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He gave a hotlow Laugh. ‘What does
it matter? Science has achieved some
wonderful things of course, but I'd
rather be happy than right any day.’
‘And are you?’

‘No. That's where it all falls down
of course.'’

‘Pity,’ said Arthur with sympathy.
‘It sounded tike quite a good
lifestyle otherwise.’

Startibartfast and
Arthur Dent

"Hitch Hiker's Guide
to the Galaxy"®

‘Well, I mean yes idealism, yes the
dignity of pure research, yes the
pursuit of truth in all its forms,
but there comes a point I'm afraid
where you begin to suspect that if
there's any real truth, it’'s that
the entire mul ti-dimensional
infinity of the Universe is almost
certainly being run by a bunch of
maniacs. And if it comes to a choice
between spending yet another ten
million years finding that out, and
on the other hand just taking the
money and running, then I for one
could do with the exercise,’ said
Frankie.

Frankie the mouse
"Hitch Hiker's Guide
to the Galaxy*
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PREFRCE

This thesis is written as five separate chapters related to
inaividuat population parameters: (1) reproduction dynamics, (2)
growth responses, (3) alteration of mortality patterns, (4)
harvest assessment and (S5) population regutation. The individual
chapters are manuscripts that are presently being submitted for
publication 1in various journals. I have not attempted to join
these individual sections into an overall discussion, but do
provide a unified abstract and summary. Each manuscript contains
an abstract, introduction, methods, results and discussion
section. ALL necessary information required for evatuation of my
research 1is self-contained within each chapter. I am solely
responsible for the results and the biological interpretations
that:were made. RLL analysis and corresponding results are mine,
but, co-authorship with Or. Walter 7. Momot requires that the

impersonat, nominative we be used.
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relationship between total cohort mortality (Y) and
combined egg-to-age I mortality (X). Egg-to-YODY
mortality 1is relatively constant 3.0947 (standard
error=0.0932) and YOY-to-age I mortality is weakly
density-dependent, Y=1.103421X-7 .898161, R2=0.46
(P(0.10), where Y is YOY-to-age I mortality and X
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Figure S.
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Relationships between male and female catch-per-
unit-effort (CPUE) and abundance in Dock Lake 1877-
1985. Regression Line, male: Y=0.000119X+0.08226,
R2=0.87 (P¢0.006), for relationship between CPUE
(Y) and absolute male density (X). Regression line,
female: LnY=0.6336LNnX-6.227, R2=0.87 (P¢D.005), for
relationship between Llogarithmically transformed
(Napierian logarithm) CPUE (Y) and Logarithmically
transformed absolute density (X) ... .. ... . i, 145

Retationships between sex-specific percent harvest
and nominal effort 1in ODOock  Lake 1877-1985.
Regression Line, male: Y=0.00010394X+0.1726, R2=0.63
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Figure 1.

Relationships between male age II density and
young-of -year (YDY) density and hatching-to-YODY
growth and mortality rates in Dock and Shallow
Lake. Shallow Lake regression Lines, Y=~
3735LnX+2.6940, R2=0.85 (P¢0.0001), and Y=-
28368LnX+2103@¢, R2=0.62 (P«0.004), for relationship
between density of young-of -year (yd and
logarithmically transformed (Napierian - Logarithm)
density of age Il males (X), for male and female
young-of -year, respectively; Y=0.0028392X+2.011,
R2=0.65 (P<@.002), and Y=0.002534X+2.251, R2=0.60
(P¢0.004), for retationship between instantaneous
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respectively; Y=-0.0004402X+1.673, R2=0.57
(P(0.006), and Y=-0.0004707X+1.670, R2=0.61
(P<0.004), for relationship between instantaneous
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growth rate from egg-to-YOY (Y) and density of age
IT males (X), for male and female crayfish,

respectively. Dock Lake regression Lines,
Y=0.001666X+2.594, R2=0.94 (P(0.0003), and
Y=0.002326X+2.181, R2=0.82 (P<0.004), for

relationship between instantaneous mortality rate
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(F), and male and female YOY-to-age I Z and
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regression lLines, Y=-1.689X+2.318, R2=0.68
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female crayfish, respectively; Y=0.3847X+0.6071,
R2=0.82 (P<0.0004), and Y=0.3826X+0.5973, R2=0.82
(P¢0.0004), for relationship between instantaneous
growth rate from YOY-to-age I (X) and male fishing
mortality rate from age I-to-age II (Y), for male

and female crayfish, respectively;
Y=0.4824X+0.45649, R2=0.93 (P¢o.0001), and
Y=0.4719X+0.4623, R2=0.69 (P¢0.0001), for

relationship between instantaneous growth rate from
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Figure 8.

Figure 8.

Figure 10.

Relationship between male and female instantaneous
growth rate (G) and instantaneous mortality rate
(Z) during the egg-to-young-of-year (YOY) Life
stage of Dock and Shallow Lake crayfish 1976-1398S.
Shallow Lake regression Lines, Y=-6.005X+12.22,
R2=0.85 (P¢0.0001), and Y=-5.168X+10.85, R2=0.30
(P¢0.0001), for retationship between instantaneous
mortality rate from egg-to-YOY (Y) and
instantaneous growth rate from egg-to-YOoY (X), for
male and female crayfish, respectively. Oock Lake
regression. Ltines (excluding 1985 data), Y=~
2.098X+6.039, R2=0.87 (P¢0.0002), and Y=-
1.153X+4.663, R2=0.51 (P¢0.02), for relationship
between instantaneous mortality rate from egg-to-
YOY (Y) and instantaneous growth rate from egg-to-
YOy (xJ, for male and female crayfish,

respectively ... i i i i e i e

Relationship between male and female instantaneous
growth rate (G) and instantaneous mortality rate
(Z) during the young-of-year (YOY)-to-age I Life
stage of Shallow Lake crayfish 1376-1985. Shallow
Lake regression Llines, Y=-3.321X+3.603, R2=0.390
(P¢0.0001), and Y=-4.096X+3.741, R2=0.91
(P¢0.0001), for relationship between instantaneous
mortality rate form YOY-to-age I (v and
instantaneous growth rate from YOY-to-age I (X)),

for male and female crayfish, respectively ............

Relationship between total annual harvest and age I
recruitment rate in Dock Lake 1979-1985. Dock Lake
regression Line, Y=1.158X+612.8, R2=0.97
(P¢0.20031), for relationship between age I
recryitment rate (Y} and number of crayfish
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ABSTRACT

Exploitation of northern stocks of the crayfish Orconectes
virilis (Hagen) produced significant alterations in several
population parameters. High fishing efforts increased per capita
fecundity, young-of-year (YOY) production, and age- and sex-
specific growth, and altered mortality patterns. Climatic
variation, measured as arbitrarily defined weather variables, did
not inf luence Life history parameters in the exploited
poputation. However, short-term temperature fluctuations affected
YOY production and future reproductive potential in the control
Lake. The control population in Shallow Lake exhibited strong
density dependence in regulating both mortality and growth rates
of pre-recruit age classes. Behavioural dominance by maturing
males (age 1I-to-age 1II) effectively controlled juvenile Llife
history parameters , .i.e., egg-to-YOY and YOY-to-age I mortality
and growth. As a result a dynamic oscillatory relationship
existed between annual age I-to-age II male growth and female
year-class strength, which in turn correlated with cohort egg
production. Exploitation of Dock Lake's poputation broke down
this process so that year-class strength directly correlated with
annual growth but cohort egg production varied independently. The
amount harvested, using passive fishing gear, proportionately
increased with increases in nominal effort. However interactions
between sampling intensity, duration of harvest and behavioural
responses resulted in a wupper Limit to the percent of the
exploitable stock that that could be removed by this fishery.
RAlteration of Life history parameters contributed to population
resilience and stability as fishing pressure increased.



FECUNDITY & PRODUCTION OF YOUNG



Morgan, G.E. & W.T. Momot. 1987. Reproductive dynamics~of the
crayfish Orconectes virilis in two northwestern Ontario

Lakes. In preparation.

RABSTRACT

Femate crayfish in Dock Lake responded to exploitation by
increasing reproductive capability, measured as changes in age-
specific pleopod egg counts, and young-of-year (YOY) production.
In contrast the unfished population in Shallow Lake had Llower
fecundity as well as significantly tower YOY production. Mature
female fecundity (age I+) increased over the last ten years in
both Llakes. However since 1981 Dock Lake females have produced
more eggs per female. This is the result of increased growth
potential induced by exploitation. In Dock Lake, mature female
fecundity was related to natural mortality during the fall/winter
period, while in Shallow Lake fecundity was related to annuatl
growth. First time spawners (age ©+) in both Lakes produced an
average 108 eggs per female. RLthough per capita fecundity
differed, annual total egg production was similar between lakes.
YOY production in Dock Lake increased to a threshold where
avaitable habitat Llimited recruitment (i.e., constant YOY
production). Variability in Shallow Lake YOY survival rates was
related to spring temperatures. ARApparently the Oock Lake growth
response together with an environmentally forced time Lag in
Shallow Lake produced the following results: (1) a differential
egg-to-Y0Y survival between lakes, (2) a two year lag in Shallow
Lake mature female fecundity, (3) a reduction in Shatlow Lake egg
quality, and (4) a reduction in Shallow Lake female weight growth
potential. Possible indices for detection of fecundity failures
involve: relationships between egg weight and size of female, and
differences in egg production per unit length between first time
spawners and mature females. Harvesting 30-40% of the exploitable
female stock increased mature female fecundity and YOY
production. The importance of measuring reproductive responses
for assessment and management of benthic crustaceans are
discussed.



INTRODUCTION

Since 1976 extensive data has been collected on the crayfish
Orconectes wvirilis (Hagen) from two small marl Llakes in
northwestern Ontario. Our objective was to over-exploit the
crayfish ﬁopulation in Dock Lake so as to compare it’'s responses
to an wunexploited population in nearby Shallow Lake. In this
study we therefore investigated possible relationships between
the female population, fecundity and YOY production. In
particular could we: (1) detect any fecundity response as fishing
pressure increased in Dock Lake, (2) predict whether fecundity
could be related to biotic or abiotic factors in either lake and
(3) detect whether changes in YOY production could be attributed
to changes in fishing effort.

The only other study of the possible responses of crayfish
populations to exploitation is that of Momot and Gowing (1877a, b
and c¢) in three oligotrophic Michigan Lakes. In that study
selective male exploitation resulted in 8 negative feedback
causing a densiiy-dependent ad justment between female age I and
age II survival rates and fecundity. In addition survival of
young-of -year (YOY) decreased as a result of a decline in nursery
habitat (Momot and Gowing 1977c). This reduced reproductive
potential (i.e., age-specific fecundity and YOY production) which
in turn decreased recruitment to the exploitable stock. Momot and
Gowing (18773) concluded that “the major response in the
production process 1is probably through survivorship and egg
production rather than growth."

Other researchers commonly relate fecundity to body

morphometrics (Brown and Bowler 1877; Shimizu and Goldman 1981;



Eng and Daniels 1982), disparity between ovarian and pleopod egg
counts (Momot 1967; Prins 1868; Payne 1971; McGriff 1983),
relationship to abiotic factors (Riken 1868), occurrence of
repeat spawning (Morrissy 1975) or deferred reproduction (Brewis
and Bowler 1985), comparisons between species (Rbrahamsson 19871;
Hamr and Berrill 198S) and clinal variations within a species
(RAbrahamsson 1972). However quantitative information on vyearly
variation, regulation of egg production and the effect of
exploitation on fecundity 1is insufficient for management of
crayfish populations. More important is the relationship between
fecundity and YOY recruitment in an exploited population. There
are no publiShgd accounts which deal fully with the effects of

fecundity variation on crayfish recruitment.

STUDY RARER RAND METHODS

Study Rrea

The two small marl st&dy Lakes, Doﬁk and Shallow, are
situated within the municipal boundary of Thunder Bay, Ontario,
Canada, 10.5 km west of Lake Superior (480 28'N 690 28'W). The
Local topography 1is composed of rounded ridges of granitic
bedrock with valley flats of deeper soils (Hills 1559). Grey
wooded or brown podsol soils are common on well-drained areas
while wvalley bottoms are usually peat. Boreal mixedwood forest
and associated understory shrubs extend to the shoreline of both
Lakes.

Thunder Bay has a modified continental climate due to the

warming affect of nearby Lake Superior (Rnon. 1973). The average



Figure 1. Map of Powell'’s Lakes, McIntyre Township, Thunder
Bay, Ontario. Depth contours are given in metres.



oAy Bujgaay of

woQ Jeapeg !
>

v
MOTIVHS

81

SY3LIN - 30g
009

002
o o]ﬂﬂ

O

1371n0 N

IV
Ave




annual mean temperature is 2.30C with a maximum annual mean of
e.3oc and a minimum annual mean of -3.7°C (Anon. 1985). Mean
summer (May to September) temperature is 13.5°C. Prevailing winds
from the east during the Late spring and early summer have a
marked cooling effect on Llocal temperatures. Normal vyearly
precipitation 1is 527.3 mm of rain and 213.0 mm of snow (Rnon.
1985). Seventy-five percent of the rain occurs during the summer
months (May to September precipitation = 393.4 mm).

Dock Lake has a surface area of 1.2 ha with a mean depth of
2.4 m and a maximum depth of 5.2 m (Momot 1978). Shallow Lake is
1.6 ha in size with a mean depth of 2.2 m and a maximum depth of
2.4 m at the outléiZCFig. 1). Shallow Lake remains homothermous
while Dock Lake thermally stratifies during the summer months.
Both Llakes are in an early senescent stage of eutrophy, having
high values for nutrients, dissolved solids, conductivity and
alkalinity (Momot 1978). The bottom substrate mixtures of sand
and gravel are overlain by marl of varying thickness. The aquatic
macrophyte vegetation is quite dense in both lLakes reaching to a
depth of 3 m in Dock Lake and to bottom in Shallow Lake. Large
monospecific stands cover extensive areas in Dock and Shallow
Lake with beds of the macroalgae muskgrass, Chara vulgaris L.,
defining much of the physiognomy of the Littoral zone «¢1.5 m.
The Limited ichthyofauna of Dock and Shallow Lake is dominated by
minnows (Family Cyprinidae) and stunted white suckers (Catostomus
comnersoni (Lacepede)). The study was initiated in May 1976 and

is ongoing; results up to September 1885 are examined and

summarized.



General Methods and Sampling Design

The general methods and sampling design of the research
program are described in this manuscript. Subsequent papers will
deal with detailed analysis of field studies and population
ecology.

Rnnual sampling commenced in mid-May to early June when the
water sufficiently warmed (greater than 10°C) to cause sexually
mature female crayfish to extrude eggs (Riken 1969). Some
parturient females were collected by hand from artificial
shelters (small terra cotta pots sectioned longitudinally) placed
on favourable substrates along the shorelines of both Llakes,
Other egg-bearing females were collected at random from under
rocks along the shoreline. In Shallow Lake, egg-carrying females
were also caught 1in minnow traps. Rge-specific fecundity,
measured as pleopod egg counts, when combined with spring female
density estimates were wused to calculate vyearly population
reproductive output (i.e., by summing the respective contribution
of each mature age-groups total egg production). Brood wet weight
and somatic wet weight of the females were measured to the
nearest ©0.001 gram using a digital bgtance for the spring 1885
fecundity sample in Dock and Shallow Lake.

Rdults and vyearlings were captured with modified minnow
traps (44.5 com long X 23 cm at largest diameter with inwardly
directed funnel entrance holes expanded to 3-5 cm diameter at
each end, mesh of.6.25 mm and weighing approximately ©.7 kg).
These traps were baited with 40-6@ gm of frozen fish. The most
commonly used  bait was Rmerican Smelt (Osmerus  mordax

(Mitchilt)). These crayfish, given a recognizable mark by



excision of the pleurae, were returned to the Lake (Momot 1967).
The pleural clips were coded for each year and population sample.
Young-of -year (YOY) were collected annually at approximately the
same time interval by hand nets and marked by partial excision of
@ wuropod. Population densities in these closed systems were
estimated wusing the Schumacher-Eschmeyer formula (Ricker 1975).
In spring only sexually mature female densities were estimated.
The number of YDY, yearlings, adult mates and females were
estimated in the summer from mid-July to early Rugust during the
intermoult period.

ALL captured yearling, adult and approximately 100 to 400
YOY were measured to the nearest 0.5 mm from the ¢tip of the
rostrum to the posteriomedial edge of the carapace using vernier
calipers. Length refers to carapace Length (CL) in mm. Rge
composition was analysed from size frequency polygons and
verified from modal progressions of previously marked animals of
known age (Cassie 1954; Momo; 1967). Growth“rates were determined
by following size modes that correspond to age-classes through
plots of size distribution for several sequential years. Seasonal
length-wet weight relationships of the population in Dock Lake
were computed from empirical data collected in 1876 (Momot
unpublished data), and during the harvests of 1584 and 198S.

We calculated a maturity schedule for both males and females
from a size-stratified sample collected during the 1985 harvest.
Maturity 1in 229 males (22 to 47 mm CL) and 185 females (21 to 43
mm CL) was determined by examination of both external sex

characteristics and dissection of testes and ovaries. The cyclic



dimorphism of males between the non-reproductive form II and the
reproductive form I was used to determine sexual maturity. Form
II males were also considered mature if the wvas deferens was
visibly thickened or contained sperm (McGriff 1883). This avoided
changes in maturity caused by the timing of the sample in
relation to the moult from form II to form I (Lorman 1380).
Females were considered mature 1if the ovaries contained
developing oocytes or if the cement gland development was stage 2
or greater (Stephens 1952). The mean size at onset of sexual
maturity was determined by the methods of Wenner et al. (1974)
and by fitting a3 logistic function to the size-specific maturity
data (i.e., size versus maturity ogive)

RAge- and séx-specific survival and mortality rates were
calculated from sequential population estimates. Exploitation
rates were estimated from the recapture of marked individuals
during the harvest (Ricker 1975). Also Petersen estimates from
the mark-recapture studies provided independent population
estimates which corroborated the Schumacher-Eschmeyer technique
(Momot unpublished data; Ricker 187S).

The harvest of the crayfish population in Dock Lake
increased from an initial 150 trap-days (30 traps for 5 days) in
1877 to 1350 trap-days in 1978 (15@ traps for 9 days). R trap-day
consists of a single minnow trap fished 24 hours. From 1979 until
1881 the effort increased to 2608 trap-days (200 traps for 13
days). Effort, or nominal effort, 1is the number of trap-days
during the harvest. Rgain in 1982 the effort further increased to
4000 trap-days (200 traps for 20 days). This level was maintained

for 1983 and 1984. However in 1984 the fishing power changed to



Table 1. Rverage carapace length, fecundity and eggs per mm
of carapace Length for Shallow Lake yearling and
mature females 1976 to 198S.
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Table 2. RAverage carapace length, fecundity and eggs per mm
of carapace Llength for Oock Lake yearling and
mature females 1976 to 1985.
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250 traps without a change in the fishing effort (250 traps for
16. days). Fishing power is defined as the number of traps-per-
unié-area. Beginning in 1985 the fishing effort was increased
once more to 6000 trap-days (200 traps for 30 days). Harvesting
began in Late July, after completion of the summer population
estimates, and was finished by the end of Rugust.

Yearly meteorological records were obtained from the Thunder
Bay Rirport (460 22' N 590 18' W) to calculate intensity and
frequency of heat input and precipitation during the sampling
period. Because egg extrusion occurs in mid-May and the eggs
begin to hatch by Late May, annual weather variations for this
month could influence reproductive success and YOY production.
Thus weather parameters and indices were arbitrarily defined from
the May climatological data time series. Growing-degree-days
(GDD) was used as a measure of total accumulated heat. The number
of days with daily mean temperature above the base temperature

(for calculation of GDD) was used as a measure of the frequency

of heat input.

RESULTS
Total annual fecundity between the exploited and controtl
Lake populations was compared with paired t-tests (Momot
unpublished data). Only 1876 (P<0.05), 1981 (P¢0.815) and 1885
(P<0.001) showed significant differences (Tables 1 and 2).
However the spring population of egg producing females is
composed of two units: (1) mature females - predominantly age I+

and a few age II+, all of these individuals are sexuatly mature

12



Figure 2. Time series of mature female fecundity in Dock Lake
(exploited) and Shallow Lake (control) 1976 to
1985.
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Table 3. Comparison between Dock and Shaflow take vyearling
fecundity, mature female size and mature female

fecundity by year intervals (1976-1980, 1981-1984
and 1385).

14
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(primiparous or multiparous), and (2) vyearlings - age 0+,
consisting of both sexually mature first time  spawners
(primiparous) and barren individuals (nulliparous). Population
fecundity was separated into these naturally occurring groups for

analysis and females will hereafter be classified as such.

Mature Female Fecundity

An interesting time trend is seen in mature female annual
fecundity (Tables 1 and 2; Fig. 2). While mature females of
Shallow Lake were generally more fecund up until 1888, Dock Lake
females became more fecund after 1981. RAnalysis of wvariance
(ANOVR) with a posteriori analysis of significant differences by
the Scheffe method, alpha Level = 0.05, revealed Dock and Shallow
Lake mature female fecundity could be pooled within three yearly
intervals, 1976-80, 1981-84 and 1985 (Dock Lake: P<@.001; Shallow
Lake: P¢0.0001). Both DOock and Shallow Lake mature female
fecundity significantly increased between the 1976-89 and 1981-84
periods (Dock Lakg: P¢0.201; Shallow Lake: P<0.03) (Table 3).
However no difference between Dock and Shallow Lake mature female
fecundity occurred within the 1976-80 period (P=0.55). Beginning
in 1981-84 mature female fecundity in the Lakes significantly
differed (P<¢0.02) with fecundity in Dock Lake increasing more so
than in Shallow Lake.

The fecundity of Shallow Lake mature females significantly
decreased 1in 1965‘ compared to 1981-84 (P¢0.001) to a Llevel
approximating 1976-80 (P=0.07) (Table 3). In DOock Lake the
females showed the same trends (1985 & 1981-84: P«¢0.003; 1985 &

1976-80: P=0.07). Though 1985 mature female fecundity decreased

15



Table 4. Comparison between Dock and Shallow Lake yearling
and mature female eggs per mm by vyear intervals
(1976-1980, 1981-1984 and 1985).
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TABLE 4. Comparison between Dock and Shallow Lake yearling and mature

female eggs per mm by year intervals (1976-1980, 1981-1984,

and 1985).

Shallow Lake Dock Lake
Year -1 Year -1
Interval Eggs.mm Interval Eggs .mm
Mature Females
1976 - 1980 4.3 £ 0.4 (80)l 1976 - 1980 4.7 + 0.2 (153)
1981 - 1984 5.2 £ 0.2 (203) 1981 - 1985 5.7 £ 0.1 (287)
1985 3.2 + 0.4 (63) 1985 5.3 + 0.2 (91)
Yearling Females
1976 - 1984 3.8 + 0.2 (199) 1976 - 1985 4.0 £ 0.1 (253)
1985 2.6 + 0.3 (56) 1985 4.0 + 0.3 (29)
1

Mean * standard error (sample size)



Figure 3.

Time series of mature female fecundity (eggs per mm
of carapace Llength) in Dock Lake (exploited) and
Shallow Lake (control) 1976 to 1985. Rlso time
trend of number of growing-degree-days »>10oC for
the month of May (inset).

17
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in both Llakes this decrease was even greater in Shallow Lake
(P¢2.001; Table 3).

fhere was no difference between carapace lengths of mature
females in Shallow Lake (Table 1). However Dock Lake females were
Larger in 1884 than in 1979 or 1985 (ANOVA: P<0.0001) (Table 2).
For consistency, the female size analysis was conducted with the
same time intervals. In Dock Lake during 1981-84 females were
significantly larger than in either 1976-80 (P¢2.001) or in 1985
(P<0.001) (Table 3). Also the 1985 Dock Lake females were
significantly smaller than in 1876-88 (P<0.001). There was no
difference between the same groups in Shallow Lake. More
important is the within time interval comparisons. Mature Shallow
Lake females_'during 1976-80 were significantly Larger in size
than those in Dock Lake (P<@.05). ODuring 1881-84, the size of
mature females did not significantly differ between Lakes
(P=0.43). This implies that Dock Lake mature females were lLarger
in 1981-84 compared to 1976-88. In 1985, - Shallow Lake females
were significantly larger than those in Dock Lake (P¢0.001).

The effect of varying female size on fecundity was analysed
by estimating the number of eggs per millimetre of carapace
length (eggs.mm—1) (Tables 1, 2 and 4; Fig. 3). The numbers of
eggs.mm-1 could be grouped into three intervals: 1976-80, 1981-84
and 1885 in Shallow Lake (ANOVR: P(8.0001). In contrast Dock Lake
females were grouped into two time intervals: 1876-88 and 1981~
85 (RANDVA: Pcw.mmoﬁ). Dock Lake females produced more eggs.mm-1
in 1881-85 than in 1976-80 (P<0.001). Shallow Lake females also
produced more eggs.mm_1 in 1981-84 than in 1976-80 (P<0.02) but

less in 1985 (1876-80: P<9.04; 1981-84: P«8.001). During 1876-60

18



females in both Llakes produced on average the same number of
-1 -1

eggs.mm  (P=0.32). Dock Lake females produced more eggs.mm in

1981-85 than females in Shallow Lake in either 18981-84 (P<0.03)

or in 1985 (P<0.091).

Yearling Females

In vyearlings, fecundity wvaried Little within either Lake
(Tables 1 and 2). .The 1981 yearlings in Dock Lake were more
fecund than those in 1979 (ANOVA; P«<2.282). In Shallow Lake the
1978 vyearlings were more fecund than those in 1985 (RANOVA:
P<0.0001). However the small sample sizes make these differences
statistically and biologically questionable (Table 3).

Rs well yearling female size tremendously varied. 1In Dock
Lake 1981 yearlings were Larger than those in: 1978, 1979, 1980,
1984 and 1885 while 1979 and 1985 females were smaller than those
in: 1976, 1982, 1883 and 1984 (ANOVA: P<«0.0001). In Shallow Lake
1879 and 1984 females were smaller than th;se in 1978, 1982 and
1985 (RNOVR: P¢0.0001).

Hence we analysed the effect of size wvariability on the
yearting fecundity by using eggs:mm-1 of carapace length (Tables
1,2 and 4). DOverall yearling females produce on average the same
number of egg.mm“1 in both Dock and Shallow Lake. No difference
was noted between any years in Dock Lake. However Shallow Lake
1985 vyearlings produced fewer eggs.mm_1 than those 1n 1978
(ANOVA: P¢0.0003). Shallow Lake yearlings were divided into two
time periods, 1976-84 and 1985. Dock Lake yearling eggs.mm—1 did

not significantly differ from those in Shallow Lake during 1976-

13



Table S. Relationship between carapace length and fecundity

(pleopod egg counts) of Dock and Shallow Lake

females by year (1976-1985) and vyear intervals
(1976-1980, 1981-1984 and 1885).
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Figure 4.

Relationships between carapace Llength (mm) and
attached eggs of Dock and Shallow Lake females
1976-1980, 1981-1384 and 1985. Oock Lake Llinear
regression Lines, 1976-80: Y=6.48X-66.68, R2=0.07

(P<201); 1981-64: Y=11.68X-193.21, R2=0.18
(P¢0.001); 1985 Y=11.14X-180.83, R2=0.28
(P<B.001); Shallow Lake linear regression ' lines,

1876-80: Y=8.71X-139.45, R2=0.10 (P(0.001); 1981-
84: Y=11.51X-205.16, R2=0.16 (P0.001); 1985:
Y=8.10X-190.20, R2=0.12 (P¢0.001), for
relationship between number of pleopod eggs (Y) and
ctarapace length (X).
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84 (P=0.54). The 1985 yearlings in Shallow Lake however produced
fewer eggs.mm—1 than in either Dock Lake (P¢0.001) or Shallow
Lake during 1976-84 (P<0.001).

Comparison of the 1985 females revealed that Shallow Lake
yearling and mature females, regardless of age/size, produced
about the same number of eggs.mm.,1 (P=0.19) (Table 4). Dock Lake
mature females however produced more eggs.mm.1 than did yearlings

in 1985 (P(0.003).

Morphometric Relationships

We investigated the relationship between carapace Length and
number of attached pleopod eggs by using covariate analysis
(Snedecor and Cochran 1967) pooling years into three intervals:
1976-80, 1981-84 and 1985. The relationship was linear over the
sizes measured but carapace length only explained a small amount
of variability in attached eggs (¢1% to 46%; Table 5).

The 1976-80 Llength~attached eggs relationship was similar
between Dock and Shallow Lake (P»0.05) (Table S and Fig. 4). The
intercepts were significantly different between the Lakes'
relationships for 1981-84 (P(@.025) and also 1885 (P<@.001). The
length-attached eggs relationship of 1976-80 Dock Lake females
was significantly different from both 1981-84's slope (P¢0.01)
and 1intercept (P(0.001), and also 1985's slope (P¢8.05) and
intercept (P<2.005). The 1981-84 and 1985 Dock Lake relationships
did not differ (P)é.@S). Shallow Lake female Llength-attached
eggs relationships differed only in intercepts between 1376-80
and 1981-84 (P<2.025), 1981-84 and 1985 (P¢0.01) and 1976-80 and

1985 (P<¢0.001).

22



Table 6. Carapace Llength - weight relationships of females
in Dock (harvest 1984, spring 1885 and harvest
1985) and Shallow Lake (spring 1985).
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Figure S.

Relationships of carapace Length and weight of Dock
and Shallow Lake mature females 1985 and harvest
1884 and 1985 Dock Lake females. 0Dock Lake Llinear
regression Lines, 1984 harvest: LlogY=2.9950lo0gx-
3.5681, R2=0.87 (P¢0.001); 1885 spring:
logY=3.0148L0gX-3.6041, R2=0.96 (P¢9.001); 1985
harvest: logY=2.9498logx-3.5014, R2=0.93 (P¢0.001),
for ' relationship between Logarithmically
transformed (base 10) total wet weight (Y) and
logarithmically transformed carapace Length (X);
1985 spring: Y=0.6837X-13.9125, R2=0.34 (P¢0.001),
for relationship between wet weight (i.e., total
weight-weight of eggs) (Y) and carapace lLength (X).
Shallow Lake linear regression Lines, 1985 spring:
LogY=2.9670L0gX-3.5456, R2=0.83 (P<0.001), for
relationship between Llogarithmically transformed
(Base 10) total weight (Y) and Llogarithmically
transformed carapace Llength (X); 1885 spring:
Y=0.7114X-14.7908, R2=0.93 (P¢2.001), for
relationship between wet weight (i.e., total
weight-weight of eggs) (Y) and carapace length (X).
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Therefore per capita egg production of crayfish in Oock Lake
increased between the 1976-80 period and éhe 1981-84 period (Fig.
4). Shallow Lake per capita egg production increased at the same
time although less so than in Dock Lake females. In 1985 Dock
Lake per capita egg production was simitar to the 1981-84 period
and significantly above that of Shallow Lake.

This between Lakes disparity regarding the 1385 egg
production was examined by analysing differences between: lLength,
weight of eggs, number of eggs, and weight of females in both
takes (Table 6 and Fig. 5). Covariate analysis revealed no
difference between the length-wet weight Linear retationship of
Dock and Shallow Lake fecund females (P»0.05). However the
length-total weight (i.e., wet weight + weight of eggs) power
relationship of fecund females showed a significant difference
between intercepts (P(0.005). This resulted in a slightly
positive Llinear relationship between carapace tength and

individual egg weight in Dock Lake females (Table 6). In addition

-1
relative fecundity (number of eggs.wet weight of female)
declined with increasing carapace Length in Dock Lake (Table 6).

-1
As 3 result while a 24 mm female produced 29.16 eggs.gm a 40 mm

_1 s
female would produce only 18.35 eggs.gm in Dock Lake. Meanwhite
-1

Shallow Lake females produced, on average, only 16.10 eggs.gm
(standard deviation = 9.92, n=638). Consequently Dock Lake females
produced more and heavier eggs.mm-1 at a Lower energetic cost
than did similar si%ed Shallow Lake females in 1985 (e.g., Table
6: number of eggs.mm-1-average egg weight relationship).
Rpparently since there is no difference between the 1984 and

1985 harvest and the spring 1985 Llength-total weight power

25



Figure 6.

Relationship between mature female density and
fecundity in Dock Lake. Regression line,
1/Y=1.81226/X+0.00382, R2=0.54 (P¢D.025), for
relationship between fecundity (Y), measured as the
number of attached pleopod eggs, and absolute
density of mature, age I+ females (X) estimated
during the spring period.
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Figure 7.

Relationship between mature female density and
yearling female density in Dock Lake. Regression
line, LnY=0.001036X+6.304, R2=0.61 (P¢0.004), for
relationship between Llogarithmically transformed
(Napierian Logarithm) absolute density of yearling,
age 0+ females (Y) and absolute density of mature,
age I+ females (X) estimated during the spring

period.
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Figure 8.

Relationship between vyearling female density and
percent of yearlings sexually mature in Dock Lake.
Regression Line, Y=-0.03132X+108.2, R2=0.68
(P:082), for relationship between the percent of
sexually mature yearling, age @+ females (Y) and
absolute density of yearling, age 0+ females (X)
estimated during the spring period.
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relationship of Oock Lake females (Fig. 5), summer growth
principally manifests itself in the egg production of the
following spring. RLthough exploited females in Dock Lake show a
higher weight gain per unit of length than unfished Shallow Lake
females, this results in the production of more and heavier eggs.
Thus spent females in Dock and Shallow Lake of similar Llength
weigh about the same. However after producing eggs, ODock Lake

females gain back much of the weight lost during the reproductive

cycle.

Fecundity Predictors

In Dock Lake the number of attached eggs.femate-1 is a
function of the number of mature females (Fig. 6). The number of
yearling females 1s 1in turn related to the number of mature
females (Fig. 7). However vyearlings are comprised of both
immature and mature individuals. The percent of sexually mature
yearlings is negatively related to yearling density (Fig. 8). By
estimating the number of mature females in the spring we can
determine: (1) the fecundity of mature females, (2) the density
of yearling females and (3) the number of mature yearling females
(which translates into yearling fecundity by simply multiplying
the number of mature yearlings by 108.1, the average number of
eggs.yearling‘1).

Dock and Shallow Lake yearlings have the same average
fecundity (Table 1 and 2) irregardless of density or vyearly
environmental variation. we therefore examined the role of

possible abiotic factors influencing mature female fecundity with

stepwise multiple regression analysis. The “step-down" procedure

29



Table 7. Stepwise multiple regression statisitcs of 0Dock
Lake mature female fecundity 1976-1985 with abiotic
factors (meteorological conditions for the month of
May).

30



L{'0 = °13s13e3S OoatdeyS-NITM @3emIxXoiddy

LG°1 = UOTIB[DII0003NY IdPI0~ISATJ 10J OTISTILIS UOSIBM-UTQINQ
LL6"0 = Nm

686°0 = 1

(€00°0>d) 19°%€ = d TTBISA0

% = mOPa’1J JO S93133(

%0 99°0- €G€100°0- (®) 3Jue3lsuo)
86°0 %0°0 68°¢ 1£0T100°0 (0,) @anjeiadws] LT1yjuoy 98e13AY UBSYR
£€6°0 ¢0°0 0e"y 0£92000°0 utey jo sdeq jo xaquny
6L°0 ¢00°0 €67 L- 91¢100°0~- 0,01 @2a0qy sAeq jo zaquny
19°0 200°0 9.°L 91%1000°0 0,01 da0qy sdeq-29132(Q-3utmois
%6°0 200°0 €L 0eT°¢ (,_X) selewsj aanjey jo Iaquny

ontep I (D
A 2oueo1JTUd TS juapnig SJUITOTIFV0) se1qeTaep 103D1Ipaig

* (el 3o yjuow aYyj I0J SUOTITPUOD EOT307010938W) S103dBF OIIOIQE YITA

$861-9.6T A3TPunday a[eWOJ SINIBW BT }J0Q JO SOTISTILIS UOTSs218ax1 o7drifnw asimdels  */ FIGVI



Figure 8.

Relationship between instantaneous growth rate of
age I+-to-age II+ females (GI-II) and mature female
fecundity in Shallow Lake. Regression line,
1/Y=0.03406X+0.0009604, R2=0.62 (P<¢0.007), for
relationship between mature female fecundity (time
t+1) (yv) and growth rate during previous growing
season (t) (X).
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analysed the mature female fecundity relationship by eliminating
non-significant independent variables from the equation (Zar

1974). The abiotic factors used measured heat input as follows:
0

growing-degree-days above 10 C; monthly average of daily growing-
o
degree-days above 10 C; coefficient of variation of growing-
0 o

degree-days above 10 C; number of days above 10 C; and average
monthly temperature, and precipitation: amount of rain and number
days of measurable rain for the month of May when females extrude
their eggs. In Dock Lake the mature female-fecundity equation
explained 54% of the variablility (Fig. 6) by adding the abiotic
factors we increased the amount of explained variation to 98%
(Table 7). The UuEbin—Watson test of first-order autocorrelation
in the residuals proved inconclusive due to the *“short" time-
series (i.e., minimum sample size is 10). Wwe therefore used the
Wilk-Shapiro rankit plot (Shapiro and Francia 1972) which showed
no autocorrelation to be present (Table 7). Rlso examination of
residual plots indicated homogeneous variance for each of the
predictor variables. The fecundity of either Shallow Lake mature
or yearling females could not be predicted from either a density
relationship or from abiotic factors.

The possibility that mature female fecundity was related to
growth or mortality, 1in either Dock or Shallow Lake, was also
examined with a similar multiple regression analysis. Stepwise
regression eliminate<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>