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ABSTRACT

-

“The !ifé history, population dynamics, and production of
Legtod:agtomus minutus (Calanoida: CJefpoda) was Invesgigated in a
sma!! olagotrophuc Jake (Bluff L.) near Halifax, Nova Scotia, From

Oct. of 1970 to May 1972.

An overwintering popQlation of adults began producing subttaneous
eggs in February which hatched in March to provide a first generation of
ahimals that developed slowly and began maturing in midaAuggst,~ A second

generation of animals resulted from egg§ taid by these “new adults'. In
3

addition there was a small recruitment of first naupllar instars which

a N . .

hatched in March from diapausing eqgs formed by adults in the prev:ous

fall, These latter eggs spent the winter on the lake bottom.

For purposes of analysis, recruitment and development of all

N ’

individuals were divided into 3 cohorts. A crude estimate of surviv-
A
orship in each instar was obtained for each cohort using a new graphical

method of analysis developed by Rigler and Cooley. Mortality was

greatest from May through odtober and was most Tikely due in part to o

predation by Epischura nordenskioldi and HesocycIOps edax.

&
Preduction expres§ed as dry weight was estimated for each of the

3 cohorts using the sd}vivorsﬁip_estimates from Rigler and Cooley's
method as well as 3 other methods referred to as Allen curve method,
Soviet graphical method, and death rate method. In general there was
good agreement in production estimates among the 4 methods.
lnf&Zmation was also collected on subitaneous and resting egg

development, and first naupliar development as related to temperature

for L. miputus and a larger less numerous congener also in Bluff L.

Agqlaodiaptomus spatulocrenatus,
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Ecological research is undertaken with the ultimate hope and view .

Ed

. that if enough information was acquired ‘'on the dynamics of processes

b 4 ‘ @ © -~

occurring in ecosystems, it would be possible to manipulate them
_ -] )
" confidence and predict ‘the consequences of our actions. Some workers B o

{Andrewartha’ 126}) see the problem reduced to an ability to predict the

Mmbers and forms of organisms occurring in space and time.\ Lindeman -

. .l - . ,
- = {1942) in recogmzmgo:“the ecosystem is.....the more fundamental ecological
a ¢ s {

. unith suggested thgt in dealing with organism§ they first be grouped ‘

according to their mode of obtaining energy: primary producers, secondary

o producers, terti r{r produders, .etc. . each group being “more or less »

Al
S ©

discrete” a;ud‘ repr

«

nting a trophic level. He pointed out that the en:zrgy

-

content of any level ant flux acontinually receiving

- energy from the previous level and passing a portion on to the next trophic

- ) levet. Smce this- trOphnc-dynam:c approach to ecosystém analysis has had
+  wide acceptance from-European as well as North, American workers it seems -
reasonable to;assme tha;t itos progressive developn:e;:t will in the future

- depend directly on the al;ility to c‘larjfy processes of production, Thus

-

the stated aim of the Freshwater section of the recently completed five

. E

year lnternat:pnal Bmlogical Program (iBP) was Yto study the basnc .

factors of production and metabohsm at all tr0ph|c levels in nepresentatl‘ve
standing .ahd rdnnin yaters” (Atzonymous 1967).‘ However Rigler ina
. - . 7 W *

°

r¢Qent.;discussion of the adequacies and inbdéqugcues of the IBP program .
¢ {Rigler 1972a) pc;inteﬂ aut that the predicéive‘”ab\i’lity desired by' )
ecologists} and environmental planners will result from useﬁll scientific
theories which at(:::sent are in short supply. He also noted that theories

derived from erro

’

s data are unlikely to provide the predictions qee':!ed‘.

“
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- cn 3
If Rigler's statement is correct then the foundation of theoretical

ecology will be laid by the accumulation of goal oriented data and not
~ ¢ 3} ’

by, the mere accumulation of facts which he points out is gcommon in much \

? i

. of the pre‘sent ecological literature. Andrewartha {(1961) s#sts three

~

Tevels of complexity at which ecological studies should be focussed. ’
The first level tcnéerns the physiology and béhavioyr of the- individual, N

the second populations,nand the last communities. Although ecologists

’Q‘

. are workihg-at-al] levels, it has become apparent that in ghe limnetic -

envizopment a lack of knowledge of the life cycle and,ecologf of most

i -

species is bne barrier between us and 5pe generalizations we seek. :
v . .
Limnologists, particolafly in North. America, have attempted to obtain

= L z ‘y -
. » ecological generalizations without knowing the Gale of individual species

] ] o >

in the community or the natura1;ﬁi§tory of these species. Recently -

~

* McLaren (1969) concluded that Yzooplankton production cannot~be measured . .

SN

or explained without detailed quantitative studies of ]iJ€4:§§§frieS.”
ve !

-In the present study | have attemptedoto obtain quanti

1]
information on the life history, population dynamics, and production

#

’ o
of a single freshwater calanoid copepod, Leptodiaptbmus minutus, in a )hi;::

temperate lake. Leptodiaptomus minutus is a fogical choice for a

quanlitative study because it is very common in north temperage“lakes, o
being a numerically important constituent of the“gréat lakes (Davis 1961,

Patalas 1969); and frequently a dominant inbabitant of smaller lakes in
g .

g

both Northern and Southern Ontario (Rigler and Langford 1967, Patalas

"

1971). Witson (1959) lists its range as no}gb to the Northwest Ter;itories.

fceland, and Greenland, west to Wyoming, south to North Carolina, and east

I

to the Atlantic coast\of Canada and the U. 5. A. Recently Davis {1972)

stated that in Newfoundland lakes L. minutus appeared to be the most e

G, !
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FS 3 3
) « C ) -} ¥
» oo e " .:"‘ .
) - inportmt ‘af the zoc-phnkter; “'“' “*;;:i - .
- " Parhaps 4t is hpuusa of its wi\de range that a My of infomt!ow

. alregady exists concerning its siza, smthl and temporal distribution, ]
" vertical migrations, cohgcneric occurrencaé and breeding habtts (Langford
1937, Rigler -nd’l.ungfang 1967, Sandercock l96¥. Turvey !968 Carter 1971,°
Patahs 1971, St:hind_larbmd Noven 1971 Cunn ingham 1972) These~ pr’ew R

axistmg &mmw ;Si‘cwide a foundation of informetion to plan and

- work from but also permit a more gcnaral explanatlon of the significance o
] 1/ Pl

of results froman in-depth study.

-~

Ultimately the trophic-dynamic analysis of a single species pcpwlanon ]

,a.. -y

rcquires information on abundance of snimals over time. These dataware -

o " then converted into units of biomass and ptrhms;m’ using some

-

. conwntlonalnmiricﬂ ty darived conversion factor. " Because the errors

e -

. associated with this latter stép are probably small compara;d‘twu th the

. : problem of accurately estimating populatlon sizes l will concentrate further
P L Vi ‘
T discussion on this latter point. The term productign will be used 85'

P -

o ~ defined by Ricker (3968) as an incretse In biomass of individuals of s

-

e © populatlon occurring In a gliven period of time but not necessarily surviving

- s . to the end of that period, Under this defiuitlon the termﬁ?roduction'is
. g+ A
vidwed as havfng the same meaning as ‘het production" in the sense of previous |

authors who considered it necessary to ‘dlstinguish between "net" and Vgross’

< production, the latter including.not only the growth increment but also

L] N v s
w

metabolic energy Jost because of respiration and egestion (Winberg 1971). .

2

. ° Under recent I[BP gufd;linss t‘ﬁc terms ‘'‘production' and ‘et productipn

o

< are viewed as synonymous (Mann 1971).
£ [ * -~
. ' Stifider-tirPs definition the concept of Secondary production becomes

cc;ncoptualklg; simple and reduces to summing growth increments of all members

* 1
—
= , .

' . v
x;&ﬂ‘n. ) ) t.\ 3 . i} . . -~ ' 2 A - T R J‘Jﬁi;«;

§ PR A - R “i&“inm»

&
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of a g!v‘n populatlon for all populatlons (i.e. s’pacies) tn a cpmunity

over t‘mc. in pnctlu however the task Gan be quite formidable because -
-
of thn} dynamic nature of zooplankton \opula fons, ‘Mortality and often
L 4

- > a A
- rcp'nbduction are continuous but rarely.do ra

of change remain constant
for extended period of time., Freshwater temperate
~ «Disptomus spend less than atday in some of the early naupliar ipstars
making it possible for a part of the population touenter and leave the
zoop lankton community before they have had a chance to be sampled. |If
for example the first stage of. a zooplankter has a population size c;f X
individuals on two consecutive sampling days the possibiVities exist that
A} there has been no recruitment to that instar during the sampling

interval, B) the population has entirely mﬁlaﬂzg itself in the Interval,

orC) a situatdon between A and B has ‘occurred. Production in the last 2 .

cases will be signifiantly hlgher than 'In the ftrst but unless there is

some Information available on the amount of time Spent in that instar it

!

. «cannot be determined. Unfortunately obtaining lns‘tar development times .is
generally difficult and//at the very least pxpensive and time consuming. L

Methods which can estimate animal numbers without tedious laboratory

culturing will necessarily be useful to both population and production .

.

» .
scologists working in frashwater. R

-

The genus Diaptomus contalns 78 North American species but on the N .
basis of morphological criteria can be further divided into a nua?ber of
subgenars (Wilson 1959). . Two subgenera contain the 2 specias of Diaptomus
found in Bluff lake, Leptodisptomus minutus and Aglsodiapromus spatulocrenatus,

whlch | will subsequently refer to as L. minutus end A, spatulocrenstus.
As sore data are accumulated on N. A-crlcan specles these subgcnhra

¥ ns»«mom!c units may bem more mnmgﬂfl in dhcussions of congeneric <%

comp-tiﬂm. . . a




tn developwent, diaptomids hatch from an egg and pass through 6 )

l

. _ (i.e. NI to N6) and 6 copepodite instars designated with Roman numerals

naupliar instars hers designated with Arabic ,ﬂumbam oupigal N

.

- and a capital C (l.e. Cl to CVi). The last copepodite instar is more

to as the adult instar; aith?r male or female.

. +
s

* usually referred
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MATERIALS  AND METHODS . o - :
-1 d 2
1. Bluff Lake ' _ | \
- ~1' s . -
v Most of the Information'on L. minutus came from the population

inhabiting Bluff Lake (W. 53a 39', N. uy° 33!, Figure 1) which s located
approximately 11 km, west of Halifax, Nova Scotia, and has been briefly

described and studied on several past occasions (Hayes et al 195%, Gorham
1957, Ogden 1972). It is a kettle lake located' in a drumlin Field -
whose solls are derived from \vlolfvilie till and support a mixed second growth

hardwood-spruce woodland approximately 60 to 80 years old. The bottom

of the lake contains large areas of mud and .towards mig-summer darge )
patches of waterlily (Nuphar sp.) are visibl“; on the surface around ’ .
most of the lakes periniter. 37 ! ,ﬁ

- In past years Bluff L. was used as a baseline indicator for - .

T disturbed lakes in the Srea because it was oligotrophic, very clear, and .
‘V] its watershed was undisturbed, but recently extensive forest clearance
of a drumlin along the northegft edge has allowed lat.'ge“quantities of silt
- * laden r;moff' to enter the lake. As a result transparency has decreased '
odramstically (Tsble 1). In 1949 and 1970 a Secchi disc was clearly
visible on the bottom in the deepest spot (agpmximately]m) but after
a large storm (Hurricane Beth) on Aug. 15 and lé’: in 1971 on sﬁssequent
days the disc disappeared at depths less than 2.2 m and water colour had
s distinctive muddy appearance but disiglvgd oxygen ‘concentrations in the .
' thermocline and below were still only’slightly less than the saturfxted
epidimmeatic waters, A brief Wry of the chemical characteristics
of‘t!uff L. is presented ip T;lc 2, to show its otigotrophy, and volumes
) of various strata sampled for zoop!mktor't a{e presented In Table 3. '

- : 4
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. A contour map of Bluff L. (after Hayes et al., 1952). ° N
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BLUFF L. (after Hayes et al, 1952)
-contours in metres }
~-&arsa 4.8 hectares

.50
“metres



&6 €

s

;

.

»

. TABLE1 -

A
Seasonal changes in the transparency of 8[:!’ L. water as indicated

by the _depth of disappearance of a 25 cm, di r Secchi disc, All

readings were taken at the deepest spot in_ the lake and are expressed in *

metres, .

Summer Susmer Aug. 1 Aug. 17 Aug, 21 Aug. 25 Sept. 3
1949 ~ 1970 1371 1971 1971 1971 1974

‘

7 7 4.3 0.3 0.5 0.7 0.9
bottom hpttom
»

Sept. 8 Sept. 16 May 7
1971 1971 1972 ¢

1.2 1.3 2.0

On August 15 and 16, 1971, approximately 20 to 25 om of rain fell on
Bluff L. as Hurricam Beth passed over the Halifax-Dartmouth area.

°* *(from Hayes et @l 1952) v .
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TABLE 2°

A summary of various chemical parameters of BIuff L. (after Gorham

198%aind Ogden 1972).
_ PARTS PER MILLION

e
Gorham, 1955 4,9 .3 .9 .6 8.1 4.5 - 39
winter e

Ogden, 1971 3.6 .3 .8 .6 8.0 b5 .01 25
Summer

'conductiyity expressed as micromhos/cm at 20°¢

i

~~ Na K Ca Mg CI 50, Soluble PO, Conda‘

-]

pH
5.3

6.8
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TABLE 3

Volumes of various strata sampled in Bluff L. These fignres are
based on the area of the contours in Fig. 1.

w

o

Contouar Area . alume
m (hectaras) (210"~ litres)
Surface 4,84
. 2.28
0.5 .39 .
! 2.06 -
1.0 3.94 '
1.86
1.5 . 3.59
» 1.69
2.0 3.23
- 1.h7
2.5 . 2.73
N 1.23
3.0 2.23
0.97
3.5 V.71
0.71
, 4.0 1.19
Q.52
4.5 0.91
. 0.8
5.0 0.64 .
-y 0.38 0.25
Y. . ‘ 7 -
¢ ] 0.11
6.0 0.11
. . G0k
6.5 0.06 .
0,01
7.0 .
Total Volume-, 13.58 -
P
-

*{: \,;
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FIGURE 2

Isotherms (°C) for BIuff L. at the deepest point in 197L.
. Approximately 75%, of Bluff L. is above 4m and remains unstratified

throughout the year. Due to equipment fallures temperatures were not

recorded heneath the ice.
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2, Sampling of Bluff L.
Quantitative samples of the limmetic zooplankton In Bluff L. were
taken from Oct. 17, 1970 to May 19, 1972 using a # metre high 32 litre
/ transparent trap (Schir‘ndlgr 1969) with a 75 mfcron opening nylon mesh
from a small boat anchored at various stations on the lake. Sampli;g
¢ throug‘hout the late fall was approximately every 6 to 7 days, throughout
winter prior to ice breakup once or twice a month, every 5 days in May,
-and throughout summer and early fall every 4 days. On most days samples
were taken at 5 fixed stationsh(see Fig. 1) but occasionally fewer‘:_statiqns
were sampled dx;ring the winter of 1970/71 and especially when the ;ce was

thin. On all days the entjre water column was sampled to within % metre=

of the bottom at each station and preserved in a b% solution of formalde~

-
»

Jhyde. Temperatures were rolutineh}-recorded throughout the water column
(Fig. 2) using either a YS! thermistor (Yellow Springs Instrument l:o.)‘or .
P a Whitney thermistor (Whitney Co.) in the deepest part of the lake. -

In all a total of over 2300 thirty~two litre Schindler trap samples
- were collected and analysed, '

3. Counting of Preserved Samples

¢ &, Lagtodiaptomus‘minutus

“ 2

in Brderf}c obta{n estimates of the size of the L. minutus population
pre‘servaé samples were analysed quantitatively in a small, homemade /
cour}ting cell measuring 6 cm x b em x 1 cm containing a bottom grid with
a Wild M5 blnocular'dissecting microscope (Wild Co.). For most sampling
] days all 32 {?tre«’ trap samples from a given stratum were combined, ‘diluted
to & known volu;ﬂ of a’tther 50, 100, or 150 ml , tl"toroughlysmixed and then
subsempled with a 5 ml Hnsen-Stempel pipette (Wildco Co.). This 5 ml

,  aliquot was then emptied Into the counting cell and thoroughly mixed

.t

Vel e o T PRI
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before a 2;»(:rtlcm was counted and recorded to instar. [n general counting
was continued until a minimum of 100 naupliar instars had been recorded
or If few nauplii were present until 100 copepodites excliding adults
"had been identified. For severs) sampling days sach sabple from each .
;tratw wes diluted, spbsampled, and countad In a similar manner. On some
days an entire 5 ml aliquot was staged for the adult instar when specific
catculations d;perﬁied on very accurate estimates of adult nombers. Final
estimates of 01;‘ zooplankters are expressed as numbers per square metre
of lal;a surface area {Appendix 15. . o

b. Othér Zooplankters in Bluff L.

Quantitative estimates of the abundance of other limnetic species
were obtained from almost every other series of quantitative 32 litre
trap samples. Less emphasis was directed toward tnhesef‘specles éecause
they were numerically minor constituents of t;e zooplanktoh as compared .
with L, minutus. On most days the entire sample from a given stratum
was ‘n'd.entified for the categories of speciels listed in Table 4. Often,
atthough such a sample represented 160 litres*of filte;rad hke‘*ﬂter
(i.e. & 32 litre trap sample from a given depth at each of 5 different
stations) -the numbers were still quite low. - i C
L, Dry Weights t

Estimates of the dry weight of various instars of:' L. minutus and

A. spatulocrenatus were made at varlous times throughout 1971 amd 1972. .

Live animals from Bluff L. plankton tows no older than 2 or 3 days were
lightly ansesthetized using a saturated solutlon of chloretone and nemoved
individually to previously tared aluminum hoats, dried for 24 hours in an
oven at 60°C, and uatghid on the | mg scale of a Cahn 6§ electrobalance

{Cahn Instrument Co.). The number of animdls per boat was never less than
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TABLE &4
Categories of zooplankton -identified in addition to £ wminutus from

quantitative Bluff L. samples.

. o
' v b ///

..SPECIES CATEGORIES [DENTIFIED
Aglaodisptomus spatulocrenstus total adulyd, females with egy sacs
_ggisd;ura nordenskiold? total adults ® .
Mesacyclops edax } total ;:opepodj tes (CI to Adult)
Daphnia pulex 2 all individuals °
Bosmina longirostris all individuals:

? 7’
all individuals

Ty

Diaphanosoma brachyu}um

Holopedium gibberum all individuals R

kN

-

in addition, other very minor constituents of the limnetic zooplankton that.

appeared infrequently in samples were: 1

Leptodora kindtii ) * .
Polyphemus pediculus A .

Tropocyclops prasinus

Chaoborus sp.

Very few rotifers were seen In preserved samples most likely due to-the fact

that a 75’1 wesh opening would let many of the smaller forms through

~

during flltering,

.
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. 50 for some of the larger-L L. ainutus [nstars and usually much larger for

. 5

the smaller instars. R )
. . kY s .
5. Development of L. minutus and A. spatulocrenatus .

Estimates of development time were obtaihed at 6 temperatures for the
— w_,gg and first runq»lhr instar of both L. minutus and A, spatulocrenatus.
{’ A fresh plankton sample containing egg carrying females frog Bluff L.
m&m&esth&tized with a few drops of chloretone solution inza small petri
‘ dish. Those eggs judged to be in an egrly Jpart of the cleavage cycle and
therefore only a fm hours old at must’ (Appendix 2} were removed from the
) female with a ﬂng,{in and Immediately transferred using an lrwin Ico?
{Sargent Welch. Co.) to a glass vial car;taining a few m} of flltered Bluff
L. water and placed In constant temperature (+ 0.1 9C) water bath.
T+ " Because of a paucity of eyg bearing Females of A. spatulocrenatus
even In conccntraged plankton samples, it was often necessary to Isolate .
adult females and adult males in small aquaria at room temperature and
allow them to breed, The aquafia uere checked often and any females which
had formed egg sacs were remo:/ed and tréated as above. The vials were
checked regularly (i.e. apprc;x;c;ately every 20 to 30 m&tcs) as hatching
time approached and in mos‘t cases the time to 507 hatch was recorded, .
Often first pauplii hatching from incubated eggs were allowed to develop™
Into the second instar. 1in-these experh;_a;enu subtraction of time of hatch
from time of first ecc[ys!s:.provi'ded )_djl:ect estimates of N1 development time.

- U LY
, 6. Diapause Experiments™ - -+ .

a. The Onset of Dispause in L. minutus and A. spatulocrenatus

The onset of diepause in eggs of j,u minutus and A, spatulocrenatus
was examined by r-l:ﬁvlng egg sacs from females collected from .fresh live
Bluff L, plankton tows and Incubating them at 17 °C + 1 °C. Records were
kept of the number of egg secs that did not hatch and/or were judg'ad to be

(3]
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dead from groups of egys collected from Aug. 30 through Oct. 17, 1§7|. ¢

3

b. Diapause Devélopment ’ .

N g .
A preliminary investigation was begun on the effect of temperature

on the development of diapsusing eggs of L. minutus and A. spatulocrenat&g.
Diapausing egys were collected from fresh plankton samples and ware incubated
under vartous*temperatu}a regimes- over varying periods of" time from Sept.

1971 to June 1972, For experiments involving A. spatulocrenatus egg sacs,

incubation occurred in a single vial containiné approximately 25 to 30 ml
sof filtered Bluff L. water while for experiments in;olving L. minutus each
egg QQQ was incubated in a separate small vial containing several ml of
filtered lake water. The temperatures of incubation depending on the
regime followed were as follows: & + 0.5 %G, 8 + 0.5 %, and 13 + 1 °C.
Fluorescent Yights from normal room lighting were us;d wheré,the experiment
s

- called for development to occur in a lighted environment,

N

¢, Dropping of Dilapausing Egys by L minutus .

In late October L. minutus carrying resting eggs were collected from
frash live plankton samples and isolated in 8 dram glass vials of filtered
Bluff L. water at 13 + 1 °c. The vials were checked daily and records were
madd’ §f the time taken for each egg sac to be dropped.

d. Dlapausi;g Eggs Caught in Sediment Traps in Bluff L.

In order to estimate the number of di#pausing eggs that were being

deposited by L. minutus in nature, pairs of 30 cm high cylindrical sediment

traps (opening 78.5 cm?) were anchored aqproximatcly } metre above the
bottom at each of the 5 main sampling s£ations in Bluff L. A line was
attiéhed to a small float near the surface and to the middle of the inside
bottom of the trap by means of an eyebolt. The trap was kept vertically

“In place by a 20 cm square floatation collar of 2.5 cm thick styrofoam

“

/

Ao

A

’
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sandwiched betwesn 2 pieces of 1.5 cm thick piywood and by a 1/2 metre .

Vine joining common building brick and the bottom of the trap, The .
traps were smptied by raising them vertically at a slow constant spead

from a small boat. The contents of eich trap were Flltered through a 75
micron opening nylon filament sieve and preserved with a &% solution of
for&ldehyde. in the laboratory each sediu:nt sample was indtvi;iually
u‘shed with a,saturated solution of HgSO,’ into a 50 ml centrifuge tube

and spun at Jow speed for 2 minutés. The re !ti-ng supernatant was sucked
into a large mouth pipette and emptied onto a/7% micron opening nylon
filament sieve. The material caught by the sNeve was washed with a 4%

-

solution of formaldehyde into a counting dish and examined undar a compound

dissecting microscope.

7. Sampling for Zooplankfpn in Other Lakes N N
From mid-June through early Sept. of 1971 a total of BQ\J!'gke}\
within & radius of 20 ka of Halifax were sampled with a 75 micron vpening
nylon filament townet 25 cm In diameter to obtain qualitative estimates

of the calancid copepods present. The lakes visited together with
information on morphometry are pr:scnted elsewhere {Table 10, page 43)
Subjective decisions were mesde on the relative abundance of the four

spcci;s of calanoids found locally (L. minutus, A. spatulocrenatus,

Epischura nordenskioldl, and Epischura lacustris)to all other zoopﬁankters

present In the sample. These data were first presented by Codley, and
by Ogden in a report to the Heiropolitan Area Planning Commission of the
Halifax~-Dartmouth area (Ogden.1972) but. have been recalculated for

presentation here.
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8. Calculation of Popul;tion Statistics Using the Graphical Method of
Rigler and Cooley . « ‘

’
Southwood (1963, page 279) has shown that “crude' estimates of the
nusber of Individuals passing through a given instar can be obtained by
dividing the area {in units of animal-days) of the curve of instar abundance
plotted sgainst time by the length of time spent In that instar. This
Jast statistic Is usually derived from laboratory studies relating
temperature and development time and applied to the environmental temperature
experlenced by the population. However for calanoid copepod instars
exclusive of eqgg and first nauplius, development is not exclusively dependent
on temperature and dl_avelcpunt times are also dependent on food availability
and nutrition (Eichhorn 1957, Cooley 1970). For these later instars in
particular git would be d,eiirable ta. infer development tjmes from some
|;ropcrty or properties of the population, If samples in the field were
frequent and representative gnough one could e the interval between |
the appearance of the first indlvidc;al of instar n‘and instar n+l as
an estimate of development time for tnstar‘r_n. but since some naupliar instars
have an existence of less than a day and the required p;ecision of sampling
has nevca_b_gﬁv achieved this mt;od has been rejected. Instead a method
was chosen whi;:h used all of tge sampling days in both instar o and n+l in
‘order to estimate tn (the development time of instar n).
The statistic needed for the calculation is called the "'mean pulse
time* (M,) and is defined as the abscissa (in this\case day number) of
the center of gravity of that pulse. A pulse khere is defined as the increase
and decrease in numbers of an instar as animals pass throud; it and a cohort
is defined as members of a population that are born within » specified
period of time. As will be described later some subjectivity is used In

naming pulses and cohorts and where generations overlap a pulse way be an

‘ /
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arbitrarily chosen maximuwm in the rf‘e of abundance with time.
! The basif of this method is illustrated in Fig. 3 which shows a

gohort of animal passing through 2 instars. The difference bétwean

i

the mean pulse time of the 2 successive instars { M. =~ M, } is equal

to half the time spent in both instars.
x

Mogr - Mn - i(‘tn + tm!) Equation 1

Yo

In this simplest of cases the pulse is symetrical so that thg mode, median

and mean of the pulse are identical. lt::an be shown graphically that for

individual cases of skcwed“pu!ses the same relation is true. 1In using this
7 equatlon two -sg'\ltptions are 'made neither of which is likély to be verified,

ASSUMPTION §: mortalit,y of each instar is uniform and symmetrically

- E

distributed about the mean pulse time

< -

4

‘J, ASSUHPT;ON 2: ’ development time o-f an instar remains constant
throughout the pulse, .
Analysis of population data for the complete life histo?:y of a copepod
cohort yields a series c‘:;" equations listed below in which the number of

unknowns is one more thian the number of equations, preventing direct

solutions. . >

Mz = Mgy = Bty + ty)
< Mgt My = 3ty tyg) .
o Mey = Mery = Hligyy + tev)
Degending on data available one can proceed to solve these squations In :

a

a number of ways, |f the development time of any instar has been measured

1

this value can be substituted into the appropriate equation and all other

squations can then be solved. With calanoid copepods this development time

*,
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- FIGURE 3 >

»

A diagrammatic representation of aﬁpulse of 1 animal passing through

the first two instars.

U
* 3 MNZ MN! 'l -
- !
1 : i
}
~ - 1
e . mm— ! FIRST INSTAR
Nl b o
- - .
4 . -
g0 - P
z pdtge—h ! '
[T + .
ot .
g o
TOE - SECOND INSTAR
=z 2 t
- *N2
a
»
0 v .
TIME i
L W o~H =3t +t )
N2 Nt N1 N2
M = mean pulse time : .
t = development time . . ‘
It can be shown graphically that this relation holds true for a
skewed pulse of many animals, \

»



21

-

.

should be fo; the first naupliar instar since it does not feed and its

development time Is & function of temperature. Lacking | development

time an iterative approach can be used by guessing at | developméﬁt time

and then solving for a1l others. If the guess underestimates the duration

of the instar then the calculated time generated for the‘following instar by

solution of an eiuation will be an overestimate of its true duration and

so on. Since the total number of animsls passing through an'instar js
fﬁlncptly related with the area under the curve of numbers plotted againstﬁ

time (hereafter referred to as the area under the numbers cgrve) then the

sign of errors in population estimates will be opposite to the dur%tion
estimates. If inspection of the results show negative mortality to be,
excessive {a somewhat su;jective deoision) then a new time is chosen

and this procedu;é 7% continued until negative mortality is minimized,

thﬁbugh this method uses all of the data, sampling may@stjll have
bee;‘inldequate‘ On several occasions the calculated &ean pulse time (Hn)
of one instar came after the mean pulse time of the next instar ("n+|)'
This could have been caused by heavy mortality of aéimal% late in the
cohort as they moulted i;to the n;xt instar but in the absence of such e
infarmation i% is assufjed that this‘is~the result of inadequate sampling
and that e . )
ASSUMPTION 3: the duration of e?ch instar is equal to oé langer

;e L4

than the preceding instar, @

-

Therefore the difference between successive mean pulse times should either

»

be constant or increase., If a smooth curve is drawn through calculated
differences in mesn pulse times then values read from this curve can be
.used in subsequant calculations (i.e. these differences are the solutions

!
to the left hand side of Equation 1). In practice it may be first necessary

4
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to smooth out’s curve of M.'s plotted against instars (sgf Fig. 10).
The areas under the numbers curves for each Instar were determined by
Joining-datum points with straight lines and using the trapezoidal
method to calculate the area under the co?structed polygon,
To calculage the day when the centre gf gravity qcecurs (th; mean pulse

time, Hn) the products of number of animals x day number were summed at
' regular intervals of one day and divided by the summed number of animals
3 .
as illustrated below:

1

M. = énumber of animals x day number in the vear
n £ number of animals .

The division of the area under the numbers curve by an average instar
development time (tn) will yield numbers of animals that:
\ a. wi’H be an estimate of the total number of animals that entered
the instar if there is no mortality or if mortality occurred at
ecdysis "
b. approximate the total size of the population reaching the median
age of tl"le instar G"tn) if mortality is constant over the stag:.
For simplicity and subsequ;nt calculations | will assume that the situation
S

in b'is most closely approximated in nature and refer to 'these estimates

as the number of animals passing through an instar,

]
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' / RESULTS AND DISCUSSION
1. Cohorts of L. minutus in Bluff L.

Freshwatar zooplankton in general and calanold copepods in particular
have a variety of life patterns which have been defined by Hutchinson
(1967). An organism exhibiting a single generation in a year is said to
be univaliim, and one having several generations is said to be multi-
voltine. Analysis of population statistics will necessarily be more
complicated in the latter case if there are members from two or more
generations coegcisting at the same time, - )

The L. minutus population in BIuff L, is multivoltine. First
m{uﬂ lap instars appesar in early March (Fig. &) and bégin a slow process pf
development through five more naupliar instars and six copepodite Instars .
(Cl to ¢V plus adult)., The adult instar is a breeding stage and first
appears in August., Recruitment from prexisting overwintering adults in
the form of nauplii hatching from subitaneous fon diapausing) eggs is
cont inuous frof' Feb, until mid-October when all eqgs produced become
diapsusing (often referred to as resting eggs) and with hatching of
the last subitaneous eqgs in early October naupliar instars begin to
sequentially disappear completely from the lake ﬁf;g‘ 4. \

’xnherent in any set of population data are var‘fat-ions resulting
from sampling inadequacy. In some uinstances it is possibte and desirable -
to correct deviations from trends before analyses are carried out, in
1970 and 1971 the overwintering adult population of L. minutus consisted
almost entirely of adults with no effective recn;ltment from CV instars -
occurring {see Fig. 4). In this instance the population of adults can‘
only remain the same or decrease and a best esttm:ta of adult numbers /

over time can be made by using all the data and drawing a smoth curve
T e

through daily estimates of adult numbers (Fig. &, bottom). The small ?w,r *

L3 4

‘ "
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FIGURE 4

Population dynamics of L. minutus in Bluff L. from November 15, 1970 .
to May 19, 1972. ) -

* U

Al)l numbers are expressed as x10 /m surface area. Subsequent
calculations requiring estimates of either female or adult abundance
were taken from smooth curves drawn by eye through data points, The curve
of egg abundance {top row) was determined using the ''smoothed" estimates
of female abundance together with empirically ‘Frived‘éstimates of eggs/sac
and percent females with eqggqs. The vertical bars represent the end of one

cohort and the beginning of the next.
&
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amount of scatter abgut this curve suggests sampling was adequate for pur-

" poses of indicating population trends. A similar smooth curve was drawn

-

through estimates of total females and £3§ét§ef with “corrected" values
read from this curve and empirically darived estimates of viable eggs
perafemale and.ﬁarcent females bearing eygs (Fig. 5) a curve of egg numbers
versus time was constructed (top panel in Fig,-h). All subsequent
calculat;ans involving eggs and adults used- these smoothed”values read
from the curves. Unless otherwise stated calculations involving all
other instars used the original '"unsmoothed'' data.

For purpa§e; of analysis the corrected curve of egg abundance could
agbitrari!y(be separated into a number of pulses, These pulses occur
as a result of several proctesses and are common in copepods where recruit-
ment is continugus over a large f;action of the year (Rigler and Coole% h
unpublished data, Comita 1972, Ravera 1954, Edmondson, Comita and Anderson
1965). When phytoplankton abundance is high, especially at spring and
fall overtuen, there is am increase in both the Percentage of females
carrying egg sacs and the number of eggs per sac creating the first
pulse (Fig. 4 top panel, and Fig. 5). From mid-May through mid-June
anothe; distinct pulse (second pulse) is evident followed by a period of

low reproductivity in the warmest part of the year (third pulse). A

fourth pulse began in late August and continued until mid-November when

° » et ’

eqqg production stopped.

. The first pulse in particular was distinct for most instars since
shifts .In peak numbers for subsequent stagés could be followed easily
and wes treated as a first cohort. The smaller second pulse was easily
separable in the eggs and first few naupliar instars from an even smq}ler
less obvious third pulse (see Fig?,h, top panel). However the later

bS -

[
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FIGURE 5 ’ )
Number of eggs/sac and percent females ca;*rying eqqs for '

L. minutus in Bluff L. from Feb. to November 1971.
On August 15 and 16 approximately 20 to 25/ cm. of arai;t fetl on

the drainage area of Bluff L. as Hurricane Beth passed over the

~ &

3' v
-
<

Halifax+Dartmouth area.
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capqmdltu in the second snd, 1tim'd pulm ware inupcﬂb!c and forw -

purpm: of anilysis the second and third pulsas were trasted collactively !
/u # second cohort. -The-fourth recoonizable pulse which continued into

1972 was distinct and was treated as a third cohort, In sumsary the
m:-::m of L. minutus In BIWEF L. in 1971 was divided for analysis
arb!g:r_t!y into 3 cohorts. Although information on abundance in 1972
is awlhﬁ‘f& only up until May 19 Qhe beginning of & first cohort comparable
to the mvlous year is evident. \ ‘

Bafdre the fiald work was st;r d it was dacided that the sampling
oprog;rn would be intensive in order to obtain good data on population
dimamics of the main zooplankter L. minutus since a previous similar °
study on another diaptomid (n’t%r and émuéy, unpublished) had shown

s
' that AnfrEquent sampling could Jead to a condition where pulses could not

Uit e
* be easily separated making analysis for instar mortalities difficult and /

£

[y

open ?o many subjective decisions. Howaver even with frequent sampling there
‘ were times when two pul ses wern; not distinct. In particular the ead of the

first pulse for the lill and NS Instars was not clear., There was also

difficulity and some subjectivity used in separating the first and 3

pulses in the copepodite instars becsuse apparent mortality early in the

@ . nsupliar instars sliminated any noticesble mpdes in later instars. This

bs most apparknt after the CI1 inster ‘where it becomes impassible from
the data to sepsrate the second pulse from the third. By the CV instar
the second aind third pulses 6f ‘animals seem to have disappesred cospletely.
'Fo) this reason snalysis was carrled out as ?xrlb-d in the materials and e
methods for the tohorts as defined in Table 5. This witl in._tm&lc.o

g;aa srror ';i‘\ich } assume to be insignificant. - E

1 ; P

The third cohort produced In 1971 Geveloped through the wintar smd
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Beginning and ending dates for the 4 cohorts of L. minutus in,
Bluff L. In 1971 and 1972, »

First Cohort 1971 (71/1) Eggs to CV
~begins Feb, 20, ends Nov, 27, 197}

’ Second Cohort 1971 (71/2) Eggs to CIV © s
~begins May 15, ends Oct. 26, 1971
. Third Cohort 1971 (71/3) Eggs to CV
-begins Aug. 21, ends May 19, 1972
“First Cohort 1972 (72/1) Eggs to" N3 .
~bedins Feb, 13, end of pulse of N3's assumed to occur )
) i . on June 5, 1972 - - )
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into spiing of 1972 but the sampling program for Bluff L. was ended on
May 19 before all of the CV had either completed thair development into *
adults or died. Since the numbers are smalt (Fig. &) it was assusmed
that all CV animals alive o Hay 19 survived into adulthood. Again
this will introduce & small insignificant srror but simplify comparisons
betweoen cohor;k. : . N

' The overwintering femmles began prodm:!ng subi thoeous aggs at about
the ssme time in Feb. of 1972 ax thay did in the previous year but the
f?rsi; cohort of 1972 which is shown in Fig. &‘up tq May 19 Is obvidusly
smaller in size than that of 1971 in both the tggsMuplhr .
fnstars. By May of 1972, as i 1971, a few Ct of the first cohort were
found In samples. It should also be noted that thare was much more scatter
about the smoothed curves of abundance of adults and adult females even
though sampling wes more In;é:ns; during the winter of 1972.

In all subseq;ant discussion for simpliclty unless otherwise stated
all nuub?r: of _L_ minutus instars refer to whole lake estimates and will
be expressed in units of loz/mz. all areaswnder curves “in units of
io /u s and a1} production figures as grams dry weight/nnz The first
three cohorts produced 1\1971 and the Flrst cohort of 1972 will be -
referred to as 71/1, 7172, 71/3, and 72/1 respectively. Subitanecus eggs

will be referred to as simply 'eggs’ as opposed to dtapuuslng or resting

Ao

aggs. ' q . ] —~

2, Empirically Derived Development Times
Previous workers (Elster 1954, Elctthorn 1957, Cooley 1970} have showm
that development Bates of eggs and first neupliar instars of fresimater

PRI
Bl

calanold copepods are tmu'turu dependent, The results of lsborstory
experiments on these two stages for L. minutus dhd A, W .
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\ '\\orc/ﬂlnmud in Fig. 6. The data For each stage of each species /

were fitted to BYletrhdek’s temperature function

ru .

. - D= a('r-ob )

k) . Pad
where U s devslopmant time, T is temperaturs, a, b, and o{are constants,
betceuse it has bm-shom to adequately describe devilopmeot rate and
tomparature when the relationship is mogotonic and slightly curvilinear
(McLaren 1965, 1966, McLaren, Corkett, and Zillioux 1969, Mclaren and Cooley
esn, Corket 1972). The constantzﬁ:( was chosen to achieve the best least
squares fit between the natural logs of D and {T-&). Although a simpler
form of this power éurve (without o) would describe the data as well,
the extra st;p is included here because of the suggestion by McLaren {1963, )
I‘965, 1_966) that the 3 constants of B&lehrdek's function may have
”b!olggtcalomnfng at least within i-elﬂ’md groups such as copepods. Thys
these fltted equations (Fig. 6) may be useful to ff; workers when more
h;fomﬂan on egg and first naupliar development Pates become available.

information derived from field sampling on the dansit; of animals
7in each i:lietl“ﬂ stratum and water temperatures (Ftig. 2) for each sampling
day of a cohort were 'used in the following wanner to astimate an average
temparature axp;rfent;ed by a particular instar (egg or N1) in the lake, ‘

The mean dafly temperature experienced by an instar was calculated by '

nultlp'lylng, * temperature of sach stratum by the density of animels,

summing over all strata, and dividing by the total number of animals: in
the lake. The?e mean daily temperatures wejghted {multlplied) by the

population size of the Instar were used to estimate a mean tonperature‘

over the entire cobort ahd were then converted Into an sverage cohort

" development time for that Instar by using the appropriate equation in

-

W 0,74 ow A W c, ¥ T L I IR S L 23 - vy
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FIGURE 6 /\ 'O

Egg and NI development times plotted against temperature for
L. minutus and A. spatulocrenatus. :
= 3

.

P

B¥lehridek's temperature function was fitted to the data points to
obtain an equation for each curve. The statistics of the fit for each
curve are located in Appendix 3.
N - L. minutus , ;o

'2'311’ Ve ’N’ d
|Jng = 156046 (T+8.0) » ) tvation 2
-2.048 ‘
DN] = 15065(T+6.0) : Equation 3
) A. spatulocrenatus
«2 ko2 | .
D = 160020(T+4.9) Equation &
egg g
-2.282
Dyy = 27790(74\.6)/ _ Equation 5

»

0= development time in hours
¢ ' T= temperature in degrees centrigrade .-

LAy
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+ For this and subsdquent calculations it was assumed that any
diurnal vertical migration that might be occurring by egg carrying females
: £ |
and NI did not affect the daily estimates of mean temperature. Thls\o\ssum- w

tion is supported by the fact that on & given day almost the entire - \\

population was located in the top 3.5 metres of the lake (Table 6) which \

was also the unstratified epilimnion (Fig. 2). Also Cooley (1970) found l
that the vertical distribution of the First naupiiar instars of Skistodiagtomus

oregonensis had the same wean depth in the water column during the day and

at night even though nrtic;l migrations became larger with tncreasing .
age in tfpe copepcn{ﬁas and adults, -
3. Pogutatton Estimates of Eggs and Nl

Estimates of the number of eggs and N1 passing through each of the
3 cohorts of L. minutus p;'oduced in 1971 and the first cohort of 1972
were calculated in 2 slightly different ways (Table 7). The first estimate
involved converting thel mean cohort teuper:ature for eggs and N1 to mean
development times using Equat‘ions 2 and 3 and dividlr;g these times into
the area under the numbers curve (Southwood 1963). The second method ,
has been used by several workers for estimating birth rates of rotifers,
cladocerans, and copepods (Edwondson and Winberg 1971); It assumes that
on a given day the fraction of eqgs hatching is 1/D M’:Lre D is the durstion
of eqq debélopment in days determined from Eqn. ‘2, and thus 1/D % egq
number will give the absolute number hatching in a day. If one t;kes an
average of %the- number hatching on consecutive sampling days and multiplies
this number by the interval between the 2 sampling days then an absolute
estimate is obtained of the number of eggs hatching in the Interval and
summing over all intervals in a cohort gives an estimate of the total

number of animels hatching. The same procedure was appi fed for N} moulting

‘%



TABLE 6

«

33

o

Seasonal changes in percentages of eggs and Nl of L. minutus

found in the top 3.5 metres of water in Blufif L. when stratified.

Date % of Eggs in % of N1 in
1971 top 3.5 metres top 3.5 metres
May 15 97 93
June 14 gl 94 )

T
July 15 99 95
Aug. 13 100 | 95
¥

Sept. 16 97 96
Oce. 17 98 None present
' - ?

4 ‘
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“ TABLE 7

¥

Estimates of the number of animels passing through the egg and first naupliar instars
assuming. A) an average development time over the entire cohort., and 8) 1/D animals hatgh

. or moult each day of the ¢ohort. All answers are expressed as number of animals x104/m?,
‘ First Cohort Second Cohort “ Third Cohort First Cohort
: v 9N . 1971 1971 1972
. \ — eggs N1 eggs NI eggs NI eggs N1
T . A 4384 3933 2933 177 “3490 2813 2279 2633
P 8 4180 3733 31k 3488 3430 2818 2038 2375
W ‘ .
&‘3;: I3
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into N2. A bias is introduced into these latter calculations if the age
distribution of the eggs is not uniform. Table 7 illustrates that the
estimstes of egys and iil using these 2 methods are similar and for
simplicity in subsequent calculations the results from the first method
witl be Ysed.

#.'Drv Weights of Instars of L. mf-nutus and A. spatulocrenatus

Animal nuwbers were converted to production units using th(; dry

_waight values listed in the first column of Table 8. The values marked

with an asterisk were derived from | to 3 waighings on a microbalance

as described in the materials and methods.‘ The dry weights for the NI

to N4 inst‘ars were approximated in the following manner. It was assumed
that animals would have a lower mean dry weight as compared with eggs
until a¥ least the second or possibly third naupliar instar (Rigler and .
Cooley unpublished, because fee‘ding’does not begin until N2) and that r
» semilog plot of mean dry weight versus instar for the N2 to N6 instars

* ®
would approximate a straight line. The dry weights of N5 and N6 from

Table 8 were plotted semilogarithmically and the resulting straight line

was extrapolated by eye to the second naupliar instar and N2, N3, and NG

.

dry weights were intefpolategi along the ordinate axis from this line.
Simjlarly the ordinate at the nld-poini: of a line connecting egg and N2
dry waights gave an estimate of N1 dry weight, .

Althotugh these values were used for the 3 major cohorts analysed
for instar mortalitles, it is probable-that a given Instars dry weight
can vary throughout the ymar depending on the mtrl'ﬁonal state of the food

being assimilated. The dry welights that were determined came from instars

. * . o
© collected whan their numbars were at peak lewels in the first cohort of

. ¥
1971, Similar experiments donk on the 1972 population at the same time of

-

your ‘praved to be st;ﬁﬂmﬂv higher in the Cil and CII] instars -

-
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TABLE 8 g i
S

Dry weight values of ngtod!a.ggmus minutus used In converting
animal numbers to production est tes. Values marked with an asterisk

were determined from laboratory weighings. The number of animals
weighed for each detgrmination §s yiven in brackets,

LY

. INSTAR MICROGRAMS DRY WEIGHT
First Lohort First Cohort
) 1971 © 1972
Egg .30 .30{300) -
Hl R -25 ’ %
N2 .23 Ll -
N3 .26
N4 © .30
N5 .35 (76)- i . :
N6 -0 (100} ™ .42 -(100) <
cl .52 (100} %l .51 (92)~
Clt— T (67) 1 .95 (75)*
. CHii pl.10 (51) -63 (Jo0)*
1y 2.86 (200): . k N
cv o 5-02 (100)* \ J“ .
Adults 5.33 (160)" Vo

bt

»

a . B
Average of 3 replicates from May 15, May 20, and May 26 of .52, .52, and
.51 micrograms dry weight respectively,

b ’ :
Average of 3 replicates from Aug. |, and Aug. 5 twice, all equal to 2.86
micrograms dry weight, -

-

E]
CAverage of meles and females {see Table 9).
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(approximately 32 and 48X respectivély, Table 8). To illustrate the

magnitudes of possible seasonal instar variances Table 9 lists dry weight

4
values of adult males apd females for both L. minutus and A. spatulocrenatus -

at various times in the year. These data indicate that from mid-November
of 1971 to late July of 1972 adult males and females mostly from the same

cohort underwent almost a 50% loss in dry weight, Similar large seasonal

differences in dry weight were recorded for the larger A. spatulocrenatus.

For both species the highest values occurred continually from late fall’ . -

through the winter. However in 1972 A. spatulocrenatus tiad its hiighest
average adult wei;\t on May 24 at a time when the dry welgh.t of L. minutus
was decreasing to its lowest value of 2.9 micrograms.

These data show that using one set of dry weights for cohorts produced
at different times in the year or in different years will introduce
arrors into productlon estimates if expres:sed"as dry weight. Howdver
because | l\wve only 1 set of dry weights from 71/1 they will be usefi in
astimtin& production for the other cohorts even though the errors may
run as hitgh as 50%, ‘

5. Zooplankters Other Than Diaptomids in Bluff L.

Figure Z _iTlustrates seasonal life histories for 7 species of zoo-
plankton othN‘tn L. minutus in BJuff L. for the period from April 18, -
1971 to March 30, 1972. Because these data were col'iected only to lndica‘te,
when competitive Interactions with L. mpinutus might be occurring, sampling

was lass frequent. The ssasonal occurrence of each species as indicatad i& ..

Flg, 7 will be briefly presented below.

’

a. Holopedium gibberum -
\ v
The rather sudden appearance of this animal early in May together with

i,ts total absence during winter indicates that it spent the winter in the

b}
L3

o .

-

oy e e s g
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TABLE 9

Seasonal changes in dry weight values of Individual adult males and ‘fmhs of L. minutus
and A, spatulocrenatus in Bluff L,

in brackets.

The dates progress

The number of animals used In sach determination is glven
C}nuentiaily from 1971 to 1972. All dry weight values are

. sxprassed in micrograms, i
May 17 Nov 14 Nov 16 Nov 29 - Jan 24 Feb 15 Apr 10 May 24 Jul 13 Jul 28
. males . 3,0 5,2 5.2 4,7 4,6 4,2 3.2 3.1 2.8 2.7
{65) (80} {80) (60) (75) (70} (60) (90 (100} (100}
ko pinutus .
X fevales 3.7 5.4 5.5 5.4 5.3 Le - 3.7 3.5 .0 3.1
(60) (80) {80) (50) (70) (70) {60} (80" (100)  (100)
Average 3.8 5.3 5.3 5.1 5.0 45 3.5 3.3 2.9 2.9
May 18 Aug 8 Aug 15 Nov 25 Jan 24 Feb 17 Apr 10 May gh Jul 13,
(/ v males 9,2 9.6 9.1 12.2 12.4 11.4 T:.1 11,7 7.3
. (16) {10) (30) (25) (32) {31) (26) (41} {29)
A. spatulocrenatus . ‘ .
o : females 15,2 11,0 12,9 18.§ 15.9 154 15,5 204 9.5
. (35) (19) (14) (22) (28) (30) (50} Wy (3
s 7 . :
‘ Average 12.0 11.0 15.5 13.4 6.1 8.4

10.3

1,2

13.3
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FMGURE 7 - . -
Population’ dynamics of zooplankters other than L‘/m, .
common In preserved samples from Bluff L., from AQM;IB, 1971 to
March 31, 1972, -
Diaphanosoma brachyurum had a peak population of 4438 /m2 on
Aug. 5, 1971. Daphnia pulex had a pesk population of 14,827 /mZ on
Oct. 17, 1971. Bosmina longirostris had peak popufation levels of . ' .
38,290 and 44 458 /mz on Sept. 12 and Sept. 24,1971 respectively and at
this time was approximately 1/5th as abundant as L. minutus, . / !
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form of resting sgys. The population (animals of all sizes) rose
quickly in late /hy with peak numbers of approximately 5000 /m? occurring

throughgu,t June and then rapidly declined during the first 3 weeks of

- a

1‘-":!uly. Small numbers were present from Aug. through Oct. and none were
w ¥ ¥

{
saen in November.

b. Diaphanosoma brachyurum ‘ ' .7

’ This species was commonly found near the surface in open water trap
samples in summer and was not restricted to weedy margins of the lake as

" is normaHy the case (Hutchinson 1967). Hutchinson (1967) describes it as

-

a common summer species and notes that séme workers do not separate thé 2

. +

described species of Paphanosoma (brachyurum and leuchtenbergianum)regarding

the latter as just a planktonic form 6f the forier. A summer peak was
also observed in Bluff L. of approximately 4500 /m? in July and August.

Its sudden appearance i May and disappearance in November suggest that it

*

too spends the winter as resting eggs. “

c. Daphnia pulex B

This species is cumraﬂy found in both lakes and ponds all over the

tontinent (Brooks 1959). In BIuff L, two population maxima occurréd; one
In de-Oct”:'of approximately 12000 /m? and a smaller one in mid-March of -
“1972 ;)f approximately 4500 /mz, but )it is present in small numbers at all
time; of the year, Because of the confusion regarding the taxonomy

of the genus and because all spacimens recorded could not be individually
keyed It is possible that small numbers of another species of Daphnia

were also’ present since multiple congeneric associations are not uncommon

(Tappa 1965, Haney 1970). °

d. Bosmina longirostris

=

This species was the only other zooplankter in Bluff L. that at any

ol
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time approximated the abundance of L. minutus. A large increass In popu~
lation aize occurred d:*rlng Sept. 1971 with maximms of 38000 /vuz and
44000 /m® recorded on Sept. 12 and 2h respectively. In contrast, &t the

same time numbers of L. minutus (all instars excluding eggs) were of the order

of 200,000 /m2. The total absence of this animal in winter suggests it
passes the winter as diapausing aggs.
v ?
e. Eplschura nordenskioldi

Almost no information is avail;‘on the distribution and bliology

' of this species Slthm;gl; it is a re but uncommon inhabttant’ of

lakes in the Halifax~Dartmouth area, This is to be expectedr since the

genus Eg%schura is known to be predatofy (Main 1962). The suliden appearance

of naupliar-instars in May wheh no adults are found indigates it over-

winters as resting egys, Development i‘arently rapid durimg May with -
a few adults present by late May (Fig. 7). The large peak in adult

numbers through Sept. may be derived from offspring of the seco:d or

perhaps third g’eneration. The data are not adequate to be ce'rtain.*

Davis (1972) reports it as having 2 generations in Hogan's Lake in

Newfoundland, By mid-Nov. in 1971 all instars were absent from the lake.

f. Aglaodiaptomus spatulocrenatus

Adults are present 'navarying numbers throughout the entire year
(Fig.'7) but breeding i,s. apparently restricted to May through August,
‘ Peak numbers of adults were observed from Sept. through DYE apparently
‘suffering little-mortality but even during this !atater period it lsﬁ
num;ﬁrlc,ﬂly a minor constituent of the zrooplankton. As‘lﬁwngcmr
of L. miputus in Bluff L. itd size is important and the adults wefe
observed to be approximately 50 to 65% longer and much heavier than

adult L. minutus (Table 9). Even when adults were most sbundant they




2
L

h2 »

were outnumbered by adult L. minutus by approximately 20 to 1.~
6. L. minutus in Other Halifax-Dartmouth Area Lakes .
Table 10 shobus the occurrer:ce of L. minutus and other calangids
in lakes In the Halifax~Dartmouth area. Only | of the 38 lakes listed
(Russel Lake) did not contain adult calanoid copspods while L. minutus
& was present in the remaining and judged to be the numerical dominant in
22. it is also worth noting that L. minutus was found dominant in lakes °

*

large and small, oligotrophic and eutrophic, stratified and unstratified. -

Although 27 of 38 lakes contained an Epischura species, only First Lake

contained both E. lacustris and E. nordenskioldi. This may indicate an

inadequacy in the sampling method or a possible competitive interaction

tween congeneric spéacies.
¥ .

* ‘7. The Onset of Diapause in L. minutus and A. spatulocrenatus

Figure 8 11Justrates when the shift to the production of) diapausing
eggs from subitaneous eggs occurred for the 2 diaptomids if Bluff L. in
1971, An egg was assumed to be in diapause if it did not hatch when expected
by using Eqn. 2 and did not decompose and appe:‘ired healthy after s;-veral
waeks at 13 °C. For L. minutus the data indicated that! from 2 to 10%
of all egg sacs found in Sept. were diapausing but, co;rtrary to a suggestion
of Cooley (1970), these were indistinguishal;le morphologically from the
-subitaneous variety. By Oct. 1] all eggs collected from ljve plankton

samples were in diapause.

e it was observed that A. spatulocrenatus also switched to the pro-

. : )

duction of diapausing aggs, but because of small sample sizes the time cannot
be documented as precisely. On Aug. 30 and Sept. 8 one of & and 6 of &

egg sacs respegtively were judged to be in diapauge: By Sept. 12, thirteen

of 14 egg sacs falled to hatch in the expected time interval (Fig. B).

e

b
*
L3
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TABLE 10 'y - ¥

Calanoid copepod associations in selected Halifax-Dartmouth area lakes. All samles were
coliected with a conical tow net (75 micron mesh) near the despast spot in each lske In the
summer of 1971,

Y
.

Name of Lake Area ‘ Mean  Max, Stratif. Sgcchl Trophic Calanoid Copepods Found
(hectares) Depth  Depth Depth  Status t.m, A.s, E.n, E.I,
. (m,) (m.) {m.)
Albro 23.5 1.8 6.1 Yes 5.7 D +
X Bell 9.7 .34 8.5 No 2.2 D
* Bissat 79.7 2.0 ‘9.1 No 0.9+ ) ¥
Bluff 4.8 2.0 7.0 Yas 4.9 D + +
Charles 158.6 9.1 28.3 Yes 6.1 T +
Chacolate 8.9 3.9 - 13.4 Yes ° 3.6 D + +
Colbart 22.3 5.6 12.2 Yes 2.3 ] +
Cranberry 11.3 1.6 4,0 No 1.1 Eu 4] +
First 80.9 . 5.8 22.9- Yes G.2¢ D * c
Governor % 41,7 4,7 4.3 | Yes IR E Eu +
Henry 13.2 . 2.0 6,1 Yes 1.0 Eu p ¢
Kearney 63.9 9.1 26.2 Yas o O D- +
Kidston 11.7 L4 §,6 No 2.0¢ D +
Lemont 9.3 2,9 5.5 No  « - 01 o ¢ .
Long 204.8 7.4 30,2 Yes , 2.5- O D ¢
Long Pond 16,2 - " 5,8 Yes S T L b + +
Loon * 68.8 3.2 6.1 No 1.6% +
Lovett 15.4 2,1 7.0 Yes - 1.6 Eu + + ]
H.Ymrd ¥ 7.{ - 4.8 ‘3.‘ Yes 6.5 [ -+
Micmac 146.9 3.2 6.1 No - 4.3 b +
Morris 48,1 . 2.8 756 No 1.7¢ + B +
Oathill hL,2 v 3.0 8.5 Yes 5.5 [
Otter 93.9 4,2 11.6 No -» g -0 H]
Paper Mill e 1.6 6.1 No 3.6~ + PR
Penhorn 4,5 9.1 ‘2.9 Yes - +




BLE 10 (cont'd}

1liams

TA .
Kame of Lake Area Mean Max. Stratif, Secchi. Trophtc Calanoid Copepods Found
{hectares) Depth Depth . Depth  Status L.m. A.s. E.n. E.L.
. (m) (m.) (m.)

Powder Mill 23.5 1.7 6.1 Yes 5.2 + +

Power Pond 7.3 2.6 10.7 Yes - +

Rocky 186.6 2,2 11.0 Yes 5.8 + +
“Russel 33.6 31" 7.9 No 1.2 Eu

Sandy 66.8 7.6 19.2 Yes 2.1 . c +

Second 103.6 3.7 22.9 Yes 2.9¢ D

Spruce Hill 83.0 3.4 11.6 No 3.0 01 D +

Third 91,9 24,4 8.5 Yes L, o m + +
Three Mile 16.2 3.6 11.3 Yas 6.0 +

Topsail 59.1 2.5 6.7 No 6.3 o1 D +*

Webber 37.2 g1 16,8 Yes 1,0 01 D .

Lake William 338.7 28.3 11.6 Yes . 6,1 c +
wi Al 146»5 2.5 20.] YQS ng"‘ D’ +

St

Trophic Status « only those lakes which on the basis of water chemistry and/or algal blooms were

Explanation of Terms and Symbols Used in Table 10

data not hvailable

ratif. - Yes if lake had a well developed hypollmn:on and/or metalimnion

obviously oligotrophic (01} or eutrophic (Eu} have been categorized

¢ Sécchi disc readings taken within 3 weeks after hurricane 8f August 15 and 16;

Most likely these figures are significantly lower than normal dus to large amounts of runoff
entering .the lake from the drainage basin,

Pr

ssence of Calanoid Copepods

D - obviously tha numerical dominant zocpiankten of all species present’ in the sample

. C = common in the sample(s)
+ = present in small numbers

L,m.=Leptodiaptomus minutus
E.n.-EgIschgra nordenskioldi

A.s.=Agqlaodiaptomus spatulocrenatus
E,l,=Epischura lacustris

=

-
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Even with the small numbers it seems clear that diapause egg production
begins approximataly 1 month sooner I_n the ;argar diaptomid,
8. The Dropping of Dlapausing Eqg Sacs by L. minutus
An attempt was made in the laboratory to estimate the av?rage amoun t
_of time taken by female L. n"imtgg to drop an eqq sac containing diapaus-
ing mggs. HNormally subitaneous eggs are carried by the female until hatch~
ing but nejther diapausing nor subltané;us eggs can be produced until pre-
vious eggs either ha;:ch or Fall off. Some diapausing eggs took &4 to 7 day;
to be drop?ed but the average was 2.4 days (standard deviation= 1.4 days).
If it is assumed that there is an even distribution of eggs of all ages, an R
éstinte of the average amount of time an egg sac is carrled before being
 dropped would be 2x the mean= 2x2.4 =b.8 days, rounded off to 5 days.
An estimate can be made of the total number of diapausing eggs
depasited on the mud sediments if the area under the numbars curve of
dispsusing eqgs is divided by the anr;ge length of time each egg sac - * .
is carried. This is likely to be an overestimate of the true numberwof
diapausing eg;.;. dropped since females in the laboratory were an
artificially small andq unnatural environment and were observe:hmg
into the walls of the incubation vial which concelvably hastened the
removal of the egg sac. ,
Since quantitative sampling of Bluff L. was begun on Oct. 17, 1970,
almost a full week aftey the total switchover to diapausing eggd had
occurred in 1971, a number of assumptions had to be made about the female
population as' it existed before this date, A few qualitative samples
ml;acted on Sgpt‘[»nd Sept. 26, 1970 with a tow net were used to
estimate the 7, of females carrying egg sacs and t[&tnr of eggs per
sac, From Table 11 it can be seen th{t in both years the absolute number

of females in the laks determined from quantitative samples is remarkably simitar

U :
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TABLE 11 v

A Comparison of available ﬁarameters from Bluff L. samples needed
to calculate the tgtal number of diapausing eggs deposited on mud sediments

by L. minutus in the fall of 1970 and 1971. ¢
1970 \ " 1971 ’
Date e? 4 of fem. JI of Date # ofzfe? % of fem. # of
/m© carrying eggs per x 105 /m carrying eggs per
egg sacs sac eqq sacs sac
Sep 1) 13 90 1.7  Sep 16 74 . 7h 7.4
Sep 262 36 1.4 Sep 24 58 . 51, 6.0
. Oet 17° 115 13 154 oct 17 115 1 12, 1.9
Nov 15 285 4 1.8 Nov 42 298 o 1 1.6
Nov 29 270 1 1.8 Nov 27 - 260 1 1.6

Final estlmates of- the number of diapausin eggs degpsuted on mud sediments:
1970 = 376 xI} 2
1971 = 452 xi0 /m
! Estimates of the 7 of females carrying egg sacs and the nums;r of eggs
per sac were determined from qualitative samples taken with a tow net,
Quantitative sampling of Bluff L. with a 32 litre Schindler trap began
on this date.

~ F]

5

3 The size of the total adult female population ¥In Bluff L. In 1970 on
Sept. 15 and Sept. 24 respectively was assumed to be the same as it was
in 1971 on Sept, 16 and Sept. 24 respectively.

Total number of diapausing fraction of fraction of
eggs in .the populat@on on = (f/ of Fem.) x (fem. with ) x { eggs In
any day . edgs dlapause

x {# of eggs/sac)

b
Equation &

The fraction of the eggs in the population that wa¥ in diapause on any
date was determined from Fig. 8 and was assumed to be the same in both

% b3

Y“"S . N 4 Yy

%
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but the % of females with eggs and the number of eggs/sac are cotisiderably
lower in 1?70 during late Sept.ﬁ and Oct. To make the necassary calculations
it was assumed that a) the onset of diapause wes fh same in both years,

b) the absolute number of fmles’ was the same, and c) the number of eggs/
sac from Sept.. through Nov. in 1970 was 1.8. The percentage of females
ckarry’ing eggs at any time was read from a straight line piot of available
information for the § qualitative and quan:atitat!ve sampling dates in 1970,
The final estimates of 376 x102/m? for 1970 and 452 x10%/n? for 1971

suggest that thé r;muber of diapauging eggs d;posited on th; sediments was

) =

very similar in both years,

9. Eggs Caught in Sediment Traps (Fall 1971)

Sediment traps were set in BIuFf L. in the-fatl of 1971 in order to
obteain another independent estimate of the number of diapausing eggs that
were dropped by L. minutus females. The results from this experiment
h;ra not entirely consistent with the estimates resulting from the anals:sis .
of diapausing eqgg abundance over time. Assuming that 1/5 of all diapausing
eggs are dropped each day {the inverse of 5 days, the amount of time an
egg sac Is carried before being dropped) and solving Eqn. 6 in Table I'l with
tl-‘m nece:f.sary parameters from Tield data will produce an absolute estimate
for the number of eggs c;ropped on a per m2 basis on Oct, 17 and Oc‘, 26 of
780 and 304 respectively. Assuming a constant change in the production rate

vetween the 2 dass the expected 9 days accumulation of eggs would be
780 + 304 x 9 = 5328 /m?.
2 v

The results from the analyses from the 10 sediment trap samples
are given in Table 12, Twe different kinds of eqgs were found which had

the same approximate size 'and appearance of L. minutus and A. spatulocrenatus

" eggs respectively. However It is possibie that some of the smaller eggs




L
TABLE 12

The numbers of eggs found in each of 10 sediment traps from October
17 to Oct. 26 1971 in Bluff L. The "small eggs" were assumed to belong
to L. minutus and the ''large eggs" to A. spatulocrenatus. Two traps
were lbcagp:'l at each of the 5 major sampling stations in Fig. 1.

Y

frn %
Station Max. Smatl eggs Large ' eggs -

. Depth L. minutus A. spatulocrenatus
' (m.)

Al 7.0 15 X

LT 13

Bl .5 : 20 -~
% B2 2% H

ct’ 3.8 20 5

€2 : RE 3

1] 3.5 28 . 1

o2 . 12 3

El 2.5 25

E2 19

for the small eggs:

mean number per trap = 18.8
variarice per trap = 25.h
standard deviation = 5.0
standard error = 1,6 -

R
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belonged to Epischura nordenskioldi since | inconclusive laboratory

experiment showed that its eggs were slightly smaller but geserally #
similar to those of L. minutus and Flg. 7 shows that its adults were

-

éuscnt but ;ap!dly decreas/i_ng ‘in numbers in late Oct, (ﬂo information
is available on the number of eggs this species lays pef clutch or how
of ten fhis occurs. Almost all of the free eggs in the sediment dtraps
were singh; even though they are ?ost likely deposited in a sac by
disptomids. According to available information Epischura lay their eggs
singly (Main 1962) but it is likely that the membrane around a diaptomid
egg sac is destroyed as a result of the treatnefut encountered before
being analysed"under the microscope., The average number of eggs found per
trap was.18.8 with a standard.deviation &f + 5.0 eggs. Since most of
the popv.\tlation is above 3 metres it is not unusual that Ehe same numb‘er
of eggs were found in the shgﬂ I,ov'l water traps as compared with the deep
water ones. ; )

Assuming that all of the small eggs belonged to L. minutus and that
an average of 18.8 eggs fell onto each 78.5 sq. cm of mud surface {the area
of the opening of each trap was 78.5 cmz) then ;;he number accumulated
over the 9 ;ay interval between Oct. 17 and Oct. 26 would l;e 2395 /mz’
or slightly less than 1/2 of the expected 5328'/;1.2 from the previous
estimate. Also imi:lfclt in the former estimate is that the tra;s are
1007 effic%ent in catching and retaining everything falling directly

a

above the opening. .

10, The Effect of Temperature on the Development of Diapausing Eggs

To determine how temperature affects the development of diapausing

eggs of L, minugus and A, spatulocrenstus from BIuff L. the procedures
Tisted in TabI; 13 were carrled out, .

-
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TABLE 13 ,
Experiments perfformdd in the laboratory on dwpausing eggs of L. miputus and A seatylocrentus |
from Biuff L., in 1971, _— N
Expt. Date eggs Light Temperature treatment No. oﬁv,No. of %
¢ L collected onditions (degrees centrigrade) - égqg sacs eqgs hatching
. ‘ L. minutus 4 ,
T Oct 28 dark transferred te t4 after 1 wk at 4 15 30 ]
2 Oct 28 dark transferred to 14 after 2 wk at & 20 37 0.
, 3 . Oct 28 dark transferred to 14 after 3 wk at &4 19 Lo 0
& Nov 4 dark transferred to 14 after I mo at 4 50 84 .5
b1 Oct 28 dark transferred to 14 after 3 mo at b 51, 105 72
3 Oct 26 - light kept continuously at & 28 L8 94
. 7 Oct 29 dark kept continuously at &4 gk 150 \ 393
& 8 Nov 4 - dark kept continuously at 8 96 t 52«
él § 9 Det 29 dark kept continuously at 14 20 3 0
e - !
N A. (spatulucrenatus L3
- 10 Sept 16 light kept cont:nuously 2t & 15 72- 47 ~
s 1R Sept 16 light transferred to 14 after 3 mo at 4 10 4 70
12 Sept 3 dark kept continuously at & _ . 14 77 4
- 13 Oct 11 dark . kept continuously at &4 14 35 0
-, BRI Sept 24 dark kept continuously at b 8. 35 it
15 . Sept 12 dark kept continuously at 8 12 .66 - 0

-Equipment failure on Hay 1, 1972 forced termination of the experiments at 8°:
All A: spatulocrenatus eggs from each experiment were incubated {n’a single vial, while each egg
sac of L. minutus was incubated in a single vial, ;
All experiments were terminated on June 19, 1972. \On this date: '
Expt. 12 « someé eggs still appeared to be alive -
Expt. 13 - 33 of the 35 eggs appesared to be alive

Py ¥

05



a. L. minutus

The results lnw‘l‘able 13 and Figure 8 show that in general greater
numbers of diapausing eggs hatch sooner at moderate temperatures oj about
14 °C than at & and 8 %C. The results from Expts. | through 3 show that

& minimum amount of time of approximately | month is needed before any

—
<

diapausi;sg eggs will hatch even if they are transferred to warmer témpera-

tures sooner. Figure 8 suggests that eggs incubated under lighted conditions

hatch sooner at & °C than eggs incubated in the dark. The results of Expt.

8 (incubation in the dark at 8 9C) show however that diapausing eggs do

. hot abso?ute!y require incubation at temperatures of 4 °c, approxima;ing
‘winter conditions under ice before they will hatch since aft;t: 6 months

at Q"OC (ngpt. 8) diapausing eg‘gsdbegan hatching. However none-of the eggs

-

incubated at 14 PC ever hatched unless they had a prior cold treatment

at & %.

0 ¢
b. A. s&tufocrenatus

Scarcity of material allowed fewer experiments involving fewer eggs

s
£

ta be performed on this species but the results seem to be consistent with

those of L. minutus. Agparently A. spatulocrenatus also requires that its

diapausing eggs develop at a cold temperature before hatching will occur
and diapause‘ development in the light again ;eemed to be faster {Expts.
10, 12, and 13). Eggs could also be made to hatch sooner by completing
development at a moderate temperature of Ih % providing they had spent
3 months at b °C. Without this time at & °C no eggs hatched after-almost

o] .
9 moaths at 14 C., In contrast to the results on L. minutus, no eggs

hatched at 8 °C.




FIGURE 8 , ..

ww

\

nThe results of experiments performed on diapausing eggs of L, minutus

and A. spatulocrenatus and the time of onset of diapause.

‘ -

-

All of the diapausing eggs\used in these, experiments were collected from

BIuff L. between Oct. 28 and Nov. 4, 1971 for L. minutus, and Sept. 3 to

Oct. 11, 1971 for A. spatulocrenatus and incubated under the varying
& -
' temperature and light regimes listed in Table 13. :

“ Symbols used in Figure 8 -

dk ~ eggs indubated in dark

It -~ eqgs incubated in light

mo -~ months

Numbers in circles refer to expegiment numbers in Table 13.

5
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11. Analyses of Population Data of L. minutus
Bcc%use of the cost and time involved it is not unusual to find
that analyses of data on copepods are done only on major life-history

subdivisions such as egg, naupli{, copepodites, and adults. In such

v

analyses the population in each of these 4 groups should rise to a
maximum and then fall to O as mortality and/or moulting exceeds recruit-

ment from. the y&unger group. The data of Fig. 4 have been replotted in

-

this manner and are presented in Fig. 9 to iTlustrate several obvious
anomalies, With the disappearance of the last N6 instar in the First

cohort on June 17 the total abundance curve for copepodites should only

»
s

decreaseé. Even with the scatter among the points on the copepodite

.

curve the trend Seems to substantiate the prediction of an increase

In.gumber; until late June or early July before falling. The copepodite
.x-—;o v -

'y

estiﬁatesfor Aug, 5 and 17 appear too high and too low respectively,

With greater amounts of time spent In copepodite stages one wou!g‘pxpect
the curve to be positively skewed to the right and it is.
4

To a lesser extent a similar problem exists in the second cohort,

;

After the last naupliar instar has moulted the CI to CIV curve drops
as expected from Aug. 25 to Sept, 8 but then rises on Sept. 16 only to fall
again, Most likely these anomalies are due to inadequate sampling of ‘
the lake because numbers were very low and many more trap samples would
be needed before estimates could be quantitativg enough to approximate
the true si:uafion better. The amount of scatter in the third cohort of
copepodl tes appears to be even Tess. _ .

In summary, although anomalies exist in the data they appear jsmall and
| will assums they will- lead to insignificant errors in the final -estimates

L

of instar mortality snd production. The results Of the analyses using the
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graphical method 01: Rigler and Cooley are presented in Fig. 10. Parts

of the data from Fig. 10 together with estimates-of mean development time
are summarized in Table 14, Each vertical panel.in Fig, 10 represents
an analysis of each of the 3 cohorts produced in 1971. In each of

the‘se panels tb? top figure is a smooth curve drawn through a plot of ~
the mean pulse time (Hn) agginst Instar. The differances in smoothed
values of M, read from the top curve are plotted in the figure Below

(]

el
suryivors greater than 100 xH)zla » mcludlng eqgs, (but hat dlapausmg

- M, against instar). The third row contains estimates of instar

egys) which were de'termined independently of the graphical method for .

. oo
reasons given elsewhere, - e S

Y
s

8. First Cohort 1971 {(71/1) .
in 1971 the first cohort was the most important o; the cohorts in
terms of production and absolute number recruited. There was very little
mortality-from the eggs through the N3 instar ahd from N6 to the CIV
instar. Most of the mortality could be accounted for in 3 instars, N4,
N5, and CV. The e‘ggs, ClV, and LV instars accounted for approximately
28, 34, and 207 respectively of the total production for this cohort. -
b. Second Cohort 1971 (71/2)
Afthough egg numbers for the second cohort were approximately 2/3
of the first“ cohort, total production was only about 1/4 as large. This
can be ﬂzplained by the large mortality be'gim;lng wivth N2 and con‘tinumg
through until CIV, the last instar included in this cohort. ,‘OF approximakely

- . _. &

2900 eggs formed for this cohort only 60 to 90 or 3% made it as far as tﬁ’; i
- * ¥

CIV instar, This accounts for tihe fact that 881 of the total production

of this cohort was in the eggs. . ) -
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The results of analysis of each of the 3 cohorts of L. minutus

FIGURE 10
produced {: Bluff L, in 1971 using the graphical-method of Rigler and

¢
°

+
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r

Cooley.

»

instar, The second row is a plot of the successive di%f&ﬁences in mean
The third row is a histogram plot of the number
The fourth

pulse time against instar.
of animals reaching the mid-point of develbpment of each instar.

The first row is a plot of mean pulse’time of each ifistar (M,) versus

.

b 3

row is the production of each instar plotted individually and cumulatively

on the day when the mean pulse time occurs for each instar,
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Table 4

4
Data used in the graphlical method of Rigler and Cooley to estimate
Instar mortallty and production of L. minutus in Bluff.L. in 1971.

Instar Arul M _{day number) Estimated / of An:m {nstar % of
' RBw Smooth £ {days) (x102/m?) Prod. Total

First Cohort

Eqq 66637 - - 15,22 B384 1315 28
K1 12585 109.1 105.5 3.2b 3933 -197 -4
N2 20270 108.4 109.6 5,0 Losy - 81 - 2
N3 26588 117.4 115.5 6.8 3910 117 3 -~
NG 18848 128.3 122.6 7.4 2547 1027 2
NS 17876 137.%  130.3 8.0 . 2235 112 2
NG - 7447 143 L "139.5 10.4 716 36 }
ci 9734 153.2  150.7 12.0 811 97 " 2
Cit 12421 165.4 165.4 17.4 714 136 3
Cli1 20171 185.8 185.8 23.4 862 - 336 7
civ 27037 213.1  213.1 31.2 867 1525 34
cv 32495 268 5 268 5 19.6 4og - 881 20

ADS - 408 126 1%
TOTAL -COHORT PRODUCT!ON = o 45 grams dry weight/m?

Second Cohort v

Eag 13690 - S .63 2933 880 88
N 3495 168.4  169.2 L 3177 -159  -16
N2 5056 173.0 171.3 3.1 1631 -33 -3
N3 7769 170.5 175.4 5.1 1523 . b6 5
N 9257 176.0  18L.6 . 7.1 1304 52 5
* \3 3407 185.3 190.0 9.7 351 18 2
NG 1771 200.4  200.8 11.9 149 7 1
£ 1866 220,9 214.1 4.7 127 15 - 2
cli 1199 231.9 230.6 . 18.3 66 13 1
ciit 1234 250.4  250.4 21.3 58 23, 2
c:g 2377 274.7 274.7 27.3 . 87 l53 15
cv - -
ADS - - - - - -

TOTAL COHORT PRODUCT]DN = 0.10 grams dry werghtdr

Third Cbhort

Eqg 11167 - - 3,28 3490 10k7 65
N1 2250 258.1 259.8 0.8b 2813 151 -9
N2 3825 260.0 260.9 1.4 2732 -85 3
N3 8948 262.9 263.5 3.8 2355 7! N
Ni 610p 268.7 267.7 .6 1327 53 3
N5 321h 267.4  273.9 7.8 L2 16 1
N6 2799 271.9 281.9 8.2 341 17 ]
' Ci 5613 288.0 293.7 15.4 364 L 3
c1 7413 3148 311.0 19.2 387 ™ ., 5
Ciit 5132 339.0 335.0 - 28.8 178 69 L
cIv k179 369.3 367.0 35.2 - 118 208 13
cv uguse - ma of 58.87 82 177 11
ADC - 5 82 25 2

“ TOTAL CﬁHQ“T FRODUCTION = 016 grams dry walghi/n?

\

* o
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Key to Symbols used in Table 14 and Explanation of Calculations

a = development times calculated using Equation 2 and in situ water temperatures
b = development times calculated using Equation 3 and In situ water temperatures
¢ = all adult estimates in each cohort assumed to be same as estimate of CV's
d = In second cohort it was assumed that no CiV's made it Into the CV instar

or adult instar L
e = area under the numbers curve for CV up to May 19/72,
f = determined by extrapolation in Fig. 10

1
Sample calculation: Number of Animals Passing Through Nl and N2 instars in
First tohort .

Number of animals passing through an instar In a cohort
= area under the numbers curve

mean cohort development tiwe t_=mean cohort development
time
For NI = 12585 anim~days = 3933 animals ,
3.2 days
Using Equation 1 Mg © ey~ a2l + tui)
. Assuming that t., = 3.2 days (from in situ watef tu;tps. and Eqn 3)

~N
therefore 109.6 - 105.5 = 1/2( 3.2°ht,)

’ and tyy = 5.0 days - ~ .
Therefore for N2 . ‘ - .
the number of animals is = 20270 = 4054

5.0

(Néte: all estimates in this example ot” areas and animals are mesz)

i

Area = area under the numbers curves in animal-days (xlﬂzlmz)

Hn = mean pulse time, given as day number in the year

Raw = M, estimated from raw or '‘unsmoothed" data

Smoothed = M estimated from adjusted or '"'smoothed” data '
t_ = estimated mean instar development time "
Instar Prod. = expressed in micrograms dry wt. x102/m?

-
¥

. »
4
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LaFe
.

€. Third Cohort 1971 (71/3)

Of spproximately 3500 eggs in the last cohort of 1971 only about 70

' or ﬂ‘ndt it to the CV instar. Mortality was greatest from N3 to NS
when nearly 2000 or 58 of the initial cohort ;iied as survivors dro;g)ed
f;m 2355 to 412. Although sampling was ten:ninated in 1972 before all

¢ of the overwintering CV had moulted into the adult instar or died, for

—

the calculations it was assumed that all CV (approximately 72) made it

into the adult stage. AsVha the\second cohort eggs accounfed for most of the

-

total production (approximately 65%).

d. First Cohort 1972 (72/1) ’

-

t
. &

. Only a portion of the population dynanit(;s for this cohort are

shown in Fi'g. ¥ because sa«;(;l}ng ended on May 19, 1972 just as Cl

ware beginning to appea'r'. Using Eqn. 2 and Eqn. 3 and in situ water

temperatures estimates were made of the number of subitaneous eggs and NI

produced respsctively and have already been presented in Table 7. ) These

rasults suggest that the first cohort of 1972 was only about 3 as

large as the first cohort of 1971. The abundance curves ‘for the other

instars repéesented ip samples from 72/} are too incomplete to

permit further analyses at this time,
e. Adults“??ll ~72 ¢ .

An estimate of the number of adulis produced in a cohort cannot be
-

"obtained by solving Eqn. ) as nas doné for the other instars since

. they do not pass out of this mstar:‘hA the sm*‘ua‘& that juvenile anluls
B oer "
- do and therefora calcuation of a mean pulse time is sbhrflquﬁ For the

purpose of estimating production’ It was assumed that all CV ammls
became adults although the true Figures are likely snlier. > in early

Aug. of 1971 the numbler of adults that had overwintered from the previous



1

-

-

]

#*

Iy

N N &

year dropped to 20 before rising because of recruitment from CV of
71/1. The estimate of LV in the first cohort of 1971 was 408.and .
the meximum number of adults from the smoothed curve of adult numbers was -
500 {Appendix 1). In terms of added production the difference between
these t;oo independent adult estimates is small since the dry weight
increment for CV to Adult on the average'for males and females is only
0.3 micrograms. Estimating adult numbers recruited from the second cohort
of 1971 was not & problem since it was assumed for reasons given else-
;lhere that no animais mdej t past Cl\;. The estimate of CV and there- R
f;sre adults for the third cohort was 82 and in terms of production by the
adu!t; represénted only 2% of total cohort produc:ion. Even If none of
the 82 CV reached adulthood the error involved is considered in;igniﬂcant.
12. Other Estimates of’Production of L. minutus in Bluff ‘L.

For pu‘_r'boses of comparison, 3 other approaches were employed to
_estlm‘te the production of L. minutus in each of the 3 defined cohorts

4

produced In 1971. For convenience these methods will be referred to as

=~

a) Allen curve method, b} Soviet graphical method, and ¢) death rate
me thod.,

‘cost of obtaining data on afl instars,

it is not unusual to find that individdals of a population ‘have been

13

placed into age categories such as egg, nauplii and/or copepodites, and

Because of the extra time‘and

adults (i.e. not all individuals have been identified to a specific instar),
This prac;ice while considerably reducing labour will “inevitably lead to

a Joss of information concerning the population dynamics of individual
instars but it is possible tha; i:or purposes of{%fti'mat!ng;production

[ ®

",
by the population they may be adequate, , - "tﬁgn\‘, L

BT

-

3

in the Soviet graphical and death rate methods | have made the necessary

calculations by assuming that 1| only had data on eggs, total nauplit,

»
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total copepodites, and adults in each cohort. For the Allen curve
method | have’ used the data on all instars as was done for the Rigler and
Cooley graphical method, The question | wish to answer ¥s- are there
significant diff'erences in production estimates that use data on agé
categories as opposed to individual instars for a given cBhort? |

The data on abundance of all fnstar; excluding eggs at:d adults have
been replottedéfor each cohort in Fig. 11 and a smooth curve has been
dr‘m through the points. In subsequent calculations where estimates of -~

- . *»
dally cohort abundance are needed they will be read-from the curve. By
<+

-

;do}n’g this it is assumed that sampling errors will be reduced and that if

= s

3 sampling error was present ona particular day it affected-all instars
Y 4

proportionally. This last point is most Jikely not rigidly correct

t

{Cooley 1970) but it is assumed,t:at the error involved as a result of the
correction will he mi;ﬂmal and will lead to a better overéll estimate than

if no correction for obvious anomalies was made at all. ~
H

In each of these alternative methodg it was also necessary to estimiate

i

\.—r"

the number of eggs and the number of anima}s reaching the last instar€;’
the cohort (adl;lts for 71/1 and 71/3, and CIV for 7nl/%). For eggs th
simplest and most direct approach was to divide the area under the egg
abundance curve by a mean development time as described pre\cigusly. and -

thus in all 4 methods the absolute estimate of egq contribution will be the
same for a particular cohort. - %
Estimating the number of adults in a coh;:rt is more difficult since
animals do not moult through this last instar and the amount of time they
spend in it is determined by predators, food supply, and s:ahﬂity. An
ost.:imta of an average time spent in the adult instar is’ lmpossible e\:en‘

T— - " -
with informatlon available on temperature and food supply. The adult
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L

FIGURE -11 B

P

Changing abD\dance with time for the.total number of animals in

the NI to CV instars in each cohort.

@

=

[

Smooth curves have been drawn by eye through the data points after
peak numbers have been attained and the cohort abundances have begun to
decline. In subsequent calculations where cohort abundance estimates are e

neaded they are interpolated from 'the curve.
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’ ;fromatha" mathod of Rigler and Cooley was 408 (T\sbl,a l’ht) which further:

.. =
., assumed that™ag'least 50 CIV ware recruited inJ1/7./ The Independent -

& i
.
I
.
‘

.

population miy aven hs made up of Indivlduals derived from differsnt

cohorts in different years., For axmle jn Fig. h the adults of Nov. N v

1970 can clearly be followed to m!d-August of 1971 at which time new adults

began\t’c;fppcar. In spite of these dtff!m?ltles & nimm estimate of

the number of adults contrihuted by each cohort can be derived by taking

tl\'le observed adult pogulation size near the\‘time when the last CV disappears

in the cohortq. For example in 71/1 the Iast\ CV are found near the end of — ..

November when the waximum adult population ot\ 500 was ,found (Appendix Bn.

Assuming all overwintering adults from 1970 h*ve"died (theu popc.;iati

;pfroxinately 20 on Aug. 17,:f197l) this,popgh\‘tim represents a minimum ‘

estimate of the number of adults recruitad Frtf* 7&/1. The astiugte S .
Lo

lsuggests that Swaadulp produced in 71/31_ ts npt“\ an unreasonable figure.

However it should\be noted that if mortality ur‘l’y in the 1ife of an adult is

large a’scver,,gm underestimate, will result from this ap;';roach.

The scc‘or;do c%.hOri could pot be traced. with confidence past the IV
Instar”pansd 'for siaq:flicity it was assumed that no irstars reached CV
although it fs probable that a f:w did; The last éIH of 71/2 appeared
ot; Sept, ‘24 when the size of the CIV gopulation was approximately 50, b
On the previous sampling day. of Sept. 16 the eggimat;d number of CiV ,
ms B3 but the "smoth‘ed"‘ coliort total for all instars on th‘ls diy from
Fi;. {I was 60 asﬁopposed to the nqnsmoothed estimate of 131, Assuming
all instafs were equally affactedaby this apparent sampling al;omaly a
cor.ractc”dg thnate of L1V abundance wouid be 60/13) x 83"= 46. Similarly
corrected ‘es timtesuf cnv abundances for Sept, 29 and Oct: 5 when recruit-

;nant’f::om the lower instar had ended were both 50. Therefore it was

-



‘astimate from tha method of Rigles and Cooley wés 87, . -

in a similar fashion it wa's estimated that 44 CV were recruited

o in 71/3. On Jen. 23 the unsmoothed CV population was estimated to be

57, but the smoothed and unsmoothed cohort totals on this day were -

-

" 100 and 161 regspectively. Therefore thel adjusted estimate of CV for
Jan. 23 is 100/16]1 x 57 = 44, The estimate from Rigler and too}e;'s ~
method is 82“. For purposes of comparison with their method it was .

also assumed that all of thesse luu'cv became adults,

L

. These arbitrary assumptions will almost certainly lead to errors in
2 4 - a

final production estimates but because the number of animals involved oo

A

_,\/(\Is so small and becapse the Weight increment from CV to adultcis small

u
@

compared with incremerzté between other copepodite instars these errors
£

will be unimportant to overall cohort production.’

a. A!Ien:n Curve-Lstimates of Production ,

+

. . ] \
A curve which approximates the decline in numbers of a cohart
e «
N L

against ‘éhangtng ‘Wéan weighs of an individual is often referred to as an
¢

Allen c‘urve« (Waters 1969) although Mann {1969) has recently pointed out
. /‘?{the concept t:an be traced as Far back as Boysen Jensen in 1979 .
< in plotting the-Allen curv; a mean dr;f weight representing all
o individuals excluding eggs and adu!ts on each samplmg day of each whm't,,
was determined by mult}plymg the dry weight of eacb instar from Table 8 . ...
by Its abundance (Appendix 1). The top left point in e)ach Allen curve !
ig the number of eggs that were laid {o form the cohors. \ Since an Allen
~ curve follows the deciine of & cohor @ nexi lower point and all subs . .
- stqua‘ﬁhpoints in eath curve were determined by the declining numbers A
read from the rlght hund side of the cohort peaks from Fig. 1. T‘!\Js N

PRt type of an n‘timtc does nbt dtrectly make use of the Informetion
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Allen curves fm;r estimating production by L. minutus in Bluff [,

forefach of the 3 cohdrits produced in 1971,

°
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The top left point in each curve is an estjmate of the number of

eqgs produced in each cohort. All other estimates of animals, humbers

_are exciuding eqgs and adults and were obtained by interpolation from
Figure 11,
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)

describing the initial rise of a cohort when hatching rate exceeds .

u%nm‘ty. ‘Y ot / o ".‘(

Until Nb animals do not gain weight and lh is possible for the wean~

dry weight of an individual to be less than that of eggs after peak numbers |
' [
in & cohort {from Fig. 11) have been reached. This was the case in the

second cohort and these losses are taken into accountgin the calculations.

K -

EstimatePof production as the area under Allen curves were determined’

planimetrically. The area under the 3 curves in Fig. 12 representing.

»

the 3 cohorts includes production by all instars, including eqgs, but

excluding adults, The contribution’to total cohoit production by nauplii -

and copepodites was calculated by subtracting the contribution of the
eggs {meximm numbet; of e?ggs x mean dry weight). For.purposes of
ct;mparison the results are §;:marized in Table 16 {page 74) as",produétion
by 1) eggs, 2) nauplii and Mpepodites) and 3adults. A discussion

of the production estimates for each category will be deferred ur:tt]"ﬁ
+

similar calculations have been presented for the next 2 methods.

b. Soviet Graphical Method for Estimating Production .
) When data are availabie only for general age categories {eggs, naupl-ii.

A

copepodites}

»

adults) a graphical method developed by the Soviet workers

production, is method is illustrated in Winbegg (1971} and Edmuf!sou
and Winberg (1971) and for simplicity | will re it as the Soviet .
graphical method ¢ b ‘- :

. N « . " K . ¥
duction of Immatureyinstars excluding eggs. The top row-is a plot of the
L]

P

declinedin numbers over time based on & estimates of popylation size

A
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FIGURE 13

The Soviet graphical method of calculating copepod production

for the 3 cohorts of L. minutus i% BTOFF L, (after Winberg, Pechen,
¢

and -Shushkina 1965, and Pé;hen and Skushkina 196k, qum Edmondson and

Winberg 1971). -

)

g

f

&

The alternate estimates of cohort production in 71/1 ﬁsiﬂg:ak4

and a, growth curves for the individual in row B are:

v

-

0.424 gm/m2 and

0.310 gm/m2 respectively, as compafed with 0,348 gm/m2 using the more

empirically derived growth curve.

Symbols used in Figure 13

- t, is the average
° : cohort ™«

cohort

‘ tgs tN’ and tc’were taken

-~ ¥

.
}

from T;b]e 14

rt

»

-

~

-t is the average egg development Lime over the cohort

-t is the average total copepodite development time' dver the °

4
total naupliar development time over the

i

'l
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Nh
(Ng), nauplii (Ny), and copeppdites (N¢)' produced by a cohorft' by dividing
+  the total numBer of a given stage by its devalopmant time For each day

of its er.ﬁ Since | do not have the necessary laboratory derived in-

T

formation gn instar development timés to make these calculations | will

use thc‘estimates of total naupliar and total copepodite development
. times generated by the‘graphica)l method of Rigler and Cooley (Table lh?

+

and my estimate of the average number of animals produced in each major

4
Ed

group will be derived by dividing these times into the area under thé

©

¢

. +  appropriate abundance curve, The; hecessary information needed o con-
struct the four curv@or e;ch cohort is summarized in Table 15,

For example inqthe first cohort of 1971 the average de;eIOpmnt times
for eggs, naupdii, and copepodites are ‘!5.\2, hd‘B, and 163.6 days respec-
’ tively and are marked on the X axis as shown in the first column of the

“First row of Fig. 13, ‘The average number of Iindividuals for each jor

w
catcgmly is déyarmined by dividing the development time into the area

. ] \ .
. under the numbers curve (fror;Fig. 9) for that category. In the first
* \ L]
: cohort the area under the naupliar curve was 10,302 animal-days which
g wlghen divided by the average nauql iar development time of hd.B day; yields

an average nauplil estimate of 2520 animals. This and similar estimates
, - for copepodites are placed in the middle of the segmént on the W
Hﬁf(;h corresponds to the length of development for that age category.
. The last point- in this First curve s t«he number «of adults produced and

‘f?- “j . ;5.:; placed after all‘ ‘egg, naupliar ,and c,:ipepodfte deveIOpment\is completedy:
: i A line joining the 4 points Is assumed to approximate the dectine in in-
‘ * dividuals of a cohort over time. B |
\Tbc second row in Fig., 13 tﬁrace§ the. increase in mn' dry migﬁf .

* of an individual as It ages. The information on In situ instar
» -

-



+

«
TABLE 15

, Vat:ious pi;rmters needed to calculate production of L. mliautus in
each of the 3 cohorts produceq in 1971 using the Soviet graphical

%

%mthod.

Average, development times in

d
}
i

3

°

days for each major age
category (from Table 14)

Areas under

curves in animal-days For °

the

numbers

each of the major "age

2

. ¢ 3
Average nuiher of animals

produced in
age ¢ tegory {x1

each

categories (Fig. 9)?xl02/m2)

i,
o%')
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[l
¢

Eggs
Nauplil
Copepqdites

*

w

Eggs
NauB i i ’
COpeﬂbdites

# Eggs
© Nauplii
Copepodi tes
Adults

a

First Second Third
(71/1) (71/2) (71/3)
15.2 L &b 3.2
40.8 38.0 26.6
163.6 81.6 ‘157 4
66637 13490 1167
10302 31944 27301
102942 6153~ 25610
438K 2933 3490
2520, 840 1030
625 75 164
500 .0t L

[

< in 71/2 it was assumed that only 50 CiV's were:produced and that none

of./thése animals (made it past this instar -

Dry weight of an égg at the mid-point of its developmen; = 0,3 pgms

b e

-

%’é/
Dry weight of a C1 at the beginning of tts develapment = $(.40 + 52) =, pgm
Dry weight of an adult‘ht the beginning of tts development = %(5 02 + 5.33)

“ = 5,18

For sécond cohbrt only, dry we;ght of a CIV at the end of its d&vuionmggt s
. X %%
it

ygms.

= $(2.86.+ 5.02) = 3.99 poms. -

~
i

-

¥
“

5

~

-

N

=

Y

~

K
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4 . T
dévelopment times from T_able 5 was again used to draw the S shaped

@

curve of the second row. However the Soviet #ethod is supppsed to be
applicable to situations where informetion on development and dry weight

"is only avilable for 3 major life divisions and from these 3 points
. Pt - A

an S shaped curve is assumed to approximate true individual gromth. Thos °
» for the first cohort two 9ltema'te $ shaped curves ;f and a, were drawn

i - by eye using only the weight of N1, €I, and Ad individuals at the beginnin:q-
! . B »
i of theair development period. . .

- . s r
. B

L )
. " The third row in Fig. ¥ contains graphs of the daily weight increment
y - R

. " of an JIndividual in the population ever time. These points were obtained -

by intarpolatin§ the dry weight increment of an individual at regular 10
r ﬁ" |

day ingervals in the previous graph. , - -

y "t . o -
Thc last row of graphs is a plot oF daily production by the qéhort
K obtai‘ned by mitiplying the mterpolalfed number of animal¥s in the &pu!atlon
,determined from the ﬁrst row of ﬂgures by the daily individval dry \'eughi

increment of the third row of figures and p]otting these numbers at the

%

+same 10 day intervals over time. The area under this curve is total .

+

) pfoduction‘\fqr.,the col;ort. . S AR oo ’
» P & ‘. » * 5
-~ . The tdult production is determned by taking estmates of the, number \y

of bdults produced in a cohor't and uurtiplyqng them by ,the we1ght incremente

. . frm CV to adult. It should be pamted out- that the dry wetghts of all .~
- ¢ ? » -

N o instars of L. minutus in Table 8 pore. qlos[ly approxima&e the weight of
i * s v ol o
", ‘ an instar after ¥ of the dmlupnent has completed. Thus if the dry

P / N

weights of CV and adults are 5.02 and 5.33 micrograms respectively then the

& welght t;f 2 vV jaist@efore‘ji' ml;ts or conversely an adult as it enters
N . t;)!s Instar is i(s.uz"+ $.33) = 5.18 micrograms. Therefore in this method
T2 " I3

"

the production imcrement of adults will be tha surviving adults x (5.33 -
. - N ‘




N i
- 4

5.18) = 0,15 micrograms dry weight. Similarly the weight of an animal

»
3

© at ‘the end of egg development will be 3 the dry weight of an egg and an
Nl = 3{0.3 + 6.25)'= 0.28 wmicrograms, This accounts for the negative daily - -

dry wqigh\t increment per individual in the third row of fidures as eggs

)

- pass into the first naupliar instar, and the subsequent negative daily .

production early in the cohort as deplct:nd in the last row of figures in

~ e

* wFigure 13. . . .
A summary of the contributmn of sach of the major groups to
total production is given in Table 16. The estimtes of production'by .

Nl to CV instars in’the first cohort based on the 2 alternate assumed §

< . 3 . M ]

. shaped growth curves aj and a, are 0.424 and 0.310 gms dry \n‘t:./m2 as
compared wli}v 0.348 gms dfy wt./mé from the more empirically derived

curve, This corresppﬁds to differences of +22 and -11% respectively. In,

v

’ terms of total cohort production the diffefences are even smaller at

+i$ and -8% respectively since in all 3 cases the contribution by eggs’ "ﬁd

and adylts would be the same.

)

.. c. Death Rate Method for Estimatirfg Production  °

- N . ~

L Andther estimate of cl)hort production was determiped, based or an
"estimate of the ﬂ‘nite death rate of the cohort (axcludintj aggs and L -

- . adults) ‘The total production by the cohort was takcn as the sum of

s

» 1} the productmn of eggs (mean dry weight x number) 2) the dry weight

mcremcnt from the previous instar of surviving adults (5..33 - 5.02 x .

number of adults pr"od‘uc'ed by the cohort), and 3) the Biomass Idst due to ~

A

. - mortality in the Nl to CV instars. The last term is determined by
' calculating the biomass lost between 2 consecutive sampling days of interval

t days and suming for all mwrvals over the cnhnrt until a}l CV haves

o -

elther dicd or become aduits. The production lost in ‘each interval P

&
]

4l

=
N
1
[}




o

and the size of the cohort on 2 3onsecutive sampling days respectively

—_~ of interval ‘t days, and D-is the flnftg death rate for thp‘ cohort aver the

- v

;L interval. in a simpler form Equation 7 becomes T - -

) \ ) P, = B.t.D -7 ¢ Equation 7! V
N e . . E *
where 8 is the average cohort biomass over the interval. .

L) N t
The instantaneous death rate d of the cohc;rt‘ was determined from ' 5
© the equation T A : ‘ ,
sd=b«r Co . Equation 8 |
. . a Y
where b is the ‘instantaneous birth rate determined from .
. \‘ ’ s . - -
: “p 2 InfEA) +1 .'
g . "D ' Equation.9
P and E is the total number of eggs in the population, A is the total
number of adults, D is egg development. time, and; is the”instantaneous ’
. A . g
’ « A v
rate of increase of the cohort determined from two successive estimates )
nd . N
of cohort size N and N, from e o o .
¢ . * e y '
. ) lnNt - AN » ~ : ‘
! . —v—---——-’:—v-v-—-h?- L \é 7"’4’“‘
o c . P S L a ~Eqpation 10
(see ‘Appendix 4 for an explanation of “Equation 9). Once d is known
* w? " . . a'__/-lﬂ
o then the finite mortality rate ‘of the cohort can be approximated by )
¢ N 3 -d ‘ ‘ e
N - D=l ~e \ Equation 11

where e is-the base of natural logarithms,

In using these equations ohe a\ssu_ap;s that over a sampling Interval )

-~
.

. .bknnd.r rmlh,cm stant {stable ageydistributfon) but this is x;suaﬂy\

L

4 .
not the case because of the dynamic pature of various’ parameters controlling o




L
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g a
ot *
rates of incresse qu dacrease, Tha magnitide of deviations in both

‘b and r over the interval will determiné the error in D<which will

directly affect the production estimte. - .

Thcercticany r should never be greater than b but was at the
beginning of uch cohort.: This is most likely due to inmaccurate estimates

< of rt saze when the pwulatxon is small, and changing environmental

ot

cmditigns over the intarval. Since r is determmed from successive estimates

of cohort size this error will be inherent in r estimates. "On i:hv.::'./e\‘EZ /‘

L

- L
5”’Fuw occasi‘ons when r was greater than calgculated b i\t7bas assumed that d ¥

v

. >

WS Zero. hcst hkely in these mstanceq d was in facy smaH but smce this
anomaly occurred only when numbers were sma” the total productmﬁf wili

.alsa be'small nr?, the error in Pt will be minimal, s .

Estimates of production using the death-'rate method are summarized
o .

in Table 16.

LN . o

13. Production in Bluff L. by L. minutus - the 4 methods . .
* The estimates of production summarized in Table 16 show remarkable

agreement- for the i methods discugsed above in all 3 cohorts with-1 R

.

exception. AsSumipg that the first 3 methods more closely dpproximate

- o

the’ true fjgu¥es, because in all inktances they are nearly the same, then
\

the estxmate for 7173 usmg finite cohort death rates is tmée large ’

and prob.tbly anomalous. The estimate for 71/1 using this last method

is a!so slngh‘tly iarger than the other 3 while for 7!/2 it is approxi- ¢

]

mately the same as the oghers. Possible explanations for these differences
will be treatad jin the General Discugsion after cohort survivorship -
curves have been presented to cxplaln' partially the dlscmbancy.

One reason for the close agreement in thgse nthods is that, producglon

¥ J 2
of egys was calculatad in the same way for a.n methods and contribute a
AN
significant proportion to ‘totﬁ ::ohort production. |h the 3 cohgc:ts aggs
~ ¢ ’ L}




e eva o . 1

TABLE 16 . . L .

A summary of production estimates using & different methods for the ’ '
3 cohorts of L. minutus produced in Bluff L. in 1971, 3 r
&
A}l produgtion figures are expresgad as gms. dry wt, /mz. The
| produyction by eggs was calculated jn the same manner for all 4 methods. .
It was assumed for reasons given elsewhefe that no animals developed past™
CIV in 7V/2% - ¢ .

o = e M'etho’d Used to Estimate,,Pro?(\;qtion v
. a . b [ d :
. ) N " ‘ .
ST Cohort Age Category Rigler and LAllen ~Soyiet ., TFinite Death
“. - - Cooley Cirve o Rate .
- ‘ Eggs 2132 .132 132 32
. T - B . .
First N1 - CV <306 337, 348 0 s -
(71/1) . , . ’
Adult:z . .0!‘3 .016 » 007 .016 -
. .. TOTAL- 51 485 487 L 563
o > - e p t
i Eggs .088 .088 .088 © ¢+ 088 .-
Second Nl - Cl¥ .01k .010 .017 Lo
(71/2) - L . . v e ! M
" TOTAL < .12 .098 . 105 .. 102
¢ o y . B ) . . N :
- F t\ ® 2
» " . d” ¥ . Ly
. 5‘2 -
Eggs 105 105 105 105
Third M- CV .053 .057 L07% ,262 - )
(71/3) - \
Adults - .003 . ,001 L0010 . . L0004 o
- - " H m—— e R e
TOTAL 161 1637 180 ‘368
i . - L& :
“Alternate estimates of production by NI-CV for, 71/1 using the, Soviet . -
. wethod and 2 different assimed growth curves (ay and a, in Fig. 13) .
. . for the individual are .449 and .563 gms. dry wt. / ‘respectively " .
> =4 “ * ‘ 4 ’
. . : " !
- (Y ¥ e
) “ - . ' - 4 ~ 1 '
¢ ‘\ ¢
. , i | 1
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accounted for approximately 29, 88, and 63X respectively of total
cohort production. Hx;never there is still close agreement for estimates

of total nauplii and copepodite production between the methods excluding

the one exception noted above. u .
kY
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. o GENERAL DISCUSSION »
The primary purpose of this study was to obtain information on the
] .

-’

population dynamics and production ef an important zooplankter Lepto-
¢

v disptowus minutus. The pppulation in Bluff L. was chosen because its

’

avervhelming numerical dominance suggested that the situation would be a .

simple one for study. The small and shallow nature of Bluff L. made it - -

esasy to sample all strata while the lack of an inlet and only a trickling

Al °
outlet prevented significantsimmigrations and emmigrations of any plankters,
o v .
again simplifying the system, Sir;ce most of the lake!.'ré isothermal, it

was 're!afivély easy to obtain good estimates of mean temperatures
*experienced by various fractions of the population wover exten;ie& periods '
“.of time. Although iso;ated. Bluff L. was still clo_se‘ enough te the
lshoratory to make it reddily accessible at any time, and a contiﬁuing
' sg;:dy on its chemical characteristics (Ogdén unp;ublished) prc;vided
important accessory data. |t was decideod that to interpret the résults
from field sa‘mpHng more fquy information was needed on a; variety of
parameters that could only be determined from laboratory e'xper'amnts,

As a result inforvltion on ekgg and-naupliar development as related to

. ’

temperdturel dry weights, and diapause development of L. minutus and

a possible competitive congener, A, spatulocrenatus,have also been included.
-

" 1. The Life Cycle of L. minutus in North Temperate Lakes

infor[nation‘ on abunda,nceS of calanoid life stages or groups of life
. stages (égg, nauplii, copepodites, adults) are needed to elucidate Fully
the life cycle of copepod®. Without such data sampling variability wil]
make it diéficult to, say wtth'ceftainty that small peaks and accompany=-.
ing depressions represent true population phenomena (Cassie 1971).

Although, to my knowledge, this is the first in depth study of the
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P

population dynamics of this species, the prexi§iing information on -

abundance of egg, nauplii, copepodite, and adult groups reveal that there

i LS

is a'cnnsistency in the life tycle of L. minutus in the western and east-

> 3 a

,
ern limits of its range. - An overwihtering population, primarily adult,
begimns breeding inte ely late in winter under ice or egarly in spring, ’
1 - - .
and continuestordo sc until late in the fall. Throughout the summer, egg
4

° -

production is quite low but may increase again in the fall as ‘was ‘the

case in Bluff L. in 1971. By including data on juvenile abuhdance

o -

bavis (1972) was able to argue convincingly that L. minutus, in Hogan's

»

Lake in Newfoundland had 2 distinct generations. In 2 consecutive
» - o Y

a

o
* &

~ years summer pulses of juveniles in July an&‘mid-ﬁctdber gave rise to

peak adult numbers in August and late fall respectively. He further .

4flar3fied the life cycle By noting that throughqut”the winter paupliar ﬁ

”

2 o
instars were absent and suggested that egg carrying females were producing

diapausing eggs. This description is consistent with thé’populStion‘in

-+ o -

. . L
Bluff L. except that no eggs were present in the population from Nov.

‘ -
to Jan. Schindler and-Noven(1971) report a basicaily similar 1ife cycle

a

for L. minutus in Lakes 122,132, and 229 of the Experimental Lakes Area‘ "
N = 2 .

v I u ©

° in the Kenora region of Northe;n Ontario and in Clear Lake in Southern
Ontario. N
The data from these studies‘suggést that one can expect to find a
large population of adult L. minutus in sm;ll‘ n;rth temperate lakes during
. %hc wintér. Hoqg;?n_ﬂigler and Langford (1967) noted an abse?ce ?4tthe
wipnter in §£Iver L. in Sout@ern Ontario of L. minutus adults uhich)in‘
the summer représented more than 807 of the tgt;I number of aéult
diaptomids of 3 congeneric species (Leptodiaptomus sicilis, Leptodiaptomus

L :

minutus, and Skistodiaptomus oregonensis). In the winter L. sicilis

R d

L3 . -
» + N

»r

“
?

v

oy
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-

significant effec

A

.be & i(o.gica! extensior; of the results from this study.

represent«P 1004:0f the adult populatmn of diaptomids, In Leland Lake

?

which contamed 2 dupmm"d specms.‘L minutus and L. sicilis, they
* found-99% af the adults were L. minutds in summer to only 1% for L. sicilis,
The exact rever!se was true for the winter p,pulation of adults. Clearly

the snulthm m these ' Iast 2 lakes is more comp”cated but in view ‘of

the results BluFf:-L. and the others n\gptnongd it appears that there

is competition lin the winter for some resource-and that L. sicilis I';a§ A
in limiting population humbers of L. minufus. The fact
that both of tha;e species have been put in the same subgenus on th:;asvus
of mrpho!ogxy"*further suggests that they are closely related even though
L. sicilis adults are approxitn?ately 507 longer. A study of. the population

u & 5
dynamics of both species co'::xisting in a lake like Leland or Silver would .

it also appears as though A. spatulocrenatus doed not significantly

inf lunce the ‘population of L. minutus in Bluff L, since its numbers are
h - - o S ———

Y - -

always at least 20x smaller. Three mechanisms have been sugges‘ted .
whereby species such as L. minutus and A, sgatulocrenatu reduce com-

petition between themse Ives {Sandercock 1967): 1) size differences

implying different sizes of food filtered, 2) vertical separation, and

3) seasonal separation.’ Like L. sicilis, A. spatulocrenatus is large{-' i

than L. minutus by about 50% (i.e.ifor adults)’in length and at times as

much as 5x heavaer as indicated by dry weight (Table 9). Bot’h species
appear to suffer Tittle mortality through winter but the faster developing
larger species quickly approaches adult size in the warmer part of the

year and ?;hus prolonged competition of similar sized instars is probably

mi;u!mal. There was no obvious vertical separat&,of adults which may

“be partially accounted for by the fact that most of the lake was

.
L
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unsfratified and quite shallow. Rigler and Langford (1967) in examin-
[4) .
ing congeneric occurrences of Diaptomus species in 100 small Soythern

Ontario headwater lakes noted that generally, coexisting species tended

to congregate at different depths hut vertical separation was not as com-
v

plete as had been reported by some authors previgusly in a few

isolated cases (Langford 1937, Worthington 1931). Although moré data

are needed it appears at most times of the yedr at least 2 of the mech-
anisms for Pteducing competition, seasopal and size differences, were in
effect for L. minutus and A. spatulocrenatus in Bluff L, 5 similarycon-

-

clusion was arrived at by Sandercock (1967) for 3 coexisting diaptomids

inhabiting stratified Clarke L. in Ontario, Whatéver the reasons, A.

spatulocrenatus was never more_than 5% as abundant as the dominant L.

minutus in Bluff L. ahd was never more abundant in any of the other 5

.

Jakes in the Halifax-Dartmouth area that contained both species.

-

2, The Ilmportance of Diapausing Eggs and Their Development |

Although both L. minutus and A. spatulocrenatus appear to su(yive
the winter in BIuff L. with little mortality neither species<breeds
dgver the whole period and both produce resting eggs in early October
and’)ate August respeft}vely, that are dropped to the sedim;nts
apparently in Prepantion for winter Diapause is arr obvious and common
mechanism to }nsur; that the species will not be eliminated from the
lake if for example it were to go anaerobic under ice. Depending on the

- ’

species there may be several parameters (food shortage, density,

' temperature) which play a role in the induction of diapause (§tross
» ~

1969, Watson and $mallman 1971, Elgmork 1959, 1967) but photoperiod
may be most important. Termination of a specific diapihsing stage may '

also be can;rolled by different factors in different species. Brewer

’

7 >

r



» (1964) found diapausing eggs of Aglaodiaptomus stagnalis, an inhabitant .

of seasonal ponds, hﬂad 2 periods of blocked development, one in sunmer and

+
& L

the other in winter. In.this instance a reduction of dissolved oxyged ‘

" was a necessary condition for terminating the diapause. Cooley {1971} found

that dtmusmg eggs of Sklstodiaptmus oregonens:s incubated under

winter eteaperatures of 479 wouid hatch’ at the same time in tlaa laboratory =
as daapaus:ng ¢ggs that had spent the winter on the bottom of the lake,

He also found that thgsa resting eqgs cou}ld be induced to hatch sooner if

they were subjected to warmer temperatures only after a minimum amount

£
w

of time at'%.%C. Elgmork (1959) working ‘with diapausi’ng copepodi te

stages af Cyclops ‘strenuus strenuus found the d:apause may be terminated -

l
by.internal physiological changes alone in a constant environment. later . °

‘ o

{1967) he suggests that there’ is an intefpal clock that can w:ke the animals

¢
«

-

in the absence of environmental fluctuations. Thesé statements accurately
describe the dia;:ause cievalopment of €ggs of §. oregonensis and probablg%.

oL, N
L. minutus and A. spatulocrenatus, all North temperate calanoid copepods.

For the latter 2 species in this stbdy it was observed (Fig. 8) that they
hatched at the same time as the overwintering adults begam to produce
subitaneous eggs in the lakc;, in late Feb. and id-May respectively, so
that nauplii from the two kinds of eggs cannot r)d?stinguished from pre-
served samples. - . | »

Other faciorg may also modify the diapause development of copepod
egqgs., Eor example, the results al;omsuggest that exposure to light over
the permd of incubation may speed development rate (Expt 8, Table 13) .
and Cooley (l97l) from experiments on resting eggs of S. oregonensis,

and Main (3962) working with diapausing eggs of Epischura lacustris,

suggest that low concentrations of dissolved oxygén over the period of




Incubation may ;Iow the devel nt rate, .
it is of interest that diapausing and subitaneaus eggs of both L.
minutus and A. spatulocrenatus were a reddish-brown colour and indistin-
guishable morphologically, Cooley {1971) in noting that the subitaneous
eggs of §, oregonensas were green!gnd the dnapausing\eggs were reddish~
K .———”“

brown had suggestcd that the dnfference might be found in other calanoads
and thus useful in recognizing the 2 types of eggs. “It is clear now that
this is not unive;sably true. . ‘
in Bluff L. the production of diapausing eggs does nog,agpear to be

o
absolutely necessary for the continuation of the species. The-maximum

v

estimates of 380 and 450 (x102/m? of mud surface area) deposited in -t

the fall of 1979 and 1971 respectively are small compared to°the n3gy ¢

and 2280 (xlozlmz) subitaneous eggs laid by the overwintering adults.

o

However it has been noted that the estimate of 5 days as the ayerége time

-

diapausing eggs are carried before being dropped is too low and an

'

-
artifact of experimental design suggesting the number of diapdusing eggs

14id may be less, The results from the sediment traps als; sugga%tn
that the contribution of diapausing eggs may be smaller by abo;t one=
half, Clearly more field and laboratory experiments are ncgded before
accurate estimates of the number of diapausing eggs dropped to the

4

sediments can be mide. . <
in any case if there is little mortality in the development of

diapausing eggs as indicated by the laboratory experiments and there is

little mortality in the flrst cohort of subitaneous egés as indié;ted

by analysis of field data then it is not surprising that the first cohort

of N1 in 1972 (2633) was ‘'slightly larger thar the number of subitsneous

eggs formed (2279, see Fig, 14). The 'extra" diapausing eggs on thé

n

4
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FIGURE 14 .o - .

S

A &iagrag to show the relative number of diapausing and subi taneous -

* "‘eggs and the number of NI in the First cohort of 1971 and 1972.

The numbers of diapausing eggs shown in the figure are based on -

o - *

an estimate of 5 dayg as the length of time a femalé carries an egq

sac before it is dropped. Independent but inconclusive experiments s

B

involving sediment traps suggest that the number of diapausing eggs

dropped may have been approximately % the numbers shown in the -
- A ” ‘ "
5 figure. » X
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from year to‘'year there is at least 1 documented cate where they ire

83 ‘ .

’

= ~
bottom,of the lake could account for this difference but it should be
noted that these 2 figures are at best only approximate. Also .the
mortality observed in the cultufing of subitaneous eqgs hrﬁgs laboratory

was close to zero, and‘preaators that might selectively prey on animals

4

e

the size of Nl are almost nonexistent in March and April (Fig. 7).
While the evidenfe suggests that the production of resting eggs of

l 4
- A - - »
L. minutus in BIuff L. are unnecessary for its continued existence there
- v

essential. In Teapot L., Southern Ontario, S. aregonensis and all other
zooplankters are annuvally eliminated from_fhe Timetic zone in the

winter due to anaerobosis under ice. In this extreme case the entire first
generation of this species is recruited from mud sediments (Rigler and

¢ .
Cooley unpublished).. -

1

A full discussion of the importance of resting eggs for the con-

tinuation of ﬁ._gpafhiocrenatus in Bluff L. is impossible due to the lack

of good quantitative data, however it appears that the situation may be the g
o

. , ‘ .
same as for L. minutus, ~Resting‘eggs are apparently produced late in

August until early November, at which time all egg production stops

<

(Figure 7). An averwintering population of adults Qeginsforming subitaneous
eggs in May which provide tﬂe basis of a new generation, - bo-
The situation for the other calanoid in Bluff L., Epischura
n;rdenskioldi, is different. Apparently the entire first generation is
;dcriVed fromgrestiﬁg eggs since there are no adults in ghe lake from
November through May, Further it was observed that plankton samples in t;9

May contained nauplii ‘which were clearly neither L. minutus nor A.

»
spatulocrenatus, nor typically cyclopoid in shape, These nauplii

-

in fresh.péiserved plaqkton samples had a greyish tinge, noticeably

-

3




»%

diffarent from ;he reddish diaptomid naupl¥ii but morphologically similar
7 to the diaptomids. They were-first ObserVed in May samples and by the
first of June Epischura adul(\hmre present. Since there aré no .
recorded instances Pf Epischura spec*es diapausing in copepodite lnstarg as
is common in cyclopoids (Elgmork 1967), it is E?asonable to assume
these were Epischura hauplii anz>the entire debelopmentpfro& N1 to
aduTts took approximataly 1 month, N

oo

3. Subitaneous Egg Development .

-

The integration of field and laboratory derived data has péhﬁﬂ )
encouraged (Hall 1971) for workers interested in defining and elucidatiﬁg_
‘processes of production in‘freshwater zaoplankt?n. As a result,Ninf;r-
mation on egy be;eiopment as a function of temperature has proliferated
for many freshwater crustaceans. (Schind!e; {1972) in a recent summary
rﬁ‘of the literatbre»on this subject noted ; hgreat similarity in the
Ei}development times required by eggs of diffé}ent species of freshwater
crustacean zooplankton'' and subsequently fitted a curve to data represent-
ing 11 different speties incluqing calanoids and cladocerans. Mclaren
(1965[ and Mctaren and Cooley (1972) have shown that B&lehrédek's
temperature equation D = a(T;éob, a power curve, when fitted to
- empirical data on egg development for marine copepods and for frogs
respectively, adequately describes the process. They have shown that
the constant olis related to temperature adaptation and a with eqg
diameter if b is assumed to be the same for all species of a related

group, They{;uggest that it should be passible to pfédict'hgg developmenit

¢ k]
rates in related groups of species such as marine copepods, and frogs, = .

from a minimum of empirically derived data, It is this latte;\%ypo;hesis

l!‘\

1

that justifies the extra work involved in using an equation with 3 constants,

o,

H


file:///ypothesis

B

e

¢ + 85 q

° q

- A
.

a poi;t apparently overlooked by Winberg (1971, page 51) who recommends

¢impler equations to describe egé development in copepods. - .

.

Table 17 is presented ta show estimites of egg development - .

at several temperatures over the natural range for the ; diapto&id;'
fbund in Bluff L. using $chindier's ggneral equation and results from ’
Jaboratory experiments. Schindler's equation does seem to describe -
adequately eqg deve{;pment for both species eSpecially at temperatures

abave 10 % but ts clearly rnadequate for A, Aghtulocrenatus at lower

temperqturesag In Qﬁuff 1. at least,"this woyld not pose a problem snnce

2 +

subltancOus eggs of this species were not present when water temperatures

L ‘
were, this qu. He larg:\Lértajities observed in eggs of A. spatulocrenatus
y .they are not adapted to survive these extremes.
¥ e Y “
More information on offieér comme

incubated at b °c.3

foak
erate zoopiankters is needed

-

before it can be said with certainty that the relation is adequate.

4 . 1 3

L, Estimating Naupiaar and COpepod:;e Development T:meé} ..
3. Rigler and Cooley’s Graph;cal Method B ’
Labpratory, derived equatiofs relating instar development and - .

environmental temperatures are useful in estimatiﬁg~suryivorship and !
- i

o
»

production but there'is a lack of information for life stages other

than eggs. Freshwater copepods are notoriously difficult to culture
successfully in a laboratory “situation with excessive mortality often f
casting doubt on ;h reliability of applying the data to in situ .
conﬂitians. Soviet workers apparently -commonly estimate development rates .

. © a

at a variety of temperatures formlnstars other than eggs by employing

. .

‘n ')‘ - - »
a temperature torrection factor based on an emp:r‘pally*derlved curve
(commonl} ‘called (rogh's curve) relating respiratory measurements of

of animats {Winberg 1971). The basis of these cor= .

different species
, e .
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TABLE 17 “ RN " . &

® 4

‘ gy de\‘igio[;memt times for L. minms'and A. spatulocrenatus at _ ‘

' .

several temp’eratures obtained from Jaboratory experiments- (Appendix 3)
and Schindler's general equatio;v which is suppose to-adequately describe

egg deyelopment for a variety of north temperate zpoplanktérs *(Schindlef

.
L1 " s —‘h

s s

1972). © , A ’ ! :
e e
. Schindler’s equaﬁ,%?n -for all north tyémpgra’fe species (modified)
y R : &
p = b -where D = eqgg development.kime in days
SR L0426 + 000812 T S e tre TR
Lo Eqg Development Times in Days & L
Jemperature Schindler's L. minutus A. spatulocrenatus
L Equation {derived from laboratory experiments)
- 'c - 5 4 ‘“ .
L . 1841 20.k |, < - 35 3 .
7 . 122 - 12.8 . 18.5 -
10 T, 82 7.9 .. 0.k
. th 5.0 ) 5.1 5.5
18 3.3 3.0 7 3.7
23 T241 2.3 ° 2.3

- 4 - o ki -
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rection factord is that while absoluta development tinies change depend-

' ;@ng on the animal the rate at vl\’ich they change from temperature to temp-
‘__q%'éf:; is aco:wsta(:t for a given stage of 3 given animsl. Thus If a
development time s known at any | temperature the development time at

2 any other temperature can'%e determined by multiplying the k:vwn time
by a co;wersion factor. A table of the necessary co‘nversion factors and

“

the calculations involved can be found in Winberg {1971) and Edmondson

-

= and Winberg (1971).

it was the almost complete lack of information on deve lopment

-

rates for freshwater calanoid copepod'instars other than eqgs and N1
. o

st any temperature that led to)ﬁ‘:"davcloment of Rigler and Cooley's

gra?hical method of cstimt?’qg in sity devélﬁpment times. With 'these

elusive parameters for each:instar of a cohort it is possible to estimate
‘ P * ,
the cnumber of animals that pass through each instar and thus estimate )

3

mortality at each stage of an animals life. To fully interpret how an

anima] 1s adapted to and interacts with its environmens it is necessary

.

+ to understand how various factors affect its development and mortality.

8 Nt apettll
Because same of the assumptions In tfwcry or methodology are not

*

rigidly correct the results are subfject to error, but if gross %hee/

would necessarily be reflected in the data on survivorship. Am excessive

™

[

*amount of negative mortality in the succeeding instars would be a criterion

for rejection, but in none of the 3 cohorts is this seen to be a serious
problem and small amounts of observed ‘négat!ve mortality are assumed to

result from sampling errors andéninor violations of the 3 stated

'assmtloss. )

N »

it i; unfortunate that the netl;"pdblogy of Rigler and Cool;y's
-+

«

approach is open to a number of subjective and: perhaps blased decislons

¥

A

NG

L
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. which ultimately. sould'affect the final results. Inm particular the drawing
of smooth curves through plots of “n against ins}gr, and M4« M
ageinst instar is in meny cases a matter of some choice. However
Rigler and Cooley (unpublished manuscript} found that while varying ’
. !
\ the shapes of ﬁossiblq curves may alter final instar numbers, especially

’

in’ the younger naupliar instars, final production estimates are very -  * |
similar. This result; because implicit : hing always occurs /in_ the
naupliar instars, because their life suany:lort cq?npared with older
stages but the number of samplir;g days determining their abundance
curves is not proportional Iy greater. Ther;fore the estimate of a mean
. pulsc/time (Hn) From thé field data for a naupliar instar is less accurate * ’
than for a cop;podlte instar. For example the es’tébmated mean development
time of Nl in the second cohort of 1971 was 1.1 d#ys (Table 14), A chat:ge ‘
m=w 0.1 days would result ip a 0.1/1.1 x 100%.= 9%, (fhange in estimates of
the number of Nl passing througin this instar: ) A difference of, 0.1 days -
‘ in 8 later stage would have a dacreasi}ng effect on estimated numbers be-
cause developne;'lt times would be greater in these older instars. By the
Cli1 instar that had a calculated mean development time of 21.3 dajs the
change uo::ld result in only a 0.1/21.3 x 100¥ = 0.5% difference and in
terms of production would result in an insignificant change. Because of
y this weakness in the method and because mean development .times a:ﬁn:e /
“related to differences in consecutive mean pulse tiu;s \(Eqqu‘ivgsr’; !_) :

- it seemed best to have independent es/th/uates of the mean development time
of the NI instar. This necessitated culturing the animals under varying
temperstures in }he laboratory and applying t!lis information to in situ

© ., conditions. Another weakness In the method is that it does not provide

a direct estimate of the number of eggs laid because of the violation

[ »

\ *

-
-




' : 2\ 89 -
§of the assumption that development times are longer in successive ‘

" instars. it has been shown in this study and in othars (Elster 1954,

’ A}

. "Eichhorn 1957) that development times are longer In agg‘s as opposed to

N1, This fact could also be deduced from the observation that the

~

P ~
. "srsa Under the numbers curve for eggs is always much larger than for -

Y
Ky

-« the ‘first few nauplisr instars. A massive eqg mortality could also -

4

explain this observation. For thesd regsons eggs were also cultured
in the laboratory at.various temperatres,

b, Cohort Su’rvlyorship .
Assuming that this method does yleld approximations of the number
D of animals that reach the median age in an instar or pass thrSugh that
instar, a discussion of the factors contributing to Instar mrt‘aiity is
° " warrantéd. The nomber of survivors of each. instar ’inua given c‘ohov:t
\5 have been replotted against cu;.ultlve age A(I.e. £€t,) in Figure 15,
Also a sur;ivorsh’tp cur;e for the ovcrwﬁwtering adults gf‘.!9.70 has been
included and was calculated by assuming that their maximum numbers uere.
;80 (;doz/mz) on Nov'. 15, 1970. Survivorship has been expressed as
the number of survivors/i000 born for each of the cohorts and in a semi-

' log plot such as this a itraiglxt line implies constant rates of mortality

to age. Besides predaiion, mortality can result from old
se, and perhaps nulritional deficiencies, Poor food conditions

« may prevent an animal from completing & moult or force it to spend longer

- times in instars. | have observed death at the\noult with apparently

healthy NI and N2/ in cuftpring vials in the' laboratory but because this
is a highly artificial and unnatural environment | cannot state with

certainty that this happens regularly in nature. -

in the absencr:ﬁof predators it would sean r.!mablc to expect eg9gs

O




FIGURE 15 l

.
-

Survivership curves for the 3 cohorts of L. minutus produced in

I3

1971, overwintering adults ¥rom 1970, and major zooplankjouic

predators present duiing 1971, . '

v

Argbic numbers refer to r;aupliarv instars and the Roman numerals

refer to copepodite sfages. The first point in each of the 3 cohort

»

survivorship curves is an estimate of the number of eggs laid (excluding

- ;!iapausing eggs) to form the cohort.
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and NI to pask .into the next instar with minimal mortality since these

-

stages do not feed, their devul&pﬁbnb rate being determined by tempera-

°

ture. Cooley {1970) found that development times could also Se{predicted

e,

-

- 4
above 10 °C for N2 of 5. oregenensis from Teapat L. if phytoplankton

9 ¥

was added to culturing vials in the laboratory. The amount of food
necessary to insure predictable times was not determined: but may be
minimal since stored food would most likely.still exist from the eqg
stage, |If this is true, then the sucgess of N2 could vary depending on

'the availability and kind of foods that were present when the egg was

formed bél:he female. There may also be a difference in food reserves 8
for future naupliar development past N} bet&éen diapausing and subitaneous
eggs, . v t .

[

A low early naupliar mortality rate is evident in the data on
survivarship in April of 71/1, when major zooplanktonic prcdftonsti;,_ﬁ,,4T~*fjﬁnaﬁ
were absent (Fig. 15). Ignoring the presumably small contribution

to the NI fr;m diapausing eggs, 82% of the eggs make' it past the N3
instar and if aal of the eitimntéa 380 (x102/m2) diapausing eggs laid
also hatched the success'is stHY as high as 824, )
Th;.lack:ofidatajbver ‘the entire first cohor£ of 197Z prevents a
similar calculation but rough estimates can be made if a number of assump«
tions about early instar developﬁént times are Tade. The calculated
mean temﬁtrtture experienced by eggs, NI, and N2 in both years is similar
{for egas, NI, and N2 in 71/1 the mean temperatures expefienced are
5.7, 6,9, and 7.0 °C respectively, and in 72/1 are 6.0,.7.8, and 7.6 %
rcsﬁectively). If it is assumed that the N2 of both years expérienced
similar food conditions {their requirements are assumed to be minimal

1 -

anywsy) then the estimated ty; of 5.0 days from 71/1 (Table 14) can be

e —
[



used to estimete the number of N2 in 72/1 by dividing It into the ade
under the 1972 N2 numbers curve. Although only spproximate this e

fix]

ll.BlZ!g..O = 2362 N2 Is very close to both the estimated number of eyg
laid, 2730, (i.e. 2280 subitaneous eggs + 450 diapausing eggs) and sur~

viving number of NI produced, 2630 (from Table 7)." A similar calculation
F ’

can be made for the N3 in 72/1 if the decrease in their numbers is T
extrapolated .to zera {at approximately June 5, 1972 {{(Fig. 4) ;nd ihe )
area under fhe numbars curve is calculated. Using the tn3 from the previous
yurrln 71LY of 6.8 days yields an estimate 16385/6.8 » 2409 animals,
suggesting aé'n actual increase in N3 from N2 which although quantitativeﬂly ﬁ
winpossib!e ilimlies lTittle actual mortality. Thus the’data from the R
first c.uhoretj in both years suqgest little mortality in the first 3 paupliar
instars,
As’wuing (that food does not play m; jmportant role in N2 developrent
_ __,__‘___irL.mtuce it may also-be possible—to obtain independent éstimates of ty,
for esach of the 3 ¢ohorts produced in 1971 and for the first cohort of
1972 Independently -of Rigler and Cooley's graphical method. Table 18
shows "that any of the equations describing N1 development with respect
to temperature for th% 2 diaptomid species investigated here and S.
oremns}s from '(eapc:t Lake (Cooley 1970) could be used interchangeably
to estimste development time of Nl if the mean temperature experienced
by that instar oyer the cohort is known. [If food was qnlmportunt' then
it Is‘possiblc that the same interchangeability could be true for the N2
. ‘of these 3 species and the ec:;u-ttlons relating N2 development and tempera~ .
ture available for S. oregonensis can be used to predict N2 development
times for L.. minutus in BIuff L. (Table 18). In 71/1 and 71/3 the

astimated whola cohort mean development 'Hms for N2 based on water




*®r
,

TABLE 18 -
Estimates of L. minutus N1 and N2 in situ development times for the
3 cohorts of }971 and the First cohort of 1 7 .

4
L Estimated NI development times in days in Bluff L,
Calc, mean *Using eqns. Using ty for Using tyy for
Cohort temp. C for S. oregon, L. minutus- A. spatulocr.
experienced (Cooley, 1970) (Equation 3). (Equation 5)

T

)

ﬁ7in 6.9 32 | ,3.2 3.0
772 153 1.0 ‘\ 1.1 ‘1.0 ’
W3 e LY 0.8 ' 0.7 .
72/1. ' 1.8 ' 2.8 2.7 2.6

f
Estimated N2 development-times in days in Bluff L.

Calc._mean “Uging eqns. Generated from graphical
Cohort  temp. °C for 5. oregon, method of Rigler & Cooley
experienced (Cooley, 1970) {Table 14)
71/1 7.0 4.8 5.0
712 15.8 . 2.0 - 3.1
71/3 18.8 1.5 \ 1.4
72/7 7.6 4.5 cohort
. incomplete
"‘Eq.uations Déscriblng Egg, N1, and N2 development of Skistodiaptomus
, oregonensis from Teapot L. (after Cooley,ﬁ??ﬂf
t = development time in hours ‘ T -+ temperature in o
-2.08
sgg development time: t = 47690(T+4.3) , : Equation 12
-2.21
total egg + Nl development time: t = 98300(7T+5.3) Equation 13
-2.15 .
total egg + NI + N2 development time: t = 119957 (7+5.8) - Equatlon 14

To obtain Nl development time at any temperature T, solve Eqn 12 and Eqn I3
for T and subtract former from latter.

To obtain N2 development time at any temperature T, solve Eqn 13 and Egqn 14
for T and subtract former from lstter.

N »
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temperature and laboratory derived development data for N2 of S,
oregonensis are rmrk?bty similar. .

The dissimilarity of the estimates for tyy in 7172 (2.0 versus
3.1 days) might be attribufed at least in part to food supply which .
ch%cumstanth'! evidence st;ggests may have been low from mid~June to mid-
August because both the number of eggs per sac and the number of females

carrying eggs were near the Towest levels recorded at any time during

the year 'Ei’ig. 5). )

¢. Inster Development Times Using Krogh's Curve

For each instar excluding a:fults of each cohort produced in 1971
the average development temperature experienced gver the whole cohort
together with "g' read from Krogh's curve (page 54, winbe:g l’97|)iand the
estimated development time generated by the graphical method of Rigler and
Cooley are presented in Table 19. If the cievelopmnt time is known for
any instar (tk} at temperature Tk and a development time is desiyed for
that same instar at another temperature T, then by interpolatingLﬂle
conversion factors g and qu from Krogi'f's curve at temperatures Tk and

Ty respectively, t, can be derived from the following equation:

tg q
k
— ——
t q Equation 15
o u ¢

[y

The use of Equation 15 is explained in Table 19. : .

Much of the variation between the calculated and predicted t.
vatues of 71/2 and 71/3 based on tn values of 71/1 and Kragh's curve
can be explained if it Is postulated that food abundance or qualtty-
varied significantly over the year causing changes in development rate

e

for a given Instar that could not be explained knowing only temperature.

For example, if it is assumed food was abundant and acceptable in the

—%
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TABLE | 19

thé use of Krogh's curve to estimate in situ development timgs for all
instars {excluding adults) in 71/2 and 71/3 using the development times
generrted for 71/1 by the graphical method of Rigler{and Cooley.

ﬁor each instar of 71/2 and 71/3 Equation 15 was solved for t  using °
calculated mean instar tempEratures experienced in the lake over the cohort
and the generated development times for 71/1 from Rigler and Cooley'’s
graphjcal method (Table 14). Thus the known temperatures (Ty) and known
develppment times (t,) for Equation 15 in all cases came from data of
71/1,! The necessary conversion factors q) amd g, were read from Krogh's
curve%(pago 54 Winberg, 1971) at eacp temperature.

'

2

Insta First Cohort Second Cohort’ Third Cohort
T % 4 qQ, t, ReC ! T q, t, R&C

Egg | 5.7 k.7515.2 15,1 1.55 5.0 L& 18.9 1.100 3,5 3.2
N1 | 6.9 4.02 3.2 15.3 1.53 1.2 1.} 19.1 1.08 0.9 0.8
N2 7.03,98 5,0 15.81.37 1,7 3.1 18.8 1.11 1.4 1.4
N3 ! 8.53.25 6.8 16.41.38 2.9 5.1 17.7. 1.2b 2.6 3.8
NL i 10.8 2,44 7.4 17.0 1.31 Lo 7.1 16.8 1.34 4.1 4.6
NS 12.2 2.11 8.0 18.2 1,18 4.5 9.7 168 1.3 5.1 7.8
N6 \ 12.9 1.95 10.4 . 19.0 1,09 5.8 11.9 16.8 1.34 7.1 8.2
€| 16 1.6k 12,0 20.1 .01 7.h14.7 14,3 1.69 12.% 15.h
€11 16.4 1.38 17.4 19.6 1.04 13.1 18.3 13.1 1.9t 241 19.2
cil { 19.0 1.09 23.4 19.2 1,07 23.0 21.3 10.6 2.49 53.5 28.8
Civ | 21.0 0,92 31.2 15.8 1.37 46.5 27.3 6.3 k.36 th7.9 35.2
v | 16.61.3679.6 - -2 -n - 5.0 5.19 303.7 58.8?

| N

' Explanation of the Derivation of t, ysing Krogh's Curve
For an§ instar- -

te = Yknown'' development time from 71/1 at temperature T from the graphical
method of Rigler and Copley (REC).

t, = "'unknown' development time from either 71/2 or 71/3 that is to be
calculated using Krogh's curve and t, from above and compared with a
similar estimate generated from the §raphical method of R&C.

9, = Krogh's conversion factor read from Krogh's curve at temperature Ty,
the estimated mean temperature experienced by the instar as it
developed in 71/1, .

q, = Krogh's conversion factor read from Krogh's curve at temperature T,
the estimated mean temperature experienced by the instar as it developed
in either 71/2 or 71/3. ' ;

Example of Calculation of t, for the eggs of 71/2

3

\ tu qu { Equ‘t}r is

t, 1.55 therefore t, » 5.0

|
g
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spf!ng {April} ané‘/Hoy) and f:ll {September and 0ctobor) at times near
mrturn and that th- rchrse was true in siawer (June, July, and A%ust)
then the variations lnvpudlcted Krogh devclopnent times follow a pattern.
A:;Inls dcwlopiné/ln the suu;a'r have in all cases proportionatly

Al ¢ v

rslower davclopnm thns than thcir counterpsrts of spring and fal)..

For exulple both the Clll of 2!/! and 71/2 deveioped in summer, axpermnccd

mean tmpcrtturos ovar their cohort of approximately !9%) and spent
approximetely 23 days !q that instar {Yable 19). The fall population of
Cit)l from 71/3 experianced a much Tower mean t:‘e-pcratura, 19.6 %c, byt
was observed to have a mean development time of approxi;utely 28 days.

Based on Kpogh's curve and the suspected slau rate of development by the

2 summer populations the Cli1 of the last cohort would have been expected

4

to take nearly 54 days,

b

Even though these calculations are unlikely to be very precise they
neverthaless do suggest that fodd quality in a laké can play a very
large role in dewlopmar{t rates of feeding copepod instars, perhaps
even the second instar, and that trying to predict development rates
at one time of the year based solely on water temperatures using Krogh's
curve or any other temperature function can lead to serious errors.
Mgler and cooley s method tries to avoid this possibility by estimating
t In situ from ;:ohort abundance curves but clearly more laboratory .
‘work Is needed on instar development times and their relationship to
temperature and food so that their :sswtims can be .?alruatcd
independently. Also there may be subtle variations in development rate
masked by these 2 factors Includtng density effects and seasonality.

Corkett and McLaren (1970) found that the values of b and ofin
881ehrédek's equation derived from egg developmant could al.;o be applied

L e »
L4
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to describe larval development (hatching to Ci) in 4 species of marine
copepods providing food was abundant. If their suggestion is correct
then it is only necessary to measure devglopment rates of older stages at
] tempersxure {in orqer to solve B&lehradek's equation for a) to
calculate rates'at any other temperature. This hypothes)s may be )
true for freshwater copepods and should be tested.

Rigler {1972b) has shown that the instars from N4 to adult of

Limnocatanus> macrurus from Char Lake showed a contipuous shift of

optimum sized particles filtered. Although there was substantial overlap
smaller instars had a smaller preferred food size. Thus high fecundity
values may not indicate ampte food supplies foro small nauplii since the

latter are more restrictive in the size of food they filjer.

3

5. Predation on L. minutus ° . ' <

Wt

while the rate of development is determined by food and temperature,
predatorsau%kprohabiy#mnﬂ#ﬁmﬁﬁ?fiﬁf”?ﬁ”HefermtdfhéAEﬁgdnumbeé of ;nima[s

that survive in each instar., In Bluff L. these would include possibly
Brook trout {Salvelinus fontinalis), Leptodora kindtii, Polyphemus

‘ @
pediculus, Chachorus sp., Mesocyclops edax, and Epischura nordenskioldi,

¢ +

Since | have only limited Information on the population dynamics of the
jast two (probably mostqimportant)iin this list (Fig, 7) it is impossible
to assess ﬁuantitatively the réle of predators in Bluff L. in determining
mortality and population levels of L. minutus. There are however some
striking corrgd}ondences between high mortality in L. minutus <ohorts

and times when Mesocyclops edax copepodites and Epischura adults are

abundant. For example the higheit mortality rates occurred in 71/3 in
Sept. at & time when both these predators'ucre near their highest levels

and when phytoplankton levels as evidenced by high fecundity levels were

X

-
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high. In 71A mortality was not high unti] the N4 instar at about the

s ' -

‘samevtime that Mesocyclops edax diapausing cnpapodites' began ‘emerging

\

.

from the bottom., A striking feature of thansur;’ivorshlp curve for the

first cohort is the change after the W6 Instar, when mortality seems to

b

have become very small up, ko the €V stage. This abrupt change in rate

is to & lesser extent evident in the other 2 cohorts of 1971, There are
several interpretations that could account for these changes, A strong
size~selective predation may act on smaller instars. It is also possible

that copepodites of L. minutus are more able than are nauplii to avoid

°

_ their predators because their major swimming appendage, the first antenna,
is more-highly developed. An additional explanation might be that the
figures generated by the methodqof Rigler and Cooley are in error and
mortality rates do not chanige with the onset rof the C1 instar.

Assuming, however,, that the results do approximate the tifue situation
‘ then it seems reaso::alile 1o postulate that the overwintering adults !chich begin
~ = " to ﬂi‘e’?:f% Tn early June and are almost com—pletely gone I;y:mid-August
are not doing so because of predators., In the late part of July the
survivorship curve for the first cohort of 1971 and the overwintering
adults from 1970 cross, ‘and the rates of morta!it\‘ of these 2 different
populations are very different even though the si;zesof individuals are
similar (Cill and CIV from 71/1, and adults fl;g;m 1970¥. At this time

[y

and shortly after it is reasonable to assume/that both populations were
being influenced byNthe same food supplies and predators but only the '
adults are dying, pkbab!y therefore from old age. Similarly the sur- »
vivorship curves for 71/2 and 71/1 cross in early July, with the N4 of
71/2 dying rapidly while the' cc;pepqdites from 71/1 are sustaining

their numbers.

From early/ Hov, of 1971 through Feb. of 1972 the Cil through CV
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Qof 71/3 are dying at a fairly constant rate at a time uh?n Epischura and -

Mesocyclops are virtually absent from the zooplankton. In this instance it !
is probable that death is in part due to food conditions in the lake.

Without supporting data concerning the abundances of other possible

predators of L. minutus in Bluff L. and information on their preferred

-

prey it is impossible to assess with certainty the effect other populations .
- ¢

. ‘4
had on the cohorts of L. minutus. Whatéver the causes it is obvioys that

(o
I

only small percentages of eggs taid to form the 3 cohorts of 197] were
2

.

alive by the First copepodite stage (approximately 16, 5, and 10%
respectively, )
6. Production by L. minutus in Bluff L,

&

{n calculating production using finife cohort death rates it was
assumed that %he avergge weight of an animal, leaving’ the population due
to mortality was the same as an dverage animal surviving at the same
time. By using the data on the number of animals dying and surviv{ng
and their mean weight at each instar up to.N6 from data of Rigler and «
Cooley's method (Table 14), it is possible to approximate fo; each cohort
the average dry weight of a survivor‘over this period (.29, .29, and .3{
gm respectively) and an animal dying (.32, .28, and .29 gm respectively).
There is good agreement 1n average weight of animals lost and surv{Qing
in the first and second cohorts but not in the third which was also the
case when production was compared by the finite death rate method and the
other 3 methods. While once again these figures are unljkely to be very
accurate they do provide a possible'explanation for a; observed
discrepancy., The finite death rate method is not desirable for calcu-

lating production where a population is divided arbitrarily ifito cohorts

and each cohort is followed independently. While there is no standard

A
" o

- »
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—cohorts developed at different times in the year could not be entirely

‘ ) oo -
+ ) & .

- = *

";'y'uhjch to judge, the close agreement of the other 3 methods suggests .

»

they more clusnly\approximte the true situation. .
The sasiest mthodlto aspply for production estimates is thmk!len'}
curve but serious drrors could arise with this approach if the maximum .

«©y

size of the cohort {numbér of eggs produced) “cannot be approximated.
The graphical approach employed by Soviet workers is conceptuaﬂy,,f- -

siup!: but not wi tho‘u{ some questionab!a techniques. They also make

good use of :agg developmerR® times to set the upper limit nf the aghort,but

also require information on total development times of nauplil and

- copepodites obtained from laboratory studies. For reasons given else-

where | am sceptical about the accuracy of such data.especially when they

" -

are applied to dynamic situstions such as lakes. They apparently .
‘;‘ain“imiza'thc laborabry rearing t:oft instars by growing them at | temperature
and therr apply Krogh!s curve to obtain development times at other
temperatures. | believe seridus errors can be introduced with this
approach, ) Comita {1972) also noticed that the rate at which different
Y
. \_/ )
explained by tempsrature differences. , ‘

&

Assuming an individuals growth curve is 5 shaped and then drawing -
it from only 3 points is also a‘ questionable prm'.'tlce.' The Soviets
also recognize this deficiia’ncy {Winberg 1971) and correctly suggest
more data are needed with a view tt:ar. an empirically derived general
squation describing the process would be usoful.'

In the application of the Soviet approach in this study both the
declining numbers curve for the cohort and, the S<shaped growth curfve
of the individual were derived in part from data obtained from Rigler

and Couley's method., This would partially account for the close

- * -
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sgreament in final results between these two methods.

" ‘nghr and Cooley's graphical.method for cohort analysis is the
most difficult of all methods to apply because the data must be good
enough to flcflna instar pulses or cohorts before any andysis can beginm
and Js heavily dependent on the concept of a weighted mean {mean pulse

time), which over extended periods of time will' include a large

’

varisnce. Final estimates of instar numbers indicate anything from
. L4

the number of animals entering fo leaving the instar, or reaching a median
of

-

age depending where mortality has occurred, The calculations are made -

assuming mortality is constant over thepuise affecting animals of all

e

ages within an instar. While such assumptions of constancy are common

in all production methods they can conceivably lead to serious errors.

Where data are applicable for this treatment | feel the final results
4 - e

justify the effort, but the need for maore work with different types

%

e
- »

of zooplankton is obvious,

Though each of these methods has required information relating egg
devclopaen.t time and temperature as a3 means of setting the upper limit
of tl';e cohort such data are yseful in other ways. When egg development
times are flt'tcd to B&lehradek's equation and compared with similar
dats on related species (other copepods) the fitted constants may have

biological meaning (MclLaren 1965, Coitkett and McLaren 1970). The shape

of the egg development cuves for L. minutds and A. spatulocrenatus are

consistent with these ideas. A. spatulocrenatus adults though present

throughout the year only produced subitaneous eggs from mid-May to

N 4
August when water tesperatures were warmest while L. minutus adults also
présent annuslly had its greatest period of reproduction of subitaneous

eggs in spring and fal). At summer temperatures of approximately 16 to

bl -

ud
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23 °C the 2 curves separate until at & 9C the “summer' species .
cggsn'(_lg. spatulocfenatus) take approximately” 70U longer to de;eldp.

) . Also the resting eggs of A. spatulocrenatus did not h::ch until May
whereas those of L. minutus begar-emerging-in—the winter under ice.

N Tpe shape of the :l den!c‘)pnnt curves which are also taup;ragure

dependent are also consistent with the idea that A. spatulocrenatus

: is & Ysummer’ species and L. minutus more of a Ysgring and fall®

o . species since at warmer ‘temperatures A. spatulocrenatus Nl actual}
4 .
. develop faster. 3
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. SUMMARY AND- CONCLUS | ONS
1, ' A method is presented for estimating the number of animals
. passing through each instar of a copepod cohort and is ‘demn-
strated with 3 cohorts of Leptodiaptomus minutus "(Calanoida:
- Copepoda) From Bluff L. Nova Scotia.

£y

2, . The 1970/71 overwintering population of mainly adult L. minutus
produced sublifaneous eggs in Feb. which provided the basis of a first

cohort or first generation that developed slowly through spring and

summer to provide a new population of adults that formed 5ubitaneous )
. -

eggs in Sept. far a second generation, Most of the second generation

died before reaching adulthood so that the overwintering pOp;dation

in 1971/72 was mainly adults from the First generation,

.

wd ¥
3. In the Fall, apparently in preparation for winter, L. minutus

, females switch from producing subitaneous to diapausing eggs.

e e Presgs 1 T NgwnONEAe A 4

- »
These eggs pass the winter on the bottom of the lake and hatch .
at approximately the same time in the next year (March) as su&i taneous

eggs formed in Feb. by the overwintering females,

3

4, A swqir or second cohort of L. minytus had a proportionally ‘

.

slow rate developmentcwhicg most likely resulted from food conditions
_+ in the lake at the time. Heavy mortality through naupliar instars in

all cohorts of 1971 is probably due to predatlo;z by~OMr zoopiankters‘

fn the absence of predators in ihe first cohorts YF 1971 an.d 1972

Httle mortality was observed in eggs and the first 3 naupl”i'ar instars,
5. _ Four methods are presented tc; estimate pr‘oduction in gach of the -

3 cohorts of L. minutus in H71: 1) ngler_and tooley graphical,

2) Allen curve, 3) Soviet'lgraphlcal. a'nd 4) death rate. ’For all 3 ct;horts

the first 3. methods give very simllar estimates but the last is judged

-

- -
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*
-

inadequate, A curve relating ngﬁ;wlopmnt and temperature derived

" s 14
i;u the labdratory is presentad and uséd in each of the 4 methods to

watimate Fgg number i NI _is used in the first
method for estimating the number of Nl produced in each cohort.
. I
Data on NI, subitaneous and dispausing egy development were also

collected for the larger but less numerous congener of L. minutus, °*

A. spatulocrenatus, The data indicats that the 2 are not in complete
4 - Ll

v

competition with each other.

K4

14

v

e
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@PPEND!X 1 .
A table to show inster abundances for‘l; winutus in BIuff L.

from Oct. 17, 1970 to Hay‘ls, 1972. These data are graphe& in Fig. 4.

. Key to Symbols Used
N = naupliar inster: Cor Ad - refers to corrected adult
€ ~ copepodite instar totals obtained from a smooth
M - adult male curve {Fig. 4) drawn by eye .
F ~ adult female - through all advlt estimates
FE ~ adult female with an egg sac from each sampling day
E ~ egy sac

On some days {dashes) quantitative samples were collected but were not
analysed for all instars. In some cases portions of these samples were
used to estimete’ the psrcentage of females-carrying egq sacs and the number
of eggs per sac..”

®
:

'y
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DATE Day No N1 N2 N3 Nh N5 N6 C1 CIf CIFI CIV CV €V €V M F Fe E Tot Tot Tot Cor
- M f Tot € F Ad Ad
Bet 17 Z % 10 Bk 228 241 k89 87 100 15 © 15 115 202
Nov 15 1 3 3 15 22 3728127 9 1 10 285 566 580
Nov 22 ’ 2 3 8 5 5 10258263 1 1 2 26k 522 580
Nov 29 - 580
) K]
Jan 16 16
Feb 1} 32 1 9 3 3 6 450435 0° Gy O 435 885 580
20 51 10 3 0 3 407539 26 35 61 57k 981 580 .
Mar 7 66 3 1 22 31 ‘940 300 kok 159 59 218 k9kh 793 560
14 73 19 38 & 2 - T 7 "2 0 2 248.185 112 86 198 297 545 560 °
21 80100 75 17 2 —— 8 8 210 p04 15k 120 87 207 284 488 560
27 87 168 255 66, 1 S v 71 B 3pg 941 122 119 241 333 642 560
Apr 5 95 131 490 237 23 N 9 211 290 171 132 110 242 303 593 550.
18 108 289 349 504 87 2 = 1 6 3 9 292 187 152 158 310 339 631 540
26 114 291 384 779 342 | 3 12 3 231 145 124 95 219 269 4go 340
May 1 121 - - = - a7 - - - 255119 111 71 182 230 L5 540
5 125 3k3 42k 607 520 481 70 2 1 3 234185 73 91 164 261 4ys 540
L 130 178 240 764 657 690 142 27 i 15 1 2 217183 Lé 69 115 229 Lu6 540
15 135 135 233 537 646 371 257 110 3 2 .6 1 7 252 243 19 57 76 262 514 530
20 o 31 41 111 531 506 181 188 18 2. 3 5 302 221 38 103 141 259 561 530
25 145 69 116 80 206 569 270 226 78 7 2 ' 3 246 225 52 116 168 277 523 520
. 30 150 129 B2 156 191 206 358 291 17 9 262 193 47 95 142 4o 502 570
June &, 155 10} 156 234 283 216 133 467 "376 43 2 236 207 35 112 147 242 478 490
9 160 88 93 312 136 155 71 294 431 32 3 T+ 219 211 40 76 116 251 470 470
14 165 ko 96 210 285 147 29 210 387 118 15 2 3 5132 154 26 27 53 180 312 45O
17 168 18 23 105331 163 75126 353 221 & O O O 171 183 8 19 27 191 362 430
21 172 24 35 ho zsa 132 32 61 398 k25 10 0 11212169 12 34 56 181 393 gzg
25 17 - - = = M T
29 180 L& 53 55 7k 79 17 1B 153 L7k 63 4 4 8178 m 15 12 27 186 364 320
Jul 3 18k RIS, - = - . - - e e om - -/ - - 290
' 7 }88 3t 55 68 k1 26 20 50 856 18 10 1} :75 133 37 2-39- 170 245 ;gg
11 92 =~ /= R L I
15 196 « 6 21 st b4 29 7 19 32 467 330 20 7 27 25 m 26 733 th7 172 180
20 201 12 &2 23 7 6 9 11 223 529 0 o 030 83 18 321 10 131 130
24 ‘2Q5 - - . - - - -l - e - b - - - - - 100
28 209 3t 63 ln 28 19 23 17 1 hs 608 3 01 418 44 27 1037 N 89 80
s N
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“DATE-. DAY NO N1 N2, N3 NE N . V.oV M
M F Tot £ F Ad Ad
Aug ; 2'3 - - - - - - - -’ - - ‘e - - - - - - - - - 80
5 g;g 7 3 30 63 13 12, W1 23 27943 25 12 37 21 65 19 } 20 84 105 70
- A - - - - - - - - - - - - - - - - - LI - 601
13 225 6 19 21 28 11 10 17 1t 36505 20 7 27 1237 6 5 I 43 85 5o
17 229 20 26 73 71 22 21 8§ 12 10177 23 32 61 7 9 2 2 Wk 11 18 2
21 233 § 12 19 34 52 97 46 41 30262 149151 300 24 33 1 1 2 34 58 50
23 g‘? 1737 3t 16 € 16 B5 43 23 124218 200 418 32 39 1 1 2 4 72 70
3 2 - - - - -~ - - - - - - - - - - - - - - - ‘00
Sep 3 246 3k 39 L4l 60 22 21 20 35 32 124 128 1kD 268 56 57 20 5h 74 77 133 130
8§ 25 75 7217V 118 60 41 3% 32 36 75 192 160 352 75 B8 23 LWL 67 111 186 160
12 255 B2 99231 76 75 55 ST 64 30 45 206 184 390 91 80 21 21 42 101 192 170
16 259 7V 157 214 147 Y11 67 60 48 51 83 209 179 388 51 39 19 24 43 58 109 180
24 267 83137 328179 110 93 78 108 33 49 302 260 562 91 89 22 34 57 111 202190
29 272, 42125151 89 53 32 109 64 51 60275245520 - - - =~ = = -200
Oct 5 278 3 5240 163 h2 31 96 73 41 50 245 201 L46 B& 136 7 22 29 143 229 210
11 284 2 1 49121 21 @0 92 63 49 52 323 287 610 65 113 16 1} 27 139 204 220
17 290 0 2 5 &1 37 k 75 h& 48 72 279 264 543 90 108 7 7 1k 115 205 240
26 296 0 1 12 16 60 73 44 32125 99 224 152,171 6 O 6°177 329 330
Nov 2 306 T 1 2 25 57 82 49 4t 8 77162270309 9 1 10 318 588 370
12 316 0 4 2 3 L4 56 29 Ly 16 19 296 2 0O 2 298 593 440
27 331 11 2 2% gej\zo 18 13 1t 24239289 1 0 ) 260 499 500
Dec 18 352 0 Q 0 L 30 ~25°13 21 26 47 262 227 O 0 O 227 489 LSO
Jan 23 388 , =0 33. 35 L1 29 2B &7 292 30k O O O 304 598490
Feb 13 k09 6 0 0 o 1 8 17 20 16 12 28 128 142 1 &4 - 5 143 271490
Mar 1 426 3 3 1 i 0 2 16 24 22 20 L2 410 381 35 92 127 416 826 490
} 436 6 18 6 1 b 6 12 6 k 10208 188 52 65 127 240 428 490
3 456 102 143 54 8 0 1 0 1 "V 224209 66 45 111 275 499 490
Apr 7 463 55 106 96 5 0 3 4 & 2 6 9 70 30 28 58 100 190470
25 48 77 288 446 277 L4 o 0 8 9 6 15170 137 69 55 124 206 376 390
May 1 487 210 243 463 616 78 7 L, 1 4 5199 155 78 58 136 232 431 350
7 493 181 t.% 335 89 55° 2 2 2 L4105 89 37 k2 79 126 231320
13 499 224 313931 523 214 133 10 ¢ - 6 4 Zz 6179 140 53 6G 113 193 372280
19 505 59 137 246 229 140 155 S50 2 0 4 3 7102 84 29 17 46 113 215240
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APPENDIX 2 " ) - .
One set of data all production methods used in this thesis have In

common is their need at some point in the'calculations for information

r *

relating egg de\;elopmaht and temperature. This common need suggested to
me that very accurate astimktﬂ;fﬂ this parameter could be very useful,
One approaqm tried was to isolate males and females without eggs in 350
ml. aquariaLogserve frequen’tly, and then remove any femaies carrying the

newly formed eqg sacs to constant temperature baths. This approach proved

1::dious and alsoQ found that very young eggs (i.e., less than | hour old .

at room temperature) were susceptible to damage because £gg membranes had

- ¥
not hardened sufficiently to permit routine transfer from'aquaria to

El

—

a gulturing vial. An alternative approach that did not, | believe, sacrifice

v

any significant accuracy was based on a method described by Cooley (1970)
~arid modified slightly for this study,

eggs In the cleavage cycle and therefore very young could be distingu‘ished

-

from all other eggs at older stages of development. Cooley*(1970) also

L5l -

found this working W/efth S. oregonensis eggs from Teapot L. and was able

to approximate the time taken to pass through the early cleavage divisions

»

1
at various temperatures. His results are presented\‘lze!ow:

| found with practice that L. minutus

Temp. Time taken to reach cleavag; stage {hours)
o 1cell 2cell h4cell 8cell 16ce cel] 6h ceil
™ T
i 3.9 1.9 11.8 15.7 9.7 23.6 27.5
7 2.6 5.3 7.9 10.6 13.2 15.8 18.5
10 1.7 - 3.4 “ 5.1 6.8 8.5 10.2 11.9
14 1.2 22.h4 3.6 4.8 6.0 > 7.2 B.4
18 1.0 1.9 2.9 3.8 48 ., 5.8 6.7
23 0.8 1.6 2.3 3.1 3.9 4.7 5.5
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%, ) Since wgy developmint times For 5. cvenpnensis sed L. min
i:% . similar | used the above table in calculating development t}
% v ﬁ!ﬂﬂ.’-- Fresh live 8Iuff L. plankton, samples mmmﬁ g
%ﬂ.& ' ’ t:up«utugm with a few drops of saturated chioretuna solution s
,*:A | S8C m to be in a recognizable cleavage stage was remowed| from the
w’;r e female with a Fine pin and ‘isolated in a sinugle culturing vial o
; ’ BIuff L. water at a specified tewparature, f for sxampla an
,, o at the B cell stage and the Incubation was at I& °C then the total egy develop-
“ - ment time would ba the timk taken to hatch during incubation + &
%‘« a correction for the development that hadmlrudy occurred-at
"2 te-per;tura before incubation. One further uthad w!md to red
:; ‘varisnce was to.use dewlmmt times only for those egg sacs
%» . ) ‘observed in the hatch Ing; p‘rocﬁs.g N
35‘ . Clmaga divisfons could not be distinguished at disescting
;«:M: T . oscope wagnifications In the eggs of A. *ipatuloerenatys because the
%}‘ too heavily pigmented. For this spacies the “tedious’ progedurs :
% o described was used end eggs were allowsd 1 to 2 hours devalopmen
; " temperature bafo‘re being transferred £o » culturisg vial,
};;’i . wuiningﬁhcc;nta utl'm_rtgs of N1 development times for ho
;:,’k . % proved to be a little easier. in many céses egys that had been,
i: ) J o the hatching process wars allowsd to ;wemp by the first wioy
;; As ecdysis ttm approached s few dr;pa of farmelin were #mf‘i_ to
::;‘ mlturh;q vu! #nd the contents were then liwmediately Mw
g , pgtrf dish with a dissecting mwmm mﬁy ﬂwﬁ :ria}y" Mt”
% ’Q 'n o:nwm baih N1 gad N2 miml& were ysed fo mim% H@"? Wm
:3‘»5_& » times. 8y cbaerving freshly pressrved MM Tt wag paww;
;&:i:, S , if the snimals Mw al’lw twwr W’i‘? ‘tﬁ‘ﬁm(w‘; )
g - 5 LT,
T . ’ o By ’ “;.~ N Q«‘,,,;xz_,.:;
vt o el b Bl TN - ®
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APPENGIX 3« : : b
o 1 i3 . ,3‘3;%
T The resufix af fitting data on sublianeous egg and NI develnpmem ’*’;f‘f}
o B&l“ms tesphraturs funetim for L. minytus and A. spatulocranatus s &

n [

BElebridek's temperature function D = a(T-d .

uh;r% D = development tlnﬁ in hours -
T = temperature in
"o a, b; snd dare Fittad constants

All temperatures listed below are + 0.1°C. Sample size (n) refers
to the number of egg sacs fncubated.

‘ Tgmp Obs. dev. time Est. dev. time Percent
) . o o n &1 s.d. (brs) (hrs) Difference
Fe =
1

Subjtansous eqggs of Leptodiaptomus minytus

b ¢ 20° 490.3 + 15.1 496.6 -1.2

7 16 306.7 * 10.2 | 296.3 3.5
10 4 ¢ 190.7% 1.8 194.3 -1.9 g

14 5 121.83% 272 122.1 . -0.2

’ . 18 9 B2.1+ 1.1 83.0 ool 0
! : 23 9 55.8+ 1.5 . 55.2 .o . _ .
. For best least squares fit: a &« 156046 b = -2.314 o= -8.0 T
) . , correlation coefficient = - 9997 -,

Subj taneaus eggs of Aglaodiaptomus spatulocrenatus ~
)

8 846.9 + 22,0 - - 839.0 0.9 5
9 b43.4 + 16.6 417.6 6.2 R

8 250.5 + 3.8 243.3 3.0

9 131.7 & 5.5 137.4 S |

1 88.5 86.7 2.1
2 55.\2 :!" 00' 53-9 2»1" *.ti
b ,
For best least squeres Fit: & = 160020+ b'= -2.502 ~&=-49
corrslation coeff{icient = - 9995 o
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&1 sid, (hrs)

b = 2,048 o
correlstion cosfficient = - 9997
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* ' Recently there hes been a reconsideration of formulas defining
Caswell (1972) has au;mé' that the commonly cited fomularmlating

the Instantanecus and Finlte rates of increase -

where b I:)JLM instantansous rate of increase and B is: the flﬁit'e
per capita rate of Incresase is incorrect, pointing out .that such a

relationship depends on the overall instaptaneous rate of increase r,

TLF
and citing mm'_(m&a) siiggests the correct. formula should be
\ . ! b= . rb
| g Ter-1). - Equation 17
The finite per capita birth rate B is defined as
B 8 'J%& [( Eqﬁtfon 18
b where E is the total number of agg} in the population, A is the total,

« * mumber of adults, and D Is the development time in days of the eggs,
o r ]

that Caswell's or appropriately Leslie's formula (Equation’ 1;;3 is

is not ap sppropriate mbasure for the finite per capita birth rate,

z . h"ﬂ‘g + 1

. [

i e -
A

ol - C
o
. m:;u, Eqmﬂm 17 as, . )
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rates of Incresse by phXig species {Caswell 1972, Edmondson 1972).

. b = In{1 + B} . . Equation 16

" However, more rmtiy Paloheimo (unpublished manuscript) has shown

texact undar rathe specific assumptions’! and "falls to account for the

! fact that the egg ratio (E/A using my no}ation) par development time (D)

Equation 9
. hmiup Mm oat that B s rudHy cﬂc,uutﬁd from Lus”c s original -

13

furthers. goas oo’ to develop a "cu‘rr St Formula relating B and b which Is

. . L4 % § T ﬁ, t‘g;a;”. : SRS
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Equation 19 :
) once b is krown and that B depsnds on the rate of growth r,-whila b 5
» can in fact be calculated without the knowledge of r. Further he shows

G g R e
o
4
3;
13

v .thnt in a sensa Edmondson’s old often cited "lmmt" squation for b .
¢ ;' Is mors Wia;\hm Caswoll's new equation hut stil] “underestimates-

: s ‘the trul value of b (from iquatiov 9) when DL T and overestimates it when

? DM and thay the megnitide of the bias depsnds on both D and E/A when

i “ DAL e ' , CL -

::w . Since Paloheimo's uquatlim relating b to egg ratios and egg

-development -tims will most Jikely ba universally adopted | have used it
exclusively. in u!mlatit;ns rmiringrtc{smmw&: bifth rates.
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APFERDIX 5 .

kca!u per square u:ﬁ of surfate
Jthat 1 om er wl

nevertheless ﬁe édnguatc For the
ng lake type’ and production.
’Fv-“

Although it was pot an objective of the stixly, It seems worth-
while to compare estimates of 'annual production by L. minutus in
Bluff L. with simllar ueinpvfés for other herbivorous copepods. These
values are swwearized in Appendix Table 1. In many’cases data were )

converted so that all production estimates could be expressed in

area in one yaar, It was assumexd

organic matter represented 10 gm of fresh or wet
weight, was 44% carbon, and contained 5.6.kcal, Although these values
are likely to be crude estimates of the true situation because of

different techniques and assumptions used in calcutat ion, they should

purpose of indicating simple “trends"

1
. P

Clearly no simpla relationships are eﬁident from the data presented.

" control Fing mwﬁadar?mmductim_
LR
production will be determined in

r
serlly Increass propactionally.

i .iah%t Fhoee, ey A ‘o
it | RO AR LT SN P {;’in 20t o o] . ;
B - é;%} ? m‘{ 2 "Tg'g;,s‘;f terl 45@: L Pl *:a»;«”‘é—:g,,;q'% JRER T ‘)?,m
fm?ﬁﬂ

This is not umxmctad becsuse of the dynamic nature of the factors

The total amount of secondary

part by lower and higher trophic

Jevels (primary producton and predators) as,well as by the kinds and
sbundancs of other hertiivores 'competing" for similar food stuffs.

In eutrophic !aﬁ;u a highet primary productivity will not neces-
sarily be accompanied by a proportional increase in herbivores because
nmmpuﬁktmr (the ;wai’amd food size of lmﬂbl’\nores) does not neces-

" In fact Pavoni (1963] found that the
© ratie of nanno : nat phytoplankton dscreashbd as Tekes bgcam more
sutroplile. Hamey {IQ’N}' from wn in Bity study of Freswater 200~
plankion grezing rum gt ludéd thet phytoplankton renswal rates in
. ollMWa m m ﬁr In Mn of mlm grazipg rates
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APPENDIX TABLE 1

&g }‘3& e ¥,
LA
*

W Annual production astimates of herb I vorous copepods., ‘ i
‘é" Spaclias Body of Water, Type h. Lat, Max Area Fmducgfmi Author
b , Depth - (h) kecal/m</yr :
o ; & % !‘ PPl
Rpr Arciodlectomus 381 l0us Aral Sea RSO 00T 68 BaxIP . 2.6 Va8 Tonskays (1962
"‘ #luff L., Oligotrophic &44° 30 7 4.8 40 This Study
%’:a ' Misodiaptowus lacinlatus °  Titisee, Mesotrophic  47° 54 40 11 ‘u.'a. " Elchhorn (1957)]
G edgcelanus mlnutus Ogac L., Oligotrophtc 62° 520 60 148 5 Mclaren (1969)
"‘g"”eli . - : ] ” (‘ll 4] ) 1" n 13} - i1} 3.3 i
Ths ., s gregonensis Teapot L., Dystrophic 43° 457 2 0.5 6.6(1965) Rigler and Cooley
£ X ' . 15.0(1966) (unpublished)
: Tattowisko, Mesotrophic S4%7 2 7 9.5 HI1 1By fcht=1 T kawska
Mikolajskle, Eutrophic M t SR 1.8 et al (1966)
Severson L., Eutrophic 46° 53t 5 1.2 13.9 Comita (1972)
«ETlzabeth 11 Reservofr *53° 30'? 16 120 52 Kibby (1971) = °
Lake Erken, 59° 25° 20 2287 134 Nauwerck (1963)
mod-Eutrgphic . \ ’
SW part, coastal arsa 68°7 3.4 Yablonskaya (1962)
Barants Sea J .
) Coastal areas of E. 68°7 30.8 Yablonskaya (196%)
tf ,  part, Barents Sea
& e t—
Yoo X ~ 1 o -
“d ¥ Eajoulated using the graphical methoad of Rigler and Cooley
byl “Bhypo banlon below 10w ' T,
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suggesting grazing of algae In oligotrophic lakes may be of little ’
impartance. Dn the other hand he sujgested that In eutrophic lakes
very high g.razing rates in mid-summwer may control the abundance of
nanoplankton, He conc!ud;d that secondary production In ol igo-
trophic lakes fs not 1imited by food supply.
-Preda!:t;rs are mast likely as important as food supply in
' determining production by herbivores. In this study for example
high mortality rates in early instars are correlated with predator
.  abundance. It Is assumed that if predation had not occurre«i overall
production woul;i have been greater because of greater survivorship’.'
The tange of values for annual production by freshwater herhivor-
ous copepods would+seem to be quite large (from 2.6 to 134 kcal/mzlyr)
but most Sre-less than 15 kcal/nzlyr? ‘The estimates by Kibby and

Nsuwerck for Eudisptomus gracilis”and E. graciloides (52 and 134 kcal/ *
uzlyr) seem wnusually high but because of the limited amount of data
avaﬂni:lo it cannot be said that these are anomalous values. Clearly

more work on these and additionaﬁl species is needed.
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