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ABSTRACT

Aspects of the biology of Paranephrops planifrons

White in Lake Rotoiti were gtudied and comparisons made

with P. planifrons inhabiting neighbouring Lakes Okataina

and Rotoruva., Two migrations upwards occurred, in spring
and summer, the first thought to be associated with temp-
erature and egg-hatching, the second due to hypolimmetic
deoxygenation. Hence in late summer and early autunn
crayfish were concentrated above and within the thermo-
cline., DMovement downwards occurred in early winter, after
lake turnover and this was thought to be associated with
gonad maturation, induced by low temperatures and shorter
photoperiod, = During winter crayfish distributed evenly
over the lake floor. There were two breeding seasons, in
late autumn and winter (the larger of the two) and late

spring and summer., Take Okataina P. planifrong bred

annually, during late autumn and winter, and showed no
apparent seasonal movement patterms. MNoulting occurred
during the warmer months,

Average densities of 0,030, 0.014 and 0.003 adult
crayfish/m.2 were calculated for ILakes Rotoiti, Ckataina
and Rotorua respectively. In these populations a broad
inverse relationship was found between density and mean
population gize, for individual sizes were small in Wright's
Bay, Rbtoiti, compared to those in ILakes Ckataina and Rot-
orua and other parts of Rotoiti., Sizes of males and fe-
males were not significantly different and mean size was
constant throughout all depths. Sex ratios of 1.9:1 and

2.%:1 in favour of males were found in Lakes Rotoiti and



Okataina respectively. Stomach content analyses revealed
that the diet was mainly debritus, but also included
animal remains and vascular plant material, Sediment
analyses showed that food quality was essentially the
same at all depths. TFeeding was continuous at depths
greater than 20m. but in shallower water it took place

only at night. It appeared that 2. planifrons does not

display homing and the home range is extensive. Observat-
ions revealed that territorizl behaviour occurred and
males were not dominant over females, although larger

crayfish were dominant over smaller animals,
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INTRODUQTION

Although very li%tle is known about the role played
by crayfish in lakes, studies by Momot (1967a; 1967b) and
lMoshiri and Goldman (1969) indicate that they are int-
imately associated in the food relationships of lentic
benthic systems. In a trophic sense crayfish are import-
ant because they mey be one of the chief energy transform-
ers between various links in lake food webs (Momo®s 1967a;
M.S8.). They are able to ubtilize detrital material, prim-
ary, intermediate and terminal production and hence can
attain high levels of production. Coupled with this their
use as food by predators (Momot 1967b; Potts 1972) mekes
them one of the most important groups of animals inhabit-
ing lake ecosystems,

The New Zealand freshwater crgyfish Paranephrops

planifrons White, which inhabits lakes and streams of the

North Island and north-western region of the South Island,
has received surprisingly little attention., It was first
named and described by White (1842) and since then a full
taxonomic study has been documented (Chilton 1889; 1900,
archey 1915, Hopkins 1970 and Riek 1972). Nothing is
known of its habits in lakes but aspects of its biology
have been studied by Hopkins (1966; 1967a; 1967b), who
examined growth rates and the breeding cycle of strean
populations in the Wellingbon and Weirarapa districts,

The aim of this study was to investigate the ecology

of P. planifrons in Lake Rotoiti, a moderately large

mesotrophic lake in the Central North Island (Fig. 1.

Aspects of its biology including spatial distribution,



Fig., 1:

The locations of Lakes Rotoiti, Rotorua and
Ckataina studied in the Rotorua district. Regions

in each lake where tropping and other research was

carried out are shown.
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breeding and population structure were studied between

March 1973 and January 1974. As well a few comparative

observations were made on this species in neighbouring
oligotrophic ILake Okatains and adjacent Lake Rotorua

which is strongly mesotrophic,



METHODS

Three methods were used to collect crayfish during
this study; SCUBA diving, trapping and dip-netting in the
shallows at night,

1. DIVING.

SCUBA diving was used in two ways to assess crayfish
distribution; in studies using a transect laid on the lake
floor and in horizontal dives. The main problem encount-
ered when endeavouring to obtain accurate quantitative
assessnents with this method was disturbance of the muddy
substrate of these lakes. However, this was almost total-
ly averted by keeping movements on and near the bottom to
a minimum,

() Transect.

The transect consisted of two parallel nylon lines
running from the shoreline out into the lake for a dist-
ance of 220m, (Plate 1). These lines were separated at
10m., intervals by a connecting line 5m, in length, giving
the transect a ladder appearance, Thus there were 22
sectors of equal area (10m. x 5m, = 50m.2). 4t 10m.
intervals the lines were staked so that they were some
20cm. above the lake floor making the transect easily
identifiable, as visibility was often as low ag 2m, A
cross~section of the transect and the depth at each sector
is shown in Fig. 2.

There were a number of ways in which the transect was
incorporated into the study. The principal purpose was to
ascertain whether crayfish underwent a seasonal migration.
In order to investigate the seasonal migration pattern

gquantitatively, 160z. beer cans with one end open were



Plate 1. The transect, marked by buoys and extending out

from the shoreline at Wright's Bay.






Fig. 2: Cross-section of the transect at Wright's Bay

showing depths of each sector.
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placed in two parallel rows throughout the transect.
About 10 were put in each sector. These were found to
offer suitable homes, one crayfish being the occupant of
a single can. Cans in sectors 1 and 2 were subjected to
silting up dve to wave action on the mud substrate and
were subsequently lost but ac no crayfish were ever Ffound
above sector 4 (see later) this part of the transect was
left with only a few cans. At sector 22 the trunsect
intersected a large rock estimated to be 30Om. long by 6m.
wide by 5m. high., It was highly dissected with cracks
which crayfish inhabited., Similar rocks were seen during
other dives in the lake, Zstimations of the total on the
rock, by diving for a certain period, were also used to
give an indication of the migratory pattern.

Dives were made at approximately monthly intervals
from April 1973 to January 1974, and the total number of
crayfish encountered in the transect was recorded. These
were sexed and the presence or absence of eggs and the
pleopod state of females noted.

During these dives the numbers found in the transect
were also used to determine population densities between
depths of 7 and 16.3m, i.e, from sectors 4 -~ 22, Crayfish
were never found in cans within the first 3 sectors and

it seemed that Lagarosiphon weed beds and small rocks down

to 5m, offered more suitable homes, at least during the
hours of daylight.

The transect was also used in & homing and home range
experiment described in the section on trapping, and to
determine whether Paranephrops planifrons displayed

territoriality in the field.



(b) Horizontal dive.

Another method employed to obtain information on con-
centration and the depth distribution, although used only
once was that of Endean (1969) for estimating population
density of the Crown-~of-Thorns starfish, Acanthaster
Planci. At 5m, intervals horizontal dives were made for
7 minute periods and the number of crayfish observed was
recorded., However, this method was not used again as the
crayfish tended to hide under sunken logs and debris at
the dive location (the eastern end of the lake) and be~
cause visibility became progressively less with increasing
depth, the field of vision being reduced from ca 5m. at the
surface to ca 2m. at 27m. depth. Since the visual area
covered was not equal at all depths quantitative assess-
ment was thus made very inaccurate, However, in open-
bottomed oligotrophic lakes this method could be quite
successful,

24 TRAFPING,
(a) Trap design.

Previous workers have used various trap designs to
capture crayfish., Most of these traps were modified from
minnow, eel and other Ffish traps (Camougis and Hichar 1959,
Aiken 1965, Moriarty 1971, Moshiri et al 1971, Momot and
Gowing 1972 and Fast and Momot 1973). MNMomot (1967a) and
Momot and Gall (1971) found that the traps they used were
size selective, for crayfish below a certain lenguh (24mm,
cephalothoracic length) were never caught. Bearing this
in mind traps were designed to make entry as easy and as

uncomplicated as possible,



6 traps were constructed each consisting of a square
aluminium frame of 62cm., by 32cm. in height and covered
by galvanized steel mesh (mesh size 2 x 2mm.) (Plate 2).
Positioned in the centre of each side was a wvertically
sliding sprung gate (15 x 15cm.) which opened flush with
the substrate so that the crayfish could gain easy entry.
Each gate was held open by a cord connecting it to a re-
lease mechanism which was triggered by a 21b. lead
messenger., This design allowed trappings +to be made for
specific periods of time, and also ensured that no cray-
fish escaped when they were being pulled to the surface.
The interiors of the traps were partitioned into 4 feed-
ing bays which were added o reduce the chances of escape
when the messenger was sliding the rope, for the slight
vibration produced may have triggered the escape reaction
of entrapped crayfish., Traps were baited in each corner
with beef liver . (Moriarty 1971) which was Ffound to be very
successful, .

However, the trap design did not overcome the prob-
lem of size selection, as no crayfish of less than 23.0mm,
cephalothoracic length were captured. On one occasion 2
very small juveniles were found in a trap but it was
thought that they had become detached from their entrapped
mother. This phenomenon of size selection was unexplained,
for in the laboratory it was found that immature E.

planifrons readily consumed beef liver. It could be,

however, that in the field young crayfish have a prefer-
ence for vegetable matter, as Tack (1941) found for

Cambarus immunig.



Plate 2.
Above : Crayfish trap showing buoy, graduvated rope, Ie-

lease mechanism, feeding bays and a few

captured crayfish.

Centre: Trap baited and in 'set' position.

Below: Trap triggered, Note messenger used to trigger

release mechanism,






(b) Trapping method,

Trapping commenced in September 1973 and was used to
trace the spatial distribution pattern until January 1974.
These results and thosc obtained from the transect were
used to obtain an overall pattern of movement, Bach time
samples were taken light and temperature readings were
obtained down to 30m. using o thermistor thermometer/
photometer (Bell 1962). At about one monthly intervals
5 traps were arranged at depths of 1, 10, 20, 30 and 50m.
Traps were usually set in the late afternoon, raised and
emptied every 2 -~ 3 hours until about 2 a.m., then left
until the following morning., Over a trapping period the
total caught at each depth was recorded and the
cephalothoracic length of each animal was measured with
Vernier calipers accurate to within O.1mm., from the tip
of the rostrum to the mid-dorsal posterior border of the
carapace, JI1ts sex was also noted. TFemales were checked
for presence of eggs, cement glands and stete of pleopods,
while males were examined for sperm extrusion (see section
on breeding).

Abrahamsson (1971) reported that gravid females of

Pacifastacus leniusculus occurred less frequently in

traps than did males and non-gravid females. Tack (1941)
states that egg-bearing C. immunis females remain in the
gseclusion of burrows and under stones and do not feed.

There was no evidence of this occurring for Paranephrops

planifrons as the relative numbers observed while diving

were comparable to those caught in traps.

It should be noted that the total number caught at
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each depth did not give a true indication of the number
which could be potentially captured, especially in waters
shallower than 20m. Below this depth crayfish were caught
at all hours but in shallower water crayfish fed only at
night, It seemed possible that light of similar intensity
to that at about 20m, was the critical factor affecting
activity. So in order to produce a more realistic total
the number of crayfish caught relative to their feeding
times at each depth was calculated. This was expressed

as relative number of crayfish caught per hour per trap

per specific depth (R):

A
R = Tet
where T = hours of catchable time
t = fraction of catchable time to total time
traps laid
N = total number caught at specific depth

The relative percentage catch at each depth (P) was

calculated as:

b . N 100
A, t
where A = % total caught at all depths
Y]

(¢) Effective trapping radius.

The effective capture range of a trap was estimated
in two ways. On two occasions 3 sectors in the transect
were randomly selected and the numbers of crayfish pres-
ent in each was obtained by diving. At 8p.m. a baited
trap was laid in each sector and, after 2 hours, raised

and the crayfish counted,
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Knowing the area of each sector (50m.2) and the

Qverage number of crayfish in the 3 sectors as well as the

A verage number caught, it was possible to calculate the

effective catching area per trap per hour and hence the

effective catching radius of a trap (see Table 1).

These

T ransect counts were made in the late afternoon and the

estimation of the effective trapping radius would have

een more accurate had counting been done immediately

Prior to trapping when crayfish at these depths are active

and feeding.

made night diving impracticable,

However, problems with underwater lighting

§ WUmber Number| Aver- Aver— |EBffec~ |Effec-
| pres—, cap- | age age tive | tive
Date Sec~ | ent | tured |number |number|trapp-|trapp-
tor | in each; caught| ing ing
gector area |(radius
| (n.2) | ()
' . -
7 DA 10 |
30/12/73 15 | 7 7 4.3 7.7 | 44.2 | 3.8
20 15 6
Total 13 23
10 | 4 | 12
20/ 1/74{17 9 | 14 6.7 9.7 | 36.2 | 3.4
21 7T 13
5 iTotal 20 29 ;
Table 1. Calculated effective trapping area and effective

trapping radius.

The effective trapping radius was also calculated

from knowledge of the relative number of crayfish caught

ver trap per hour (3.72) at 10m. during the January

trapping programme (20/1/74) and +the number present (75)

in the whole transect on that date. The trapping radius
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calculated by this method (3.8m.) was similar 4o the
other estimates.
(d) Homing and home range.

Trapping was also employed to obtain an indication of
home range and homing and to estimate distances travelled
during & given time period., Crayfish in cans were in-
dividually identified by punching combinations of holes
through the uropods and telson with ticket punches,
Altogether 22 were tagged and their relative positions
and those of unoccupied cans were noted (Fig, 3).

4 traps were placed on the same evening in the positions
indicated in Fig, % and raised after 24 hours. All crayfish
capbtured were recorded and, if ‘tagged, the distance they
had travelled was calculated.

(e) 24 hour activity pattern.

A series of trappings over 24 hours was made o
ascertain periods of feeding, which also determined cray-
fish activity patterns. 5 traps were laid at the sane
depths used in the monthly trapping programme. They were
set at 2 p.m. and for the following 24 hours were raised
every 3 hours. The numbers caught at each interval were
used as a measure of the intensity of the activity of the
crayfish.

e DIP-NETTING.

By dip-netting at night in the shallows of Wright's
Bay specimens whose gul contents did not contain liver
could be obtained for stomach analyses. This method of
capture was also employed to a small extent to complement
results of shallow water trappings in this area, as well

as for obtaining specimens in November to help determine



Fig, 3: Diagram of transect showing the exact location of

each can within sectors 10 -~ 20, The positions

of 4 traps are shown. View Fig. 3 in conjunction

with Table 9,
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the population structure.
4. ANALYSIS OF SEDIMENTS AND STOMACH CONTENTS.

Sediments were collected from the 3 lakes as follows.
On most occasions it was obtained at all depths by an
Ekman grab, The top 3 - 4mm., within which crayfish
probably obtain nourishment, was scraped off using a knife.
On one occasion sediment from a depth of 15m. was collect-
ed by SCUBA, An open ended plastic conbainer was pushed
horizontally along the substrate for about 10m. to collect
the upper few millimetres. The sedimenbs were sieved to
extract particles of the same order of size as those con-
tained in the. stomach contents.

Crayfish used for gut contents analysis were
collected by dip-net in the shallows at night when feed-
ing was maximal and by SCUBA to depths of 13m. in Iake
Rotoiti only. Those in deeper water were obtained by
trapping but with these animals it was necessary to re-
move consumed liver from the gut contents. Immediately
after capture the gut cavities were injected with about
2mls., of 10% formalin in order to preserve gut contents
for subsequent analysis., Material in the gut was found
to range in size from 125 um to 1.0mm,, mosd® being
approximately 500 um in diameter, Wherever stomach con-
tents were obtained for analysis of percentage organic
content and calorific value, sediments were also recover-
ed from the same locality so that a direct comparison
could be made.

Both sediments and stomach contents were ground to

uniform composition using a mortar and pestle and then
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dried to constant weight at 60°¢, Percentage organic
composition}was then determined by ashing for 4 hours at
530°C, (Winberg 1971). Approximate determimations of the
calorific conbent of similar samples were made by acid-
dichromate oxidation, using the semi-micro method of
Maciolek (1962), Because this method only oxzidises about
90% of the organic matter present (Winberg loc., cit.) the

results have been corrected by 10%.
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DISTRIBUTION

Some species of crayfish have & distinct seasonal
migration in which they move into deep water during the
winter and return to the shallows during summer., However,
very little work has been done on such migrational patt-
erns. Apart from an intensive study by Momot (1967a),
Momot and Gowing (1972) and Past and Momot (1973) on

Orconectes virilis in marl lakes of Michigan, and work by

Abrahamsson and Goldman {(1970) on the distribution of

Pacifastacus leniusculus in Lake Tahoe, no other studies

seen to have been published. The only other observations
have been those made on the movement of crayfish in
streams and difches (Henry 1951, Camougis and Hichar 1959,
Black 1963, Momot 1966, Mobberly and Pfrimmer 1967, Aiken
1968 and Merkle 1969), but these studies were not of suff-
icient duration to discern seasonal patterns of movement.
By combining the results obtained from the transect,
which are presented in Figs. 4, 5 and §, with those from
the trapping experiments (Fig, T) it was possible to det-

ermine the seasonal spatial distribution of Paranephrops

planifrons in Lake Rotoiti., Results from the transect
gave information on movements of crayfish in shallow water
from April 1973 to Jamuary 1974. These values are prob-
ably reasonably typical of the whole lake as the bottom

at similar depths elsewhere was found to be strewn with
broken bottles and cans which offered habitats similar to
those provided in the transcet. Trappings, which began
in September show movement patterns in deeper waters as

well as complementing transect results in the shallows,



Fig. 4: Total numbers of crayfish and numbers of males,
females and gravid females within the transect.
Numbers found on the rock at the end of the

transect are also shownh.
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Fig. 5:

Seasonal depth distribution of total population,
males, females and gravid females (blank) within
the transect, expressed as a percentage of the
total number caught., Total numbers caught are

shown above each diagram,



O

-
N

Sector Numbers
N
a S

-
[=2]

29/4173 2375173 23/6/73 2217173 9/9/73 20/9/73 25/10/73 30/11/73 30/12/73 20/1/ %

12 12 4 . 2 9
8
6 -
_ofo 2 2 40 ' ! T4 20 20 ' 40 ' t
ol—1 1 2 0 4 19 65 33 36 3 .42 B
i d l Q o dlo o" 0 Q dlo O Q 3
83 -8
j;i — -
209 _ WAE — e 5
NN 20 E) K 0 2 0 NEY 20 10010 20
29/4173 23/5/73 23/6/73 2217173 9/9/73 20/9/73 25/10/73 30/1/73 30/12/73 20/1/74

[«

3

81



Fig. 6: Percentage of males and females present in

sectors 4 - 13, (Depths shallower than 12m.).
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Fige. T:

Relative percentage of the total population,
males, females and gravid females, trapped be-

tween O and 50m, from September 1973 to January

1974, in Lake Rotoiti. Total mumbers caught on

each date are given above each diagramn,
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In autumn there was a general migration out of the
transect and the crayfish spent the winter months in deep-
er waters, Table 2 shows the result obtained from
horizontal diving for 7 minute periods at 5m., depth int-
ervals, towards the end of the winter, at the custern. end
of Rotoiti, Distances covered at each depth were in the

order of 80m,

0

Depth (m,) Number seen in
7 minutes
5 3
10 3
15 1
20 T
27 ca 20 (1 minute)

Table 2: Number observed during horizontal dives of 7
minutes each at the depths indicated.

As noted above (p 7 ), the results obtained were not
considered to be of great quantitative accuracy but they
also give an indication that there were relatively fewer
crayfish in shallower water (0 - 15m, depth).

From mid-September onwards there was a migration of
both males and females back into shallower waters (Figs.

4 and 5)., Fig. 5 shows the percentage distribution of
the animals along the transect, Within the transect there
was a general movement downwards during April and August
followed by an influx in the shallower water in September.
However, in January a concentration towards the deeper
end of the transect occurred (Figs. 5 and 6). 3By this
time the top of the thermocline had entered the lower
guarter of the transect and it is possible that the cray-
fish preferred the cooler water there.

From December to January the numbers of females
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increased relative to males until the sex ratio was close
to 1:1, rather than the usual 1.9:1 (see p49). This was
the result of a definite upward movement of females be~
tween late September and December, whereas the males did
not show such a pronounced movement (Fig. 5).

This pattern can be seen more clearly in Fig, 6 which
shows that at the onset of summer there was a tendency for
a greater percentage of females to inhabit shallower
waters of the transect. Gravid females showed a similar
pattern. Meanwhile the percentage of males in this region
also rose but more than 50% remained in the deeper half
of the transect, perhaps indicating a preference for
deeper and/or colder waters, or waters of lower light in-
tensity. It is possible that this apparent differential
distribution may be related to breeding activity of the
females, shallower water being preferred or reguired for
some reason (see later). It should be noted, however,
that this pattern broke down during January.

The depth distribution of 21l mature crayfish to a
depth of 50m. between September and Jamuary, as determin-
ed by trap sampling, is shown in Fig. 7. From September
to November the crayfish appeared to be fairly evenly dis-
tributed with depth, but from November omw.rds there was a
general shrinking of numbers in deeper waters and an in-
crease in density in shallower waters (Fig. Ta).

Lowered oxygen concentrations in the hypolimnion may
supply the stimulus for this upward movement since Whittle
(1973) has shown that beginning at 5 pom 0, E. planifrons

shows increasing oxygen consumption and activity as
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oxygen tensions decline. Oxygen concentrations of 5 ppm
occurred at 50m, depth in early December (Fish pers., comm,
Fig. 8b) at vhich time movement upwards had begun, so ca
5 ppm 02 in the hypolimnion may supply the cue for the
commencement of migratory behaviour. In Whittle's ex-
periments crayfish surviﬁed in oxygen levels as low as

1 ppm, so it was not surprising to find a few remaining
at 50m, at the end of the sampling period, in Jamiaryy
when oxygzen concentration at this depth was 2 ppm (Fig,
Ta),

The depth distribution of males, females and gravid
females obtained from the trap samples are shown in Figs,
T, Tc and Td respectively. Nuwmbers of males bended to
be relatively constont at all depths throughout the trapp-
ing period (Fig. 7bh), the upward movement beginning in
November, but females had shown a relatively greater in-
crease in shallower water by December (Figs. Tc and 7d),
which indicated that the relative movement of the sexes
was not the same, It may be that females have & lower
tolerance of decreased oxygen levels than males, or poss—
ibly breeding habits may play a vital role in this diff-
erential movement,

Thué, in summery, it appears that in auntumn there is
a general movement of mature crayfish out into the deeper
waters of Lake Rotoiti. Here they spend the winter and
probably distribute evenly over the floor of the lake.
In September there is a rapid mass migration of both males
and females into the shallows, although a large proport-

ion of the population remains in deeper waters, With the
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onset of summer and progressive deoxygenation of the
hypolimnion there is a second general movement upwards of
both sexes, females moving up at a slightly faster rate,
leading to concentration in the shallows. Although re-
search was not carried out over late summer and early
avtumn, it was surmised that during this period when the
hypolimnion was totally deoxygenated (Fish, unpublished
data), the population was forced into the epilimnion and
thermocline, and,after lake turnover in auvtumn, crayfish
were free to disperse to greater depths.

Momot (1967a), Momot and Gowing (1972) and Fast and
Momot (1973) record that 0. wirilis in marl lakes of
Michigan underwent seasonal migrations. The pattern was
similar to that of P. planifrong in Lake Rotoiti in that
there was movement down to deeper waters in autumn after
lake destratification, followed by a migration upwards in
spring, the population as a whole then spending the summ~
er period in the shallows, But there were some major
differences between the relative positions and movements
of males and females of these two species at various
times of the year. 0. yirilis had only a single upwards
movement during spring, for the purposes of egg--hatbching,
and because it had & preference for warmer waters. L.
planifrons also migrated upward at this time (September)
possibly for purposes of egg-hatching, but it is difficult
to find a reason why males migreted upwards also, Sur-
face temperatures were still within 1°C. of those at 50m.
during September (see Fig. 8a), hence it was unlikely

that temperature was a governing factor. There is evide

ence that P. planifrons, unlike Q. virilis has a prefer-
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ence for cooler water. A more likely explanation based on
photoperiod and temperature regulating hormonal levels and
consequent timing of breeding seasons (see later), is given
on p 62). Another, but more gradual migration of P. plan-
ifrong that had remained in the deeper waters occurred as
summer advanced but as noted above was probably due to
progressive deoxygenation of the hypolimnion.

Momot (1967a) reported that males of Q. virilis were
largely confined to shallower waters and the females to
deeper, colder waters., Aiken (1968) postulated that this
difference in depth distribution of females ceme about be-
cause the combination of photoperiod and temperature reg-
uired to induce their sexual. maturation was only found in |
deeper water, He found that maturation occurred only when
crayfish were kept in total darkness at temperatures below
10°C, for a minimum of 4 months, However, Fast and Momot
(1973) disagreed and considered that Q. virilis prefers
warmer waters (20 - 2400,) and believe that aggressive
behaviour of adult males forces the females out into the
cooler waters.

There was no evidence to suggest that there was a
significant differential depth distribution of the sexes

of I. planifrons. In general, males did not appear to be

dominant or more aggressive towards females, although this
may not be true of very large males (see section on sex
~ratio p 50). In contrast to Q. virilig there was gome
eviderce from Jamary transect records (Figs. 5 and 6)

that P. planifrons preferred cooler water (15 - 1800.).

Although there is apparently a seasonal migration of.

L. planifrons in lake Rotoiti, there was no evidence to
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suggest that such a movement occurred in Leke Okataina,
Observations from two dives down to 22m, in TLake Okataina
during May and August 1973, and a trapping series to 70m.
in Janvery 1974, showed that the depth distribution and
concentration of P. planifrons in this lake had not al-
tered during this period. In May and iugust none were
seen in the upper weed beds which extended down to 16m,
but within the lower extremities of these beds, and below,
where the bottom was open and muddy, crayfish were pres-—
ent in relatively hizh densities, Similar results were
found in January (refer to Table 3) when numbers were
greatest at 20m., depth, and crayfish were caught down to

T0m, indicating that they distribute to all depths in the

lake,
Depth Numbers
(m, ) trapped
1 1
10 1
20 7
70 1

Table 3: Numbers trapped in L. Okataina on 21/1/74 betwcen
T.30 and 11.30 p.m,

Lake Okataina ig oligotrophic and its hypolimnion
does not deoxygenate in summer. It ig therefore not nece
essary for the crayfish to migrate from this zone, There
was no evidence of an upward movement in spring of E.
planifrons in Lake Okataina although information was min—
imal. There did not appear to be a differential move-~
ment of the sexes either,since it was noticed while

diving that the ratio of males to females and proportion
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of gravid females remained relatively constant down to at
leagt 22m., Also, during Januvary, a group of Maoris was
seen to catch large numbers of crayfish in the shallows,
the ratio of males to females being approximately equal o
the calculated 2.3:1 ratio (see sex ratio p 49). Hence
there did not appear to be any differential concentration
of either sex in the sghallows,

The distribution pattern displayed by P. planifrons

in Lake Okataina is similar to that of Pacifastacus

leniusculus which inhabits oligotrophic ILake Tahoe, in

California. Abrahamsson and Goldman (1970) found that the
maximum density was at 10 - 20m., with 90% of the pop-
ulation occurring between O and 40m., although some were
captured as deep as 200m., They state that wave action and
light appeared to limit crayfish density above 10m. and
water temperature below 40m, However, they make no men-
tion as to whether such a pattern of distribution was con=~
stant throughout the year. No nention was made of
seasonal migrations, so presumably as seemed to be the
case in Lake Okataina, there was none.

It may be that light levels affect the behaviour of

Paranephrops planifrong too, for at the 10 and 17m.

contours in Lakes Robtoiti and Okataina respectively,

where light intensities are similar (ca 300 lux), cray-
fish were found in the open and active. In contrast,
those seen while diving in shallower waters were always
under cover, indicating that above a critical light level,

locomotory and feeding activities are curtailed.
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BREEDING

1. THE BREEDING CYCLEZ=.

The breeding activity of Fararnephrops planifrons in

Lake Rotoiti was determined by following changes in the
percentage of gravid females throughout the year, sperm
production of males, state of egg development, female
pleopod condition, and the presence of cement glands in
females.

During autumn the percentage of females bearing eges
was determined only from transect samples and dip-netting.
Unfortunately little information is available for winter
becauge the crayfish distributed deeper into the lake, none
were found in the transect and traps were not available at
this time. However, in spring and summer (from September
to January), the percentage of gravid females was determe
ined from both transect and trap sampling.

Periods of sperm production were determined from the
presence of males having a white toothpaste-like exudate
from their gonopores. dJohnson (1960) notes that such a
whitish exudate is produced by the columnar epithelial

cells lining the vasa deferentia of Cambarus longulus

lonsulus. He states that this accompanies the presence of
meture sperm. When obscrved microscopically the exudate

of P, planifrons was found to contain small spherical bod-

ies (ca 5 um., diameter) which were of similar diameter to

spermatozoa of Procambarus clarkii (Moses 1961a). These

bodies were taken to be non-flagellate spermatozoa, which
are a unique feature of decapcds (Moses 1961b), Black

(1966) reports that mature spermatozoa of Cambarellus




29

gshufeldti and C. puer are of a non-motile, flattened,
spheroid structure.

Hopkins (1967a) has described the broad features of
the different developmental stages of the eggs of P. plan-
ifrons. Newly hatched eggs are brown and similar in
colour to mature oocytes in the ovary. 4as development
proceeds the eggs bacome cherry-red and at later stages
the structure of the developing embryo can be clearly seen,

The state of the female pleopods can be used as a
useful indicator of whether a femele's eggs have recently
hatched and the young dispersed. The pleopods of such
females still retain the old egg attachments and are not
cast off till the moult into the non-reproductive stage,
which generally occurs about 4 -~ 6 weeks after the release
of young (see p 33).

Cement glands, g mass of whitish calcareous material
between the bases of the last three pairs of walking legs
of the females, are produced by crayfish during egg-laying
and apparently provide the cement which atteches the eggs
to the pleopods (Sterhens 1953). In this study the pres-
ence of such cement glands in F. planifrons was used as an
indicator of peribds of egg-~laying by the females,

The proportion of gravid females throughout the
sampling period is shown in Fig. 8d. The percentage grav-
id increcased graduvally for about 6 weeks during the autumn,
which indicates a period of egg-laying., At this time
females were also found with cement glands (15/3/73).
Throughout the winter period it was not possible to acc-
urately determine the percentage of gravid females, and

possible values extrapolated from the few animals caught
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during this period are shown by the dashed line in Fig.
8d. However, in epring there were increases in the per-
centage bearing egss, followed by a decline., At first
sight, this would seem to indicate the production of eggs
in the spring Tollowed by & period of hatching., However,
there werc conglderable differences between the chunges
in percentage of gravid females, and other features of
breeding also, in decp and shallow water during the spring
(Fig. 2e), vaich indicate that svuch o simple interpretation
is probably not the corrsct one.

In shallow water th= percensage of gravid fomales

fluctuated Ffrom Scptenber to Ochobsy, then gradnally de-

creased during November, Decembser and Janvary, ALl these

Q

eggs were in a late stage of develovnent aad ratehin

> of

0

them occurred from Sepvembexr ciorards., Ylms, in the tran-
1w yorsg from winter
gravid femalcs Sock placo hetwesn lave O2tobex and Decemb-
er for dspths down Lo At Jeast 16m, (Fig, L4g). Also,
females with nost-hat:hing pleopode were found increasing-
ly comonly from mid-Octobar onward, % geews nost likely
that these were cggs whaich had been Jaid in autumn and

carried over che wicver. The apparaent inereages in per-

centage of females bearing eggs that took place in spring

S

in shallcow water werz chug pnrobably associated with the
migration of egg-bonrding dornien frca dsaper water which

occurred at this time (see alove), rather than with new

¥

intorssting in

[N
0

production of eggs (Fig. 8e). Iig. vd
this respect for it indicates that fron Scptember onwards
females with winter broods tenied to cononntrate in the

shallows where hatching took place,
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8c:
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Changes in temperatures at surface and at

50m, in lake Rotoiti,

Changes in oxygen concentrations at sur-

face and at 50m,

Changes in daylength during the sampling

period.

Seasonal changes in percentage of gravid
females, and estimated periods of sperm

production.

Comparison of percentage of gravid females

in deep and shallow water,
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However, in the deeper waters (Fig. Se) there was a
gradual increase in the percentage of gravid females over
a 13 week period extending from late September to December,
although numbers here were much lower than in the shallows
(Fig. 7d). These egge were newly laid and females with
cement glands were found in the deeper water at these
times (20/11/73, 20/12/73). Hatchings of the eggs borne
by the females in deeper waters occurred from December on-
wards when the percentage of gravid females declined.

With incroising deoxygenation of the hypolimnion a
general movement upwards of the deepwater egg-bearing
females could be traced and by January one female with
newly laid eggs was caught in the shallows. The possibil-
ity that summer eggs were produced in the shallows ag well
as in the deeper waters cannot be dismissed, but as cray-
fish are known to distribute randomly (as Camougis and

Hichar (1959) demonstrated for Orconectes viyilis in a

pond), and are rather mobile (Momot and Gowing (1972)
noted that one animal of the same species travelled a min-
imum distance of 124m. in 24 hours), it was quite possible
for this femasle to have moved up from deeper waters, It is
not known whether the females with winter broods in deep
water also underwent a second breeding season immediately
after release of young, or whether the summer gravid
females had not bred during winter.

In an attempt to determine whether females +that had
borne eggs in winter also produced a summer batch of eggs,
6 females that had shed their winter young and whose pleo-

pods were still in the reproductive state were placed in
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a trough with 4 males, All the females died when attenpt~
ing to moult presumably into the non-reproductive state,
but in an adjacent trough 2 isolated females in a similar
state were found to have moulted into the non-reproductive
form during late sprinz, some 4 - 6 weeks after their
young were released, This could indicate that these wint~
er gravid females do not produce a summer brood,

Corresponding to the two egg-~laying periods in aut-
umn and spring there were two periods of sperm production
by the males (Fig. 8d). Bach of these periods of sperm
production lasted for about 8 weeks. Sperm was observed
exuding from the gonopores of males collected down to 15m.
in the autumn and also from a number of males obtained at
all depths during spring. Based on the observation by

Abrahamsson (1971), that egg-laying of Pacifagtacus len-

iusculus took place approximately 10 days sfter mating, it
may be that the timing of sperm production and subsequent

egg-laying of Paranephrops planifrons followed a similar

pattern (see Fig, 8d). A similar lag period was mentioned

by Moriarty (1971) for Astacus pallipes. No information

wes available on survival rate of discharged spermatozoa
but because of the gimilar timing of sperm production and
egg-laying, and the absence of continuous egg production,
it seems unlikely that prolonged storage of spermatozoa by
females occurs.

The breeding activity of crayfish is known to bhe
affected by photoperiod and temperature. The temperatures
of surface waters and those at 50m. depth and day-lengths

during the sampling periods are shown in Figs. 8a and 8¢
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respectively., In Lake Rotoiti deoxygenation of the hypo-
limnion will also be important, since during the summer
- the crayfish are forced into shallower water of higher
temperature and greater light intensity. Oxygen concen-
tration at 0 and 50m, are shown in Fig. 8b (Fish unpublishe
ed data).

Autumn egg production could only take place in
relatively shallow water for at this time the hypolimnion
was totally deoxygenated (Fig. 8b). Aiken (1969a) found

that egg-laying of Orconectes virilig was induced by warm

water and that a temperature threshold of about 10 - 11%%,
was required., Abrahamsson and Goldman (1970) found a sim-

ilar situation for Pacifastacus leniusculus. However, it

seems unlikely that temperature would have been a trigger-—
y b

ing factor for Paranecphrops planifrons. Although it is

not known if there is such a tvemperature requirement for
egg production in P. planifrons, temperatures in autumn
were quite high, varying fron 20.500, to 1300. during the
avtumn lay, and it seems unlikely that temperature would be
limiting egg production at any time in the summer,
Photoperiod is also known to affect gonadal develop-
ment (Stephens 1952, Lowe 1961, Aiken 13968 and Armitage et
al 1973). The seasonal variation in photoperiod expressed
as monthly mean number of hours from sunrise to sunset is

shown in Fig. 82. Lowe (1961) found for Cambarellus

shufeldti that a combination of cooler temperatures and
shorter photoperiods induced increased ovarian maturation.
These 2 requirements are met for P, planifrons during

winter (see Figs. 8a and 8c¢) and it is possible that they
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may contribute to ovarian development and induce egg~lay-
ing in spring.

As mentioned above, egg-laying in spring took place
only in deep water, These females had spent the winter
under extremely low light intensities and temperatures as
low as 10.8°C. Aiken (1969a) has found that 0, yirilis
required 4 - 5 months of low temperatures and constant
darkness for complete ovarian meturation, while Armitage
et al (1973) reported that short-day photoperiods accel~
erated ovarian growth of 0. nais. Stephens (1952) noted
a similar requirement for ovarian maturation of Cambarus
sp. So it is possible that the gonads of female P. plan-
ifrons at such depths reach maximum development in October
having been stimulated by cold temperatures and low light
intensities throughout winter and as a result eggs are
produced.,

The number of hours of daylight (Fig. 8c) were found
to be very similar at the beginning of the autumn and
spring periods of sperm production. It seems possible,
therefore, that photoperiod also affects cyclic male gonad
development, Temperature did not appear to be a critical
factor, for at times of sperm production temperatures
within the lake were variable.

The only other detailed study of E. planifrons is
that of Hopkins (1967a) who found that stream specimens
bred annually, egg-laying occurring between April and June,
and hatching taking place from mid-September to early Dec—
ember. This constituted & breeding period of 25 - 26 weeks.

More is known of the breeding habits of crayfish in other



36

countries and breeding periods may differ greatly between
speciles and even between the same species living in diff-
erent localities. Those such as European jistacus SpPPe.s

Pacifagtacus spp. and Orconectes spp. lay eggs in autumn

and subsequent development may take from 20 -~ 25 weeks,

while species of the genus Procambarus, NOI"bh American

Astacidae and the Parastacidae of Australia, to which

Paranephrops planifrons belongs, produce eggs in spring

when maturation and hatching takes approximately 16 - 18
weeks, The genus Cambarus contains species that either
produce eggs in spring or autumn, For instance, C.

propinquus (Creaser 1933) and Q. glarkii (Penn 1943) breed

during spring, while C, longulus longulus produces eggs
in auvtumn (Smart 1962). Iowe (1961) has found that there

are 2 peak breeding seasons for Cambarellus shufeldti;

those of late winter-early spring, and summer. Penn (1942;
1950) reported an almost conmbinual period of reproduction
in this species, with peak activity occurring in late
winter and continuing at high levels through early summer,
Thus there appear Lo be two main types of cycle; in
one, laying occurs in autumn and the incubation period is
long, and in the other laying occurs in spring or summexr
and the eggs complete incubation in a relatively short
time., Hopkins' (1967a) study showed breeding of Parane-

phrops planifrons to follow a pattern similar to that of

the former cycle but the population of P. planifrons in
Lake Rotoiti showed a combination of the two cycles, a
feature which has not previously been found in the one

sSpecies.
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P, planifrons in Lake Okataina did not appear to have
a summer breeding season, although this was not proved
conclusively. There was a winter breeding season, and of
the 42 females observed during this period, 87% were
gravid, and because of their larger size bore greater
nmumbers of eggs (refer to Table 4)., These observations
thus indicute that the population is probably increasing
at a greater rate than that in Rotoiti, This seems feas-
ible for crayfish have been introduced to Lake Okataina
only recently (1940's - Beamish-White pers., comm.) and the
population is low, whereas the Rotoiti population in
Wrightt's Bay is much higher and stabilization of this pop-
ulation, through decreased egg production may be occurring.
2e FECUNDITY,

A small number of female P. planifrons were examined
during the study to determine the number of eggs they
carried, and the results are presented in Table 4. As
Hopkins (1967a) has also found for P. planifrons inhabit-
ing streams, there was a significant positive relationship
bebtween size and egg number, and also the lake crayfish
carried similar numbers of eggs to stream crayfish of the
same size., This appears to be a general phenomenon digm
played by crayfish (Tack 1941, Penn 1943, Prins 1968,
Payne 1971 and Stypinska 1972; 1973).



28

Lake Cephalothoracic Bgg
length (mm,) Number

3641 98

371 82

37.8 97

40.4 129

Rotoiti 41,2 118
42.1 140

44,3 149

44,6 1441

511 192

54.4 197

| Okataina 59,2 245

Table 4: Length of gravid females and thelr respective
egg numbers. Egg number and length are sig-
nificantly correlaoted r = 0.99.

3. MOULTING,

The crustacean moulting cycle is regulated by photo-
period controlling moulting hormone levels {Aiken 1969b) .
Stephens (1952) for Cambarus spp. and Armitage et al (1973)

for Orconectes nais found that moulting rates were sig-

nificantly higher at long-day photoperiods., A number of
investigators have shown that low temperatures inhibit or
lower the incidence of moulting and high temperatures in—
crease the incidence (Hess 1941, Kyer 1942 and Passanc 1960).
Mobberly (1963) showed this to be the case for Faxonella

clypeata as did Svardson (1949) for Astacus astacug. The

moulting cyecle, therefore, is under hormonal and CHviron-
mental control. Moulting is closely allied to seasonal

sexual cycles. We have seen its relevance in some over-
seas male species and it has been inferred that Paraneph-

rops planifrong must moult to the reproductive stage before
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egg attachment on the pleopods can occur (Hopkins 1967a),
Hart (1956) states that adult crayfish of the genus
Cambarug usually moult twice a year, once in spring and in
late summer, and the young while undergoing more rapid
growth, moult more often. Hopkins (1967b) found for

stream~dwelling P. planifrons that moulting of males and

juveniles did not occur at any specific time of the yeaw,
but in general most crayfish moulted at least once between
September and December, with further moulls in summer and
autumn, As gravid females in winter had no opportunity to
moult until early summer (Hopkins 1967a) he deduced that
the main female moult occurred in summer, Because of this,
mature females moulted less frequently than males and
therefore their growth rates were accordingly less,
Abrahamsson and Goldman (1970) report that growbth rate of

female Pacifastacus leniusculus was less than that of

males,

In Lake Rotoiti peak moulting periods occurred between
spring and summer when many adults of both sexes were ob-
served t0 moult and it was possible that those in the
shallower warmer waters may have moulted more frequently
during this period. Unfortunately no juvenile crayfish
were ever seen while in the field so moulting behaviour
could not be studied, but moulting of young in the lab-—
oratory occurred at frequent intervals during the warmer
months, No significant difference was found between
lengths of mature males and females (see p 45 ), which
conflicts with Hopkins' reports on adult growth rates.

Growth increments in Crustacea occur only at times of
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times of moult, It is possible, therefore, from the Rot-
oiti evidence that mature males and females moult an equal
number of times per year, It was not possible to tell
whether crayfish of the same size were in fact of equal
age, as there can be differential growth increments of the
sexes at each moult, or the number of moulits for each sex
may differ annually, A similar equality of gizes was dis-

played by male and female P. planifrons inhabiting Leke

Okataina,
A feature shown by males of Astacus spp., Cambarus

spp., Cambarellus spp., Procambarus SppP., raxonius sSpp.

and QOrconectes spp. is seasonal variation of forms of rep-

roductive appendages (Creaser 1931: 1933, Hobbs 1940, Tack
1941, Penn 1942, Smith 1953, Black 1958, Word et al 1958,
Smart 1962, Momot 1967a ard Prins 1968). Momot (1967a)
reports that the reproductive appendages of Orconectes
virilis males have 3 morphological forms.

1) a juvenile form present before sezxual maturity,

2) a non~breeding adult form, termed second form, which
appears each spring after the first moult of a new growing
season,

%) a form characteristic of breeding adults, termed
first form, which first appears at sexual maturity and
after the second moult of the growing season, usually
occurring during the summer, After yearling males become
mature, the sequence of moults was always the same; they
changed from reproductive to non-reproductive form in the
spring while in the shallows, and from non-reproductive

to reproductive form in the summer while in deep water,
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where mating occurred.

Such a change of sexual form was not found to occur
in mature P. planifrons throughout the project and Hopkins
(1967a) makes no mention of such a phenomenon, It would

appear that such a feature does not exist for this species.
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POPULATION STRUCTURE

1. POPULATION DEESITY,

From the effective trapping area (47°1m.2), and the
relative number of crayfish caught/trap/specific depth,
approximate population density of the crayfish in Lakes
Rotoiti, Okataina and Rotorua have been calculated (Table
5). Using the average density of 0,030 orayfish/m.2 (ob-
tained from averaging densities at Wright's Bay and at
Wishing Tree) and the total area of the lake (35,9 x 1O6m.2,
Irwin 1972) it was calculated that there were approximate-
ly 1.0305 x 1O6 mature crayfish inhabiting Lake Rotoiti.

4

Similarly,for Lakes Okataina (1089 x 10 m,a, Tryin 1972)

6

m,z, Irwin 1972), the even more

5

and Rotorua (80,94 x 10
approximate figures of 1,5162 x 10° and 2,064 x 107 adult
crayfish respectively were calculated.

During late summer and early autumn the crayfish in
Lake Rotoiti were shown to concentrate in shallow water,
resulting from migration upwards in sumrer and it is prob-
able that they would spend these monvhs above the 20m.
contour where oxyg n concentration is about 5 ppm (see Fig,
10). During this period the density at Wright's Bay was
calculated to be 0.153 crayfish/m.z. When diving it was
noticed that crayfish tended to concentrate in the cooler
waters of the thermocline, between the 12 and 20m, con-
tours, although many still lived under weed beds and rocks
in the warmer epilimnetic waters. Taking 50% as 2 con~
servative estimation of the total adult population within
this 8m. band, a concentration of approximately 0.306

crayfish/m.2 would be found here during these months,
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Mean number

- Dates of Total | Depth range L7 ot “;:":“ P°§‘mﬁ°n
° crayfis ensity
tra, trapped of traps(m.) (mm)
prizg P » caught (No. crayfish
/trap/nour /m.)
vright's Bay | JePt. }g,';z 631 1 =50 44.2 2.23 0.049 )
Rotoiti : 0.030
Wishing Tree 4/12/13 23 1 - 40 49.7 0.46 0.010
Rotorus 3/12/75 2 1 - 15 55.1 0.14 0.003
Okataina 21/ 4/13 10 1 -170 59.2 0.67 0.014
T.I. - mean cephalothoracic length

Bffective trapping area = 47.1 m2.

Table .

Calculated population densities of two areas in Lake Rotoiti, and of Lakes Rotorna and Okataina.




44

Diving in March 1973 showed this estimation to be rel-
atively accurate, It is possible that the concentration
in the thermocline may be due to accumulation of detrital
food particles settling out in the denser water layers.
However, analyses of the surface sediments at these depths
do not substantiate this idea as percentage organic math-
er did not differ significantly from those at other depths
(see later, Table 7).

Abrghamsson and Goldman (1970) found a density of

0.9 adult Pacifastacus leniusculus/m.2 in Lake Tahoe

which is higher than that of Paranephrops planifrons.

They state that average body length of this species was
inversely related to the population density. Abrahamsson
(1966) calculated a density of 2.0 crayfish/m.2 for

astacus astacus in an isolated pond at Rogle (Skane, south-

ern Sweden) and, the same author (1971) found that Pac~

ifastacus leniusculus and 4. astacus inhabiting a differ-

ent pond were present in concentrations of 3.6 and 5,0
crayfish/m.2 respectively.

These workers obtained density estimates using mark-
recapture methods, while Abrahamsson and Goldman (loc. cit.)
as well used a method hased on effective trapping area
similar to that used in the present study. They found
that values obtained with the two methods were almost
identical.

The population estimate of ILake Rotorua was baged on
only one sample and thus is highly tentative., However, if
the calculated population density is correct the low value

may result from predatory pressures from shags and trout
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(Potte 1972). This is a shallow lake with a more extens-
ive littoral zone than either Rotoiti or Okataina. It
supports a high shag population which feed on crayfish
inhabiting the littoral region and is stocked with trout
which also eat crayfish, Only large specimens of Para-

nephrops planifrons were trapped. This may be expected as

smaller crayfish would probably be easier prey for these
predators,
2. SIZE.

In order to assess the population size structure in
Lake Rotoiti 180 crayfish were obtained by trapping, and
by netting around the shoreline. As it was imporbant that
they did not moult during the period of capture they were
obtained during a single week (13/11/73 - 20/11/73)., BEach
crayfish was sexed and its cephalothoracic length measured.

An attempt was made to separate these animals into
size-~classes in order to estimate age groups, by using
probability paper analysis (Harding 1949, Cassie 1954).
Hopkins (1966) using this technique described the growth
history for 5 different populations of P. planifrons. He
found that size frequency distributions were polymodal and
was able to group these populations into 3 to 4 year class
components.

In Lake Rotoiti E. planifrons showed no distinct
size-classes and normel size distributions were found for
the adult population as a whole and for adult males and
females (Fig. 9). DNo significant difference was found be-
tween size of males and females (Males: C.L. = 41.1mm.,

8.D. = 7.06, N = 123; Females: C.L. = 40,6mm., S.D., =



Fig. 9: 8Size structure of adult crayfish population in

Lake Rotoiti and of adult males and females,
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8.22, N = 78, t = 0.47 n.s.). Abrahamsson and Goldman
(1970) found distinct size groups in a population of Pac—

ifastacus leniusculug in Lake Tahoe, as did Abrahamsson

(1971) for 4. astacus and P. leniusculus in a Rdgle pond.

The failure to find similar groups of Paranephrops plani-

frons in Lake Rotoiti possibly came about because of the
vresence of two breeding seasons, resulting in.impercepﬁw
ible blending of the cohorts. Also, the crayfish measur-
ed were all adults and with increasing age physiological
and environmmental factors could have caused increased
variation in individusl growth rates,

Table 6 compares the average cephalothoracic length
of males and females present at 1 and 50m, These animals
were obtained by trapping between September and January,
There was no significant difference in size at 1 and 50m,
indicating that animal size throughout the lake was even-
ly distributed. This contrasts with findings of Abraham-~
sson and Goldman (1970) who stated that larger Pacifast~

acus leniusculug individuals tended to be found in deeper

waters of Lake Tahoe, although here population density
was low.

In this study smaller sized animals were found in
aress of‘high crayfish density than in those with low
population densities (Table 5). This wasg most noticeable
in Lake lotoiti. In the Wright's Bay population density
was high and size small, while at the eastern end of the
lake density was low and crayfish much larger. This
indicates that density dependent factors may be regulat-

ing size or growth rates of these populations. Abraham-



Date Sex Depth (SR S.D. N. t,
(m.) (mm,)
1 44.0 4,37
o 6 0.17
0 44, 1.57
&/ 9/73 ’ ’ o7
1 36,0 11.95
Q 2 0.67
50 42,0 3,32
1 07 2
' 3 197 48 0.03
50 43,8 4,21
22/ 9/73
1 47,2 5.49
9 18 2,02
50 42,5 4.59
1 2.9 4.55 :
g 32 0,73
50 44.3 5.32
12/10/73
1 28,0 8,67
? 23 1.82
50 42.5 3,66
1 41 .4 5.56
d 24 1.84
50 44, .10
20/11/73 ° &
1 42.2 5.96
? : 13 0.18
50 42.7 5,18
1 43,4 4,59
g 30 1.70
50 45.9 2.60
20/12/73
1 43,3 4.85
i ? 15 1.86
50 37.9 1.70
1 46,5 3.94
g 23 1.28
50 44.2 4.84
20/ 1/174
1 44.3% 6.20
¢ 24 1.32
50 49.5 8.88
T.L. - mean cephalothoracic length
S.D. = atandard deviation
N. - total number
T - gtudent's t.
Table 6. Mean cephalothoracic length of crayfish trapped

at 1 and 50m, during spring and summer,

t-tests

between mean lengths of males and also between
mean lengths of females at these depths showed
no significant difference at the 5% level.
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sson (1966) reports slow growth rates of A. astacus at
Rogle where densities were very high. Hopkins (1966)

noted for Paranephrops planifrons that females first mat-

ured a year earlier in lower density populations than in
those of high density. Unfortunately without sufficient
data on ages and growth rates it was not possible to det-
ermine whether similar relationships existed in lske-

dwvelling P. planifrons.

3. SEX RATIO.

0f the 1,297 'crayfish from Wright's Bay which were
sexed and measured throughout the study, 847 were males
and 454 females, giving a sex ratio of 1.9:1. In the
Lake Okataina sample of 90 crayfish the ratio was 2.3:1 in
favour of males. Threinen 1958, Liken 1965, Momot and
Gowing 1972 and Fast and Momot 1973 have all reported sex

ratios of Qrconectes virilis to be gimilarly in favour of

males, in some cases by as much as 4:1, while Abrahamsson

(1966) found that male numbers of Astacus astacus in Rogle
ponds exceeded that of females.

There seem 10 be three possible ways in which such sex
ratios might come about although it is not at all clear
which is most likely to be the correct explanation.

1) There may be a preponderance of presumptive males in
the eggs. Iaboratory observation of newly hatched larvae
showed that no external sex distinguishing characteristics
were present, so it could not be verified whether thisg was
true for P. planifrons.

2) Another possibili‘cy is that proposed by Abrahamsson

(1966) who found that when Agtacus astacus reached sexual
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maturity, males outnumbered femsles but not as juveniles.
This was because as males increased in size their chelipeds
became accentuated with increasing age, a phenomenon not
occurring in females, A4s the population in Rogle ponds
was dense (2 crayfish/m.?), male aggression resulting from
territoriality caused a greater mortality of the less well
equipped females., Although not actually measured,relative-
1y larger chelipeds were observed in very large I. plani-

frons males.

Abrahamsson's reasoning was based on high density of
population and resulting high levels of aggression in the
Rigle ponds, However, in P. planifrons the densities are
much lower. The mean density of crayfish in Lake Rotoiti
calculated from trapping and from counts in the transect
gave values of 0,06 ‘and 0,05 cray‘fish/m.z respectively.
Also when density was found to be maximal in the shallows
in January the density was still only 0.15 crayfish/m.2,
Similarly, mean density for Lake Okataina was calculated
to be only 0.02 crayfish/m.g. Thus it does not appear
likely that P. planifrons males outnumber females because
of density induced male dominance and loss of females
during fighting. Also the population of very large males,
of the order of »55.0mm. cephalothoracic length, which had
greatly accentuated chelipeds and hence could be capable
of such behaviour, was very low and therefore presumably
would have little effect on the population as a whole.

%) Perhaps the most likely explamation is that there
may be greater mortality of mature females than males at

times of moulting. This suggestion is based on diving ob-
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ervations and on an experiment where 6 females whose pleo-
pods were in the posi-gravid reprocductive state were placed
in the same tank as 4 males, The season was late spring,
when it appears that most animals undergo at least one
moult. Aftver a period of one month it was noted that all
females had died while attempting to moult, presumsbly
into the nonreproiuctive state, whereas only one male had
died during the same period, the remaining 3 still sur-
viving after 5 months, However, it was not known whether
thege males did in fact moult.,

Of the few dead crayfish encounterved while diving,
nearly ell were mature females. For irstance, of the 8
dead crayfish found in the January transect dive 6 were
females. These all appeared o have died while moulting,

ags also did the 2 males,



52
FEEDING AND DAITLY ACTTVITY PATTERNS

The gut contents of 115 Paranephrops planifrons

taken from Wright's Bay were examined, and the consumed
food was found to consist of approximately 80% detritus,
10% animal parts (most of which was pieces of crayfish
carapace) and 10% vascular plant material, some of which
was allochthonous leaf material, This food composition
was constant throughout 211 depths of the lake, although
the percentage of aguatic vascular plant material was
slightly higher in crayfish obtained from the shallows,
Other species of crayfish do not appear to include
detritus in their diet to the same oxtoent as 2. planifrons
and plant material forms a greater percentage of their
diet. For example, Tack (1941) described the food habits

of Orconectes immunis as 83% plant, 11% detrital and 6%

animal material, while Prins (1968) states that the food

of Cambarus tenebrosus is 15 - 20% filamentous algae and

25% vascular aquatics with both detrital and animel mat-
erial making up 8 -~ 14%. Bovbjerg (1970) found that Q.
imminis and Q, virilis eat any available food, plant or
animal, living or dead.

Crayfish ingest food lying on and amongst the sub-
trate., Table 7 shows that gut contents have a higher cal-
orific vé.lue than that of the sediments by as much as 5
times, indicating that P. planifrons is a selective feed-
er and does not merely ingest the substrate "en masse®.
I+ algo shows that at different depths in Lake Rotoiti
there is no great variation in sediment quality. These

values are noticeably higher than those found in Lakes
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Sed- | Stomach | Sedi- | Stomach
Depth| iment contents| ment contents
Lake Date |(m.) | % org-| % organ-| calor- calorif-
anic ic ific ic value
value cal./gnm. |
cal./gm.
20/4/73| 1 - 751 - -
" 7 - - - 3508.8
it 13 nes - - 2867.9
20/9/73(15 | 18.5 - - -
H 30 14 .1 - - -
22/9/731| 1 - 64,0 - -
" 50 12,1 93.1 - -
29/9/73| 1 - - 853.8 -
" 3 22.9 - - 3745.1
Rotoiti " 15 - - 685.3 -
" 30 - - 596.,0 -
" 50 - - 72%.2 -
%%
" 20 - - - 5050.3
*
it 30 - - - 2123,8 ]
ok
" 50 — - - 3479.0
12/10/73] 2 8.7y 148.8y -
" 30 16.3 - 635.9 -
v s - - - 2232.0"
20/11/73| 1 - - - 3678.3
Rotorua | 4/12/13}1 1 2.4 - 42,0 -
" 15 2.3Y - 23.2Y -
Okataing, 20/12/73 | 1 2.1y - 14.9y -
B 33 12,0 - 252.6 -

+*%

-

ot

s

v

5% unsortable liver in gub.
* 5 ~ 10% unsortable liver in gut.

taken from sandy substrate.

Table 7o

Percentage organic
sediments and stomac

10 — 20% unsortable liver in gut.
no gample.

matter and calorific contents of
h conbents at varying depths.
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Okataina and Rotorua, but the values from the latbter are
most probably misleading for sediments from deeper waters
were not examined.

The results of ‘the 24 hour trapping series are pre-
sented in Table 8 and indicate that P. planifrons feeds
continually in waters deeper than 20m. but in shallower
water feeds only at night. Roberts (1944) states that
crayfish are most active during the hours of darkness and
My D.A. Nash (pers. comn.) has seen the marine crayfish

Jasus edwardsii feeding on the open bottom at night., The

main feeding period of P. planifrons appeared to be be-
tween 8 p.m. and 2 a.m., with peak activity being around
11 p.m., The last 2 trappings captured no crayfish but
this was thought to be because the bait had become rotien,
for other trappings at similar times captured crayfish in
the deeper waters. Crayfish at 1m. fed between & p.m, and
5 a.m. (9 hours), while those at 10m. fed for 12 hours.

It appears that light intensity governs activity patterns
and it is possible that light levels at depths greater
than 20m. are not sufficient to "switch off" feeding be-

haviour during the hours of daylight.



Depth (m.)
Tine ) 10 20 30 50 Total |
S5pm. [0 O 15 0¥ 7 22
8pm. 2 10 9 4 6 31
TTpm. 113 5 2 9 13 42
2am, |9 5 5 4 12 35
S5am, 6 9 4 4 1 24
8am. |0 2 3 6 2 13
11am, 0 0 0 0 0 0
2ym, 0 0 0 0 0 i 0

* trap release faulty.

Table 8: Number caught in traps at specific depths over
24 hour period on 22 - 23/9/73.
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HOMING, HOME RANGE AND TERRITORIALITY

The results of the experiments to determine whether

Paranephrops planifrons in Lake Rotoiti hed a home renge,

and whether homing occurred, are given in Table 9. The
tagged crayfish are listed as well as the respective cans
they occupied at the time of tagging. In Fig, 3 the
location of each can in the transect between sectors 10
and 20 is shown. Those cans denoted NA did not contain
crayfish but when checked the following day (16/12/73)
were found to be occupied, however none of the occupants
were tagged. Also, many of the cans that had housed
tagged crayfish were empty, although some were inhabited
(e.g. cans 35, 48 and 50), but none by tagged crayfish.

These results suggest that P. planifrons does not

display homing although this conclusion should be treated
with caution as tagging may have upset the normal be-
havioural and movement patterns of the crayfish, Move-
ments would appear to be random throughout the course of
a night's foraging since there was no evidence that any
of the animals returned to the home they occupied the

previous day.

Although it appears that P. planifrons does not
exhibit homing in Lake Rotoiti, it was noticed while
diving in Lake Okataina that a few crayfish beneath the
weed beds were resting in furrows (some 20cm. long, 7cm,
wide and 3cm. deep) obviously scoured out of the mud,
These crayfish may display homing and return to such
furrows after a night's foraging. But on the other hand

they may occupy furrows made by other crayfish, or, a



Crayfish Crayfish | Tag com—
o R R ool R
sex sex on tail fam
1 7 [ofo] ] - N
> 7 L[ [ Tof | - NA
5 - NA o7 NT
9 o 0 - N&
10 - KA 9 T
13 - NA e Nr
16 [ 0 | - NA
'8 o [o - NA
23 & ol Jol | | - ¥4
25 9 HEEEN - 1
27 - NA d ¥T
32 e IHEIEEE - NA
>4 ¢ | Ix] ] - N
z ? EERER 7 "
37 - NA o NT
38 - NA ? NT
41 o XX - N4
43 - NA o’ NT
44 - Na e NT
A7 - NA o NT
48 o X X o NT
50 o X X o NT
54 ol Xix - NA
56 Qe T 1z X - NA
57 - NA o T
60 ? [x[x] | - NA
61 - Na [ NT
62 o’ 0 0 - NA
65 - Na o NT
69 4 xlxlx] [ 2 NT
74 9 | I[x[x[x] | - NA
7 ? 7 m
z 7 | [lo[ bl ? m
84 g6 L [ [o]o] ] o NT
- - can empty
NA - not applicable
NT ~ no tag
0 -~ +tag pattern
X _ tag pattern
9¢ - gravid female

Tablen . Tagged crayfish in respective cans on 15/12/73 and location of
7 crayfish present on the following day.
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new furrow may be constructed each day. Goellner (1943)

(cited in Momot M.S.) found that Orconectes immunis did

not display homing and as far as he could determine move-
ments were random, although Merkle (1969) reports that

Q. Jjuvenalis does show homing, one crayfish often living
under the same rock for up to 30 hours,

0f the 22 tagged crayfish only one was caught in the
4 traps that were laid indiscriminantly within and near
to the transect (see Fig.3 ). Can No. 3 housed this cray-
fish which was caught in Trap 1, having travelled a
distance of 5m, This was similar to the calculated aver-—
age trapping radius of 3,.7m.

This experiment was performed to determine whether a
home range existed, and its extent. But, as only one
tagged crayfish was trapped and since tagging may have
influenced movements, it is difficult to draw definite
conclusions from the experiment. However, as none of the
tagged crayfish were found in the same locality the next

day, it seems likely that P. planifrons did not show a

distinct home range. Camougis and Hichar (1959) found

that marked Qrconectes virilis moved freely about and dis-

tributed themselves evenly throughout the total population
in a pond and therefore did not show a distinct home range.
Other evidence that crayfish may distribute themselves
randomly comes from a study by Wickliff (1940) in which a
depopulated area of a stream yielded 72.1% of the orig-
inal crayfish crop 2 days later. However, Black (1963)

states that, in streams, both Procambarus penni and E.

bivittatus have home ranges of 33m., while Merkle (1969)
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showed that stream dwelling Q. juvenalis display a home
range of 23m. It seems, therefore, that the phenomena of
home range and homing instincts are restricted +o only
certain species of crayfish,

Although territoriality was not investigated on an
experimental basis in this study, while diving it was
often noted that some crayfish exhibited apparent terr-
itorial behaviour, meking aggressive postures when
approached closer than 1m, Often erayfish would travel
quite quickly towards a diver from distances of about
S5m., but when about 1m. away their behaviour would change
to that just described. On the other hand, many crayfish
were seen grouped around and under objects, such as rocks
and sunken debris, in densities of up to 10 crayfish/m.z.

Territoriality is often associated with aggression
resulting from dominance, Bovbjerg (1953) found that in
2 groups of male and female Q. virilis there was a
straight-line dominance order, and males were dominant
over females. He states that in the laboratory intrinsic
factors such as body size, sex and moulting may influence
dominance order, while extringic factors such as fterr-
itoriality, population density and size may be of impori-
ance in nature. Bovbjerg (1956) also found that in

Procambarus alleni, size was directly related to dominance

in both sexes and this was also found to be the cage in

Paranephrops planifrons. ILaboratory observations of E.

planifrons showed that large males and females were more

aggressive and displayed dominance over smaller crayfish.
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CONCIUDING DISCUSSION

Fig. 10 summarises diagrammatically the proposed inter-
Pretations of the seasonal breeding cycle and associated

distribution npatterns of Paranephrops planifrons in ILake

Rotoiti., It appears that during March and April 30 -~ 40%
of the female population became gravid, which coincided
with sperm production by mature males in the shallows and
within the thermocline. These events began when photo-
period was about 12 hours. Thus by May the main breeding
Season was in progress, During May lake destratification
and subsequent hypolimnetic {eoxygenation permitted move-
ment to deeper waters where the population was free to
distribute over the lake floor throughout the winter
months., Therefore the incubation of eggs of winter gravid
females took place mainly in deeper waters,

It is not at all clear why the crayfish migrated into
the deeper waters. Increased food concentration or qual-
ity with depth may have been a reason although sediment
analyses did not reveal any appreciable difference in food
quality at different depths. Downward movements of this
type have been found to be associated with gonad maturat-

ion in Orconectes virilis (Momot 1967a, Aiken 1969a) and

this may have occurred in Paranephrops planifrons as well,

In late September there was a partial but rapid
influx of both sexes into shallower water where temperat-
ures were slightly higher and it was possible that the
glight rise in temperature may have induced the migration.
This movement was marked by a slight preponderance of

gravid females whose eggs were beginning to hatch, Egg-



Fig. 10:

Proposed seasonal breeding cycle and associlated

spatial distribution patterns of Paranephrops

planifrons in Lake Rotoiti. Patterms of movement
are depicted and factors which are thought to
influence the population are indicated, and
shown in the overlay. Periods of egg and sperm
production, egg-hatching and moulbting are given,.
The thickness of the arrows indicate the relat-
ive numbers of gravid femsles., The stippled
areas show seasonal and spatial distribution and

concentration of the total population.
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hatching continued until December. Because of this move~
ment of females upwards most of the eggs hatched in
shallow water. The reason for the migration may have
been to allow egg-hatching in the shallows, since as young
crayfish probably lived in the weeds (Tack 1941, Momot
M.S.), it would be of adaptive value for such a migration
to occur, However, this would not explain why males and
non-gravid females also moved upward at this time and why
some hatchings occurred in deep water. It may simply have
been that the slight rise in temperatures, which had occur-
ed during the end of September, may have been sufficient

to induce the migration because of preference for the
warner water by the crayfish. A further possibility is
that movement upwards is assoclated with gonad develop-~
mental processes taking place at the same time as hatch~
ing, and which may have been induced by the low light and
temperature conditions of winter., Such conditions are
known to influence the reproductive cycle of crayfish
(Aiken 1969a), and movements, and events in the repro-
ductive cycle, are often associated (Momot 1967a; M.S.).

We have seen that two breeding periods occurred and
it may be that this early spring movement upwards was of
animals produced only from one of these breeding periods,
as timing of gonad development between successive cohorts
would presumably be out of phase., If this happens to he
the case one can only guess whether the crayfish involv—~
ed in the September upward migration were animals from
the autumn cohort or from those produced in early sumim-

er. Data on numbers were inadequate to calculate the
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percentage of the population that moved up, for, if it
was a majority, then it would seem logical to deduce that
the movement was of autumn bred crayfish which comprise
the larger breeding season.,

From the beginning of October till the end of Nove
ember, sperm production by males occurred at all depths
and only deep water femeles produced eggs. About 60% of
them bore eggs and egg-laying ended towards the end of
December. As well, a period of increased moulting act=
ivity had begun by October which extended through summer,

The lake became fully stratified during December,
after which the hypolimnion became progressively deoxygen—
ated, It can be estimated from the rate of decline of
oxygen concentrations at 50m. (Fig. 8b) that no crayfish
would be present in the hypolimnion by mid-February. It
was probably the falling oxygen concentration which
induced the gradual exodus of the deep water population
into shallower water., Although samples were not taken
after Janvary it seems logical that hatching of the summ-
er brood would be completed by mid-March,

Therefore, the main breeding season occurred during
winter when about 30 - 40% of the females were gravid,
followed by a smaller breeding season in summer when about
10% bore eggs. Hence it seems that about 40 - 50% of the
female population breeds annually, and most of the egg-
hatching occurs in the shallows.

It can be seen, therefore, that Paranephrops plani-
frons in Lake Rotoiti has a complex seasonal cycle, which

does not appear to be paralleled by that of any other
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species, although similarities in pattern are displayed

by QOrconectes virilis inhabiting marl lakes of Michigan
(Momot 1967a, Momot and Gowing 1972, Fast and Momot 1973).
However, this species apparently doeg mot have a double
upward migration during spring and summer of the type
which occurs for P, planifrons. A4ilso, unlike 0, wvirilis,
males of P, planifrons do not show aggression towards
females and thus differential distribution of the males
and females after the spring-early summer hatching period
does not occur,

BEvidence from Lake Okataina showed that seasonal
migrations of P. plenifrons probably did not occur in this
oligotrophic lake and there was only one breeding season,
in winter., These findings agreed with those of Hopkins
(1967a) for stream-dwelling populations of P. planifrons
and were similar to those of Abrahamsson and Goldman

(1970) for Pacifastacus leniusculus in Lake Tahoe,

This study produced many unanswered questions. For
example, in Wright's Bay population density was high and
individual sizes small compared to those in other parts
of Lake Rotoiti and in Lakes Okataina and Rotorua. 1t
would thus be of interest to study growth rates of the
crayfish and the factors affecting them, e.g. the effect
of food concentration and population density, and their
relationships, on growth, Territoriality and associated
aggressive behaviour are also known to be important reg-
ulating influences in crayfish populations (e.g. Bovbjerg
1953) and a more detailed study of these aspects in Para-

nephrops plenifrons then made in the present study would
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be desirable, Also, more must be known about density,
distribution or behaviour of juvenile P, planifrons.

In this study changes in numbers of gravid females,
and times of sperm production, egg-laying and egg-hatching,
were used to follow breeding activity of the crayfish.
ﬁowever, in order to obtain a more exact understanding of
breeding cycles, studies on seasonal changes of gonad
state and stages of egy development are required (e.g.
such as those of Stephens 1952, Armitage et al 1972; 1973).

As indicated, the reason put forward Lo explain why
P, planifrons displayed seasonal migratory behaviour were
only suggestions based on evidence from other workers such
as Scudamore 1948, G.J. Stephens 1952, G.C., Stephens 1955,
Lowe 1961, Momot 1967a, Aiken 1968; 1969a; 1969b, Armitage
et al 1973 and Fast and Momot 1973, In order to obtain a
clearer insight experiments similar to those performed by
these workers on possible regulating and controlling
factors, must be undertaken on P. planifrons. Studies on
such factors as photoperiod and temperature which are
known to control the reproductive cycle and moulting
patterns of crayfish by regulating hormonal levels would

be very valuable,
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