeding, However, with
increasing temperature, fish fed less efficiently and whether the more
rapid growth is economically justified would be best determined on a
larger scale pilot scheme. If the economic aspects can be satisfactorily
resolved, I am confident that New Zealand eels, especially the shortfin,
will prove suitable for commercial pond cultivation,

Over the last hundred years considerable research has been carried
out on the European eel, resulting in an understanding of ail stages of
the life history. However, there is still a lack of information on
population dynamics and the effects of sustained fishing, With regard
to New Zealand eels, it is only in recent years that their status has
risen from "nuisance value" to an important export item. Consequently
the amount of research in the past has been small and discontinuocus,

The work of Cairns (1941, 1942), although including all aspects
of freshwater life, is frequently generalised, incorporating composite
samples from unspecified localities, His figure of an annual sustainable
yield of 5,000-10,000 tons (Cairns, 1945) is an intuitive estimate and not
& biological deduction., However, his research remains an important
contribution, Research by Burnet has been more localised but confined to
large eels. Conseguently there has been a gap in knowledge to date on the
arrival in freshewater and subsequent movements of glass-eels and
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elvers, This present work has concentrated on these stages.

As cutlined this study has been a qualitative one concerned with
small eels, Large eels have been investigated for comparative aspects
of scale development only. No attempt has been made to study feeding,
growth by capture-resapture techniques, or detailed interspecifio
relationships, as these are aspects of the biology which were beyond
the reach of the present investigation, However, several avenues of
future research have developed,

The importance of glass-eels as an export ltem and for stocking
of eel-farms has emphasised the need for additional research, Such
research should attempt some guantitative measure of both the upstream
glass~cel migration and mortality during the first year of freshwater

life. The equivalent amount to this natural loss could be removed annually

without endangering present stocks, although the rate of exploitation of
glags-eels is ultimately a complex one as such mortality is almost
eertainly density dependent,

Additional and more sophisticated experiments are required to
establish the precise physical criteria which both species can tolerate,
For example, it seems probable that longfins have a greater oxygen demand
than shortfins, Such data would prove very important as indicaters for
potential eel-farming areas,

Using the ageing techniques developed in this study a survey could
be implemented on a closed population, to study the natural recruitment,
growth, and loss by adult migration, A tagging programme would give
additional data on growth, as well as movements and population numbers,
Such data would provide a biolegical basis for regulations designed to
manage existing wild stocks,.
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10  APPENDIX 9

Computer programme used for the analysis by covariance of
length-weight data, by species by month,
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<Llibrar DAGYCAID ; >>

ver i
boein
»on (1, X, ¥;
intemor mig, area, sp, i, i, mth;
: & i J

3 - . = [ . o
renl arrav £X, 8y, &8X, 8fy, 6Xv, CX, CY, oexy, 5x, 8y, &y, r, b,

v 2
es, 1ms, &b, jy, my, mx, al0:1, 1:12];

integor array df, nf0:1, 1:127;

renl array e, fRy, SMXX, smyy, frXy, erx, cry, crxy, Tx, Ty,
™y, teg, 8x, spy, sixv[C:1];

roal array sel, se2, sed, snd, nsl, me2, msd, mrd , me7, £1, £2,
dfd, sL, B, Yhar, Xbar, A, R[C:1];

intopar array tdf, dfa, dfb, dfc, Dr, N[0:11;

switch sws=I1;

freeform (0,72 ;

samo line ;

it= ji= 03
for i:70,1 do for j:=1 step 1 until 12 do
bogin
sxl[i, jl:=8ayli, jli= esx[i, jli= sayli, jl:= sxyli, jl:=
ox[i,jls= eyli,jlr= exyli,jl:= sx[i,jl:= Syli,jl:=
Sxyfi, jl:=0;
rfi,jle= b1, 1= s6li,jli= mmsli,j]:= shli, jl:=
Jyli, 3l = myli, jls= me[4,3l:= ali,jli= 0;
deli, jiz= 0;
nli, jli=0;
and ;
b 11=0,71 do

rux (172 = smyl 171 = erex File = mamyv[i]: = erxylile=

erx[ili= ervlili= erxvlile= ~x[il:= Tylils =

Tyl ili= ter[ili= 0;

sexc[ili= apylili= amxylils= 0;

pal[ili= cse2[ili= sod[ ili= seAlils = msl [ils
823 = mallile= medlile= me7ile= fA{ils=

Palili= afdlil:= 0;

SB[ il:=Blil:= Ybar[il:= Xbarfile= Al i]:= R d o= O
taflils=dfalil:= dfblil:= dfe[ili=DF[il:= 0;
N[il:=0;
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Il1: road mig, aren, d, mth, d, s, x, v;

if x >0 anl v >0 j_]xv_r_w_ bhogin

for it=0, 1 do bogrin il sn i then
fov ji= 1 atop T omiil12 00 bogin if mbh = j then
begin
x:= In(x) * 47120481 9;
vi= In(y) * ATM4819;
ax i, jle=ax i, jTux;
ayli, jle=myli, il+ y;
rex[i, jlemmex] i, j] + X
reyli, jli= envl i, jl +y x y 5
exyli, jle=sxvli, jl + x *x y ;
nli,jle=nli,jl + 1
e ‘
o nd |
and ;
e1d

AL buffer + 3 then goto 11 ;

commont ealculates sums, squares and products by month and species;
UL

for 1 :=0,1do for ji=1 ston 1 until 12 do if n{1,j] > 9 then

begin
six[ils= smx[1] + ex[4, j1;
smy[il:= emy[i] + sy[i,3];
erxx[ids = smex[i1 + sex[1i, j1;
smyylil:= semyyfi] + ssv[i, jl;
smxylils= smxy[i] + sxy[i,j];

N[ile= M il + nli, il;
comment calculates suma of sqares and products for total by month
and spacies ;

ox[4,31:= 6x[1,4] t 2/nl,j1;
eyli, jli= syli,jl t 2/nli,j];
oxyl[i, 1= axli,31 * ayli,3] / nl4,3];

commont calculates correction facters for subgroup sums of squares
and prodicts ;

erxlili= smx[i] t 2/N[i];
crylils= say[i] t 2/N[i];
erxylils= smx[i] * emy[i] /N[ i];



comment calculates correction factors for total sums of squares and
productso of each subgroup;

Sxli,jle=ssxl4, il = ex[1i,3];
Syli,jla=neyli, il - eyli,jl;
Sxyli, jle=exyli,jl- exyli, j1;

commant calculates corrocted saumr of saros and products
for each subgroup;

Telile= T[] + *«Fi,jl;
Tylile = Tylil v ol4,j1;
Tevlide = teylil v rwvli, j1;

print SRLA? atape 17

commant adds suma ol wpmres and 0 oducts for  subgroups fo give
common auma ol afpiwros and e oducts ;)

r(i, P = exv(i, P /(sagre(sx(i, P wv(i, ) ;
h(i, )= sxy(i, ) rmx(i, P ;

an(i, Pr=svi, D - oxy(i,] ) 12/8x(4, ) ;
dar(i, Y= n(i, ) 2;

e 1, ) 1= ss( i, ) far(i, ) ;

commnt calulates correlation conflicient, regression coefficient,
sung of squares of deviat ions from regression, d.f,, an
mean square for each subgyoup;

print $8L2? stage 47?;
tee( D= tes (D + anli, ) ;
tar( )= tdr () + arli, ) ;
eh(i, P 1= (sart(ea(i, P /A1, P)) /mare(sx(i, P) ;

commant calculntes within sums of equares of deviations from re(rorRion,
d.7, and standard deviation of aubgroup regression coeff in nts ;

A (D= sex (i) = erx (i) ;
Apy(D 1= amyy( ) = ery( i) ;
axy(i)e= pmxy() = erve( D ;

comment calculatosn corrected sums of squares and products foar total;
————

sol (D 1= soy( D - amyl( i) 12/8x(D) ;
dfa(d = N(D - 2;
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comment calculates total seums of rnquares of deviation from regression
and d,fq;

goz2lili= Tyli] - Txylil t 2/™x[il;
dfh(D :=dfb(id) + (n(i,P-);

-y
for i:=0,1 do if N[il > 9 thon
AfbliJs= dfhli] - 1
end ;

commont calculates common sum of sguares of deviations from regression
T —

and D ,F,;
for i:=0,1 do for ji:=1 step 1 until 12do if nli,jl > 9 then
bepin

mal[ils= sel2[il/dfbli];
ﬂnﬁt_z_ common mean square ;
dfelili=dfalil-dfb[i];
commont adj, means d.f,;
print B3L2? stage 57;
- ma 2l i): (se1lil-se2l i) /dfelil;
commant adj means mean sGuAre ;
sBlil:=feart(me 1l iD) /rare(T[iD) ;
E,‘l“l"‘i"_t. 8ods of common reg, cooff, ;
Aride= ma2lil/me?l i7;

commant T valwe far testing elevationas ;

——

print $3L2? stapge 67,

sedl ile=so2] il-taalil;
PF[ile= dfbli]-tdf[il;
madl il: taalil/tdf[i];




commant  within mean sGisre ;

print $3I2? stapge T7?;

med[ile= rodli101Ti1;

commont reg, conff gy moan afuare |
£2alils= meaAl i) /ms3i i1,

comment [ valwe for testing rep, coofficients;
myli,jle= syli, jl/nTi,iT1;

meliy jle= sxli, jl/nli, §1;
ali, jle=myli,j1-bli, jl* me[4,3];

mint $3L27 stage 27

commant vAalwes For auberonp vooreaa ion e tions ;
R ————

Blile= meylil/veli];
Yharfile= smvl i1/ i 7;
Xbavlilde s e [i /000,
ATide= Vel il il dvarfil;

commont  valuer [or common voproers ion equat ion;

aadli s = roll il= aalll il;
REiTe = eyl i1 €aqetCre 05 Teeyl i)

comnent common ‘correldntion conlf
i AL LY

ma7[ile= mel[ilzdaral i];

commont total mean srqunre
dyliy jle=Cayli, ji/mli, jD -(((ex[i,j1/nl1i, i) XbarliD* B[iD ;
commont Aad jurterd moan woight;
ond;

print  $%E38 102 ppolyrin of covarinnce table, area?, digite(d) ,aroa;

if sp= 0 thon (rint A%d4? nhort fin ? alvo rrint 22472 Tong fin?;
* —— i et P S SRS,

—
[rint BRL2?EAE? month 86 92ex 23067 pyldie6? ax yRe 77h %8 37241568 6 7rd v ABe6 ?m
S PRI TN S92eh51L?7?;

I,EE_ i;:U.I ig_ for \]':J.‘_H_"A_‘_‘_"l1 nnt;i.l__lf{ d

i ——

Af n(i,j] >9 then

beein
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print S2el0220 digite (), j,502?;
print  Gxli, jl, Syli, jl, sxvli,jl,bli,jl,a201,1,8804,4],
mns ], jl,rli, ) "l)rl,J-I
erd of print list for subgroup data, amlysis of covarianco table ;

for i:=0,1 do if N[il > 9 thon

begin

print S3L2? within $ahd??, tar[i], tss[i], msdlil,
BRL? reye couff, 8848?72, DF[i],s08[i], m—,q[i]
85L? cormnon $s1 27, ’l‘xl'ﬂ Tyl 11 u(yll] BLl] ‘~77
dfblil,eell i1,ms1{ 4] qu],.,L[ﬂ
$31L7 ad j mang ‘H.JU'?" yAfelil,sc4lil,ms2[1],
SAL? toial Be137?, spc[i] E‘,py[l] Huy[x] $3s11 72,
afalil,sel rl] mzs7{i],
$EL2? W rop. confl, =2 f),[ 1, $3s32d,.,£,?, DF[ i1,
Tytarfi 1,%388? f &dJ. means =? f'l [1]
f?.ikﬂli?d F '? yAieli] ' 5,7 ufl)[1].$$L??

print 338147 tho regrossion equations for each subgroup are
as follows:3)?27?;

i = —

for i:=0,1 do for ji=17 stop 1 until 12 do if n[i,3] > 9 thon

print 83L? month?, dirita(d ,j,$%s927;
print $366%y = ?,bli, jl,& + ?2,a[i,j];

for i:=0,1 dn if N[i] > 9 thon

gin
print 53147 the common regression equation is y = ?, Blil,

B 4+ ?, Al i],851.222,
3%L? ad justed monrn we ights for each subgroup vith
grand wan length = ?,
Xbar[i],%38? are as follows:?;

end;

¥ it=0,1 51_2 or je=1 .‘.‘.to".l }lnr;'tl 122’2 _}_i_’_ n[i,j] > 91:.hon
begin

print 881L°month?, digita (2),j,58s827?;
print $%37 ad justed pan woight = ?, jyli,jl;
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