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ABSTRACT

vVarlation In sexua! slze dimorphism In the calanold copepod
Diaptomus leptopus: a test of two hypotheses

Timothy S. Nishlkawa

The calanoid copepod, D/aptomus leptopus, shows greater
sexual size dimorphism In temporary ponds than in permanent
ponds. I examined whether this iIntraspeclfic variation In
dimorphism could be explained by variation In body size or
variatlon In developmental constraints. Allometry did not
explain variation In sexual dimorphism within populations or
among populatlons. Individuals from four locatlons were
mated and their offspring were ralsed under |dentlical
laboratory conditlons. Significant differences iIn
development time were found between the sexes and between
the two pond types, temporary and permanent: males matured
before females and Individuals from permanent ponds matured
before those from temporary ponds. There was no slignlficant
difference In protandry between permanent and temporary
habitats. Development time was not correlated with body
slze, and laboratory reared populatlions with large sexual
differences In length had a low degree of protandry. These
results suggest that allometry and developmenta! constralints
have no affect on the observed differences In sexual slze
dimorphism among ponds. Potential adaptive hypoatheses to

explain the population characteristics are discussed.
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INTRODUCT ION

Sexual slze dimorphism, or body size dlfferences
between the sexes, has been the subject of several studles
(see reviews by Gilbert & Williamson 1983, Hedrick &
Temeles 1989 and Falirbairn 1990). Varlation In sexual slze
dimorphism within and among taxa has been explained by a
number of hypotheses including sexual selectlon (Darwlin
1871, Gould & Gould 1989) and intraspeclific competition for
food (Slatkln 1984, see review by Shine 1989). Some studlies
have found allometric correlations between sexual size
dimorphlism and body slze (Cheverud et al. 1985, Falrbalrn
1990). Others have hypotheslized that body slze, and thus
also sexual size dimorphlsm, may be Indirectly Influenced by
selection on development time (Thornhili & Alcock 1983).
This study examlnes varlatlion in sexual slze dimorphism
among several populations of the calanold copepod, D/aptomus
leptopus Forbes, to determine If It can be explalned by
allometry, variation in body size among populatlons, or
variation In selection for development time in hablitats with

varylng degrees of permanence.

Allometry

Al lometry Is the relatlon between a particuilar tralt
and absolute body size. In terms of sexual slze dimorphism,
two trends have been recogrized. Falrbalrn & Prezlosli

(1984) reported that In specles with male-blased dimorphlism,




hyperal lometry or Increasing sexual size dimorphism with
increasing body slze occurred whereas hypoallometry or
decreasing slze dimorphism with Increasling body size
occurred In speclies wilth female-biased slize ratios. Thus,
the degree of dimorphism In a taxon may simply be the result
of a function of absolute body size.

Body slze accounts for 36% of the varlation In male-
blased dimorphlism among primate specles (Cheverud et al.
1985). Simiilarly, scallng for body size has been shown to
remove the dilfference In male-blased dimorphism between
monogamous and polygynous specles of two famllles of birds,
the Fringitllidae and the Emberizidae (Bjorklund 1890).

Body slize may also account for a slignlficant portion of
the varliation in female-biased dimorphlsm, In blrds of
prey, large female-bilased dimorphism occurs In species with
large proportional breeding increments In females (Wheeler &
Greenwood 1983). In other words, smaller species were
observed to be more sexually dimorphic than larger species.
In a study of 12 specles of waterstriders, Fairbalrn (1980)
also observed greater female-bliased sexual slze ratios In

smaller specles.

Developmental constralints

If there Is a physiologlcal relationship between
deveiopment time and body slize, then the degree of sexual
size dimorphism may be indlirectly iInfluenced by selection

for a shortened or extended Juvenlle growth period



(Thornhil!l & Alcock 1983). In many specles (e.g.

zooplankton, Insects & fishes), large females are more
fecund (Shine 1988). However, there may be no corresponding
selection for large maie slze and perhaps even selectlion for
small male body slze. For example, early emergence by males
(protandry) may Increase reproductive success through
greater access to females. This strategy may be
advantagecus |f females only mate once in a seasun, | f sperm
competition favours early matings or if older females have
lower reproductive potentlal. Selectlion for early
maturatlion may also occur If there |Is high Jjuvenile
mortality (Thornhill & Alcock 1883).

Wiklund & Forsberg (1991) observed a relationshlip
between sexual size dimorphism and protandry In specles from
two familles of butterflies. Males usually emerge as adults
before females and there is interspecific variablllty in
sexual dimorphism. As the developmental! constraints
hypothesis predicts, in specles with a large male-blased
dimorphism, there Is a lower degree of protandry. This
observation suggests that early male emergence remalns
Important even In species with large male-blased sl|ze
dimorphisms and |llustrates the trade off between early
development and large body size (Wiklund & Forsberg 1991).

Wiklund et al. (1991) studied selection for large slze
and protandry In a polyandrous butterfly Pleris napi. Males
are selected for large size and are selected to mature

before females. In the spring, some Individuals mature and



procduce of fspring that diapause while others produce
offspring that develop and produce a second generation.
Individuals that follow the latter developmental pathway are
under more extreme time constraints since they must complete
another generation cycle before the winter season. The size
dimorphism is simllar for both pathways since males under
the time constrained patiway achleve large body slize by
Increasina thelr growth rate. There Is still evidence for
the compromise between early development and large body size
slnce there is lower protandry in these indlviduals that
produce direct developlng offspring when compared to

Indlviduals that produce diapausing offspring.

Sexual Slze Dimorphism |In Copepods

There are a number of conflicting observations and
hypotheses that try to explaln the variatlion In sexual size
dimorphism among copepod taxa In which females are generaily
larger than males. In some caianoid species, sexual slize
ratlos remaln constant among populations (Bayly 1978, Maly
1978). Grad & Maly (1988) suggest a specles-specific
relatlionship between sexual slze dimorphism and mating
success. In cther specles, there Is consliderable
intraspecific variation in dimorphism both among populations
(DeFrenza et al. 1986) and seasonally within populatlions
(Geddes & Cole 1981).

Allometric relatlionships In copepod sexual slize

dimorphism have recelved little attention. In a study of



three benthic cyclopolid copepods, Abdul!ahl & Laybourn-Parry
(1985) noted that the smallest specles was more sexually
dimorphic than the larger specles. Maier (1994) found
Iincreasing dimorphism with increasing body slze among
nineteen specles of cyclopold copepods and similariy, Geddes
& Cole (1881) found Intraspeciflc increases In dimorphism
wlith increases In body slize for six species of calanold
copepod. The latter two observatlions are contrary to the
hypoal lometric trend observed in speclies with female-biased
slze ratios (Failrbalrn & Preziosl 1994).

Bayly (1978) observed extreme dimorphism in centropagld
calanoid copepods inhabiting temporary ponds. He suggested
that a lack of predation In temporary habltats would select
for greater dimorphism to reduce within species competition
for |!mlited food resources.

In contrast, Maler (1992) observed a low sexual size
dimorphism in the cyclopoid copepod Metacyclops minutus
inhabiting a temporary pond In Germany. He argued that
mating success was a function of size dir>rphism and
therefore the need to reduce copulation errors In a
temporary pond would select for lower sexual dimorphlism.
Grad & Maly (1992) also proposed that slze-selective
predation on small individuals (males) may result In
selectlon for lower sexual size dimorphism.

Rodriguez & Jimenez (1980) suggest that the large
degree of sexual dimorphism In the marine copepod Acartl!a

granl! Is a characteristic of temporary populations.




Consistent with the developmental constraints hypothesis,
they suggest that fecundity selection favours large female
size but the need to develop quickly may select for smalier
fast developing males. This same strategy may also occur In
temporary ponds.

Studies of copepod development have generally focused
on marin= calanold specles. Evidence of protandry has been
found In Eurytemora herdmani (MclLaren et al. 1989, Escribano
& McLaren 1992). Landry (1983) also observed that males
generally develop before females in marine calanold copepods
and suagests the Iimportance of mating with virgin females as
the selectlve force behind this protandry.

Geddes & Cole (1981) question the ecologlical
significance of varylng degrees of sexual slze dimorphism in
North Amer lcan dlaptomid copepods. They found that sexual
dimorphism did not vary with habltat permanence. They argue
that varlatlion In Intraspeclfic sexual slize dimorphism and
the occurrence of most specles In both temporary and
permanent habitats are reasons for the lack of adaptive
patterns of sexual dimorphism.

Dlaptomus leptopus |Is a calanold copepod specles wlth
varlable female-blased sexua! size dimorphism among
different populations in the Montreal reglon (DefFrenza et
al. 1986). Two populations from permanent ponds are less
sexually dimorphlic than two populations from temporary ponds
that elther dry up during the summer or freeze to the boi tom

In winter. Geddes & Cole (1981) also report variation in




sexual dimorphism within one D. /eptopus population over 13
samp ! Ing dates.

In this study, | examine varlation In sexual slze
dimorphism within and among 18 D. leptopus populations. 1
examine whether the dimorphism |s variable within
populations with respect to body slze and season. | also
examine whether the variation In dimorphism among the 18
poputations can be explained by body size. Iin addltion,
studies were designed to determline If the trend between the
dimorphism of the populatlion and the permanence of the
habitat Is valid among the 18 D. | 2:ptopus populations.

In addition, | examline whether these trends are valid
In reported data of calanold copepods from North Amer ica
(Geddes & Cole 1881) and from Australia (Bayly 1978). | re-
analyzed each data set to examine possible al iometric
relationships In sexual slze dimorphlism among calanold
specles. And, | also determined whether variation In sexual
size dimorphism among species Is related to the degree of
permanence of the habitat.

| also performed experiments to determire whether
differences in sexual slze dimorphism between ponds can be
explalined by the developmental constraints hypothesis.

Deve lopment times of Indlviduails from both temporary and
permanent ponds were determined from laboratory rearing
exper iments. Early maturation might be particularly
Important In temporary ponds where eggs must be produced

before the pond becomes inhospltabie and where I[nvertebrate




predators may cause high juvenliie mortallity. Fecundity
selection for large female slze would constraln their early
development time and hence, | expect greater protandry in
the more dimorphic temporary populations. This expectation
Is contrary to that of Wlklund et al. (1991) since they
observed less protandry in the more time constralned
pathway. In thelr study animal, Plerils napl!, they expected
selection for large male body size and this constrained the
early development of males and created the lower protandry.
I do not expect the same selectlion for large male size In D.
/leptopus since Grad & Maly (1982) observed similar mating

success across a range of sexual slze ratios in mated palirs.
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MATERIALS AND METHODS

Diaptomus lIleptopus Is a freshwater North Amer ican
calanoid copepod that occurs In a range of habltats from
temporary ponds to permanent lakes at all altiltudes from
eastern Alaska south to Virginia on the east coast and to
Oregon on the west coast (Ward & Whipple 1859). The || fe
cycle Involives eggs developlng through six naupl!iar stages
and flve copepodite stages before the final determinate
moult into adulthood (Ward & Whipple 1959). D/aptomus
leptopus are obliged to mate before a clutch of eggs can be
extruded (Watras & Haney 1980) and these clutches are then
carrlied by females in egg sacs. Voltinlsm among populations
is variable. Temporary habltats can support univoltine
populations (O'Brien et al. 1973) whilie permanent habltats
can support overlapping generatlons throughout the year. In
inhospitable hablitats, copepods survive pond dessicatlion or

winter freezing as diapausing eggs In the sediments.

Al lometry

This study tested for allometry In sexual slze
dimorphism in D. l/eptopus. indlviduals were sampled and
measured from 18 poputations: ten Montreal region
populations and eight western Canadlan populations, provided
by R. Stewart Anderson. Montreal reglon lakes and ponds
were sampled using an 80 uUum Wisconsin tow net. Animals were

concentrated Iinto 25 ml plastic vials and were kil led on
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site with 30% formalln solution. Western Canadlan lakes
were sampted using a 65-70 um conlcal plankton net with
mouth diameter of 25 cm; samples were also preserved In
formalin (Anderson 1974).

Preserved D. leptopus adults were Isolated on a
depression slide and thelir slze was measured as prosome
length (Flgure 1). Prosome length Is a commonly used
estimate of capepod body slze (Bayly 1978, Geddes & Cole
1981, McLaren & Corkett 1981). With the aid of a Wild
inverted mlicroscope (6x magnificatlon) fitted with a Hltachi
closed circult camera, prosome lengths were measured to the
nearest 0.01 mm from a Hitachl 9" monitor. For each
population, a minimum of 10 IiIndividuals of each sex were
measured for any glven sampling date. Lake locations,
number of sampling dates, and minimum number of Indlviduals
of each sex per sample are summarized In Table 1.

To examlne possibie allometry tn sexual size
dimorphism, log-transformed average female prosome length
was regressed agalinst log-transformed average male prosome
length. A slope of one Indicates that as absolute slze
Increases, the ratlo of female to male size or the size
dimorphism Is unchangling (Fairbairn 1990). Body lengths
were log-transformed to normallze the data and since both
axes have sampling error, model || regresslions were
per formed according to Ricker (1984). Confidence |imits

were calculated for comparisons with a slope of one.
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Flgure 1: Diagram of copepod measurements. Distance A Is
the prosome length, from the head to tip of the metasomal
wings. Distance B is the length to the base of the furcal
rami. Distance C Is the length to the end of the furcal
rami. Distance D Is the total copepod length to the end of
the longest furcal setae. (Distances B, C, & D are measures
clited In Bayly (1978) and Geddes & Cole (1981) and are
referred to In subsequent sections) Original calanoid
copepod drawing was taken from Ward & Whipple (1959, p.736).
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Table 1:
In allometrlic analyses of sexual
arranged according to maximum known depth and pondtypes are

sSummary of 18 Dlaptomus

leptopus populations used

size dimorphism.

Ponds are

T = Yemporary, P = Permanent and U = unknown.
max. pond no. of min. noc.
POND Location known type sampling of adults
depth dates per date
(m) per sex
Quarry 4525°45" N 0.6 T 1 20
73%2 30" W
Malloy 3 45243'28“ N 0.8 T 1 20
74°28 1 40" W
Stonycroft 45225'44" N 0.8 T 1 20
72%6 22 W
Malloy 2  45043°22" N 1.0 T 1 20
74°28 43" W
Nixon 5o°%4'19" N 1.0 u 1 31
115°65 53" W
Mal loy 1 45343'12" N 1.8 T 1 18
74°29 02" W
Malloy O 45343‘16" N 2.1 T 1 20
74°28 ' 55" W
Hill 45225'50" N 2.4 T 14 17
73%6 45" W
Barbotte 46805'21" N 3.2 P 10 20
*3 73%2°07" W
Bear 50°13°04" N 4.0 u 1 28
114°25 44" W
Linnett 49°c33'4s" N 4.7 u 1 18
113%64'16" W
virl 52°%2'3s" N 6.0 u 1 28
118°13'58" W
Trulte 46227‘30" N 7.6 P 2 24
Rouge 74°15°30" W
Christline 52°533'09" N 8.4 P 1 12
118°14'30" W
Hibernla 52°%2'14" N 9.0 P 1 28
118°08°'30" W
Lac aux 46:;26' N 9.1 P 1 20
Rats 74%19° w
Caledonia 520%1‘58" N 10.5 P 1 10
118°09°'40" W
Dorothy 520%2‘56" N 16.0 P 1 10
118°13'47" W
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Allometry In sexual slze dimorphism was examined within
two poputations: HlIil pond with 14 sampling dates cover a
three year period, and Barbotte #3 pond with 10 sampling
dates over an elght year perlod (Table 1). Samples of 17-36
animals per sex from HI|l Pond and 20-33 animals per sex
from Barbotte #3 pond were measured to obtain average
prosome length on each date of samplling.

For these two populatlons, tests were also performed to
determine whether the sexual size dimorphism within ponds
varied with time. For each pond, sexual differences In
length and Julian calendar dates were fltted to I|linear and
quadratic regression models. A two-way analysis of varlance
was also performed for each pond to determine whether log-
transformed prosome length varled between the sexes and/or
between the seasons.

Altometry In D. leptopus sexual slze dimorphlism was
also examined among the 18 populations. Average prosome
lengths were used when more than one sampling date was
avallable. A mode! || regression of log-transformed female
length with log-transformed male length was per formed to
determine whether absolute body size explalns variatlion In
sexual size dimorphism among populations.

Al lometric tests were performed on sexual dimorphism
data of Australlan calanoids (Bayly 1978) and of North
Amer lcan calanoids (Geddes & Cole 1981). Bayly (1978)
presented average male and female slze for three copepod

measurements: total body length, length to the end of the




furcal raml and prosome length, while Geddes & Cole (1981)
presented two measurements of body size: length to the base
of the furcal rami and prosome length (Flgure 1). Model I
regresslons o+ log-transformed female iength with log-
transformed male length were performed on the five sets of
data to determine |f body size explains variation In sexual

size dimorphism among calanoid species.

Populatlions from temporary and permanent habltats

The elghteen populations were examined to determine
whether varlaticn In sexual slze dimorphlism was related to
the degree of permanence of the pond or lake. Sexual
dimorphism was measured as the dlfference between the
average female and average male prosome length. Maximum
known depth of the habltat was used as an estimate of
permanence since It accounts for the Illkelihood of the pond
drying up or freezing to the bottom. A mode! || regression
was performed since both axes have samplling error, and
confldence 1Imits were calculated according to Ricker (1984)
to test the significance of the regressed slope.

Similar tests were performed on data from Australlan
calanoids (Bayly 1978), and from North American calanoids
(Geddes & Cole 1981). Both studles reported the tendency
for specles to Inhabit permanent or temporary habltats. For
each of the three measures reported by Bayly (1978) and for
one of the measures reported by Geddes & Cole (1981), an

analysis of covarlance was performed to determine whether

15




transformed male length was simlilar for specles found 1In
permanent habitats and for species found |In temporary
habl tats. Specles that were not clearly class!ifled as

elther permanent or temporary pond Inhabl tants were Ignored.

Deve lopmental constraints

Diaptomus l/eptopus was collected from the field to
permit matings In the laboratory. Adults were sampied Iin
obllque tows with an 80 um Wisconsin tow net and were
transported back to the laboratory In 20 1itre plastic
carboys. Copepods from three temporary ponds (Malloy O,
Malloy 2 and Malloy 3) and one permanent pond (Barbotte #3)
were used In this development time exper iment.

Aduits from each pond were mated In the laboratory so
that date of clutch extrusion could be observed. Copepods
of each sex were first separated Into 500 m! beakers filled
with their pond water filtered with an 80 um mesh. For each
pond, ten males and ten females without clutches were
allowed to mate In four Iltre pickle Jjars fillled with
flitered pond water. Copepods were fed on alternating days
with Cryptomonas erosa var. reflexa |In concentratlions
greater than 5000 cells/ml. Isolated adults and mating
adults were kept at ambient room temperature (20-22°C) and a
16:8 llight:dark photoperiod. The copepod mating jars were

observed dally so that newly clutched females could be

16
the regression of log-transformed female length onto Ilog-



17

removed and replaced with unclutched femalies. Dead adults
were also removed and replaced.

Cryptomonas erosa var ., reflexa was cultured Iin 4 litre
Jars filled with modifled Gulllard's Woods Hole MBL med i um
modlified from Stemberger (1981). Cell concentrations were
determined wi th a2 haemocytometer. To concoct the sterile
medium, individual nutrient stocks were steriie filtered
before these were added to autoclave-sterilized distilled
water (Appendix). One ml of each of the 15 nutrlent stocks
and the one vitamin stock was added to one Ilitre of
sterllized water. Cultures used to feed copepods In all
parts of this exper Iment were at concentrations greater than
5000 cel is/mi

Clutches from newly mated females were removed and
p laced under common Jlaboratory condlt lons. Clutches were
removed from females with dissecting probes. Individual
c lutches were rinsed with charcoal fil tered City of Montreal
tap water and placed in 25 m! plastic vials fliled with
equal parts filltered tap water and Cryptomonas food cul ture.
Vials were capped and labelied according to pond and date of
egg extrusion. Vials were then transferred to 56 x 116 x
40mm plastic flow through water baths that were maintalned
at a constant temperature (28.5°C, SD = 0.7°C) and at a 16:8
|l Ight:dark photoper iod.

Observat lons were made each morning to determine the
egg to aduit development time for each pond. Egg clutches

were monitored daily to determine the egg extrusion to egg
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hatchling development time. Once the eggs hatched, nauplil
were transferred Into a 4 litre Jar contalning charcoal
fllitered tap water and 500 mi of Cryptomonas food culture.
Each 4 Iltre Jar contained a maxIimum of four clutches from
the same popuiation that hatched on the same day. One Jjar
for each of the three temporary ponds and two jars for the
one permanent pond were used {n this exper iment. Jars were
maintained under the same conditions as the egg clutch vials
and were fed on alternating days 500 m! of Cryptomonas food
culture. Once adults emerged, they were preserved In 30%
formalin solution and were later measured for prosome
length.

The SAS statistical package was used to test for
development time differences between the sexes, between the
temporary and permanent ponds and between the Individual
pond replicates. Time to develop from egg hatching to adult
or "post-hatchlng development time" was used In the
analyses. The GLM procedure |Is appropriate for unbalanced
ANOVA deslgns and It assumes all effects are fixed. Slince
the experimental design Incliudes a nested effect, to test
for differences between the two pond types: permanent and
temporary, the Individual pond sum of squares was used as
the error sum of squares. Furthermore, type Ill estimable
functions were used since they are the most appropriate
tests for unbalanced designs (SAS User's Guide 1985).

An assumption and a prediction of the developmental

constralnts hypothesls were also tested. A |liInear



regression model was fitted between body size and
development time to determine if larger animals take longer
to develop. This test was repeated separately for male and
female data sets. The prediction that populations with
greater protandry will have greater sexua! stze dimorphlism
was tested by correiating these two measures from the
average values for each replicate from the development time
exper iment. Protandry was measured as the dl fference
between average female development time and average male
development time. Sexual slze dimorphism was measured as
the dilfference between average female prosome length and

average male prosome length.

19
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RESULTS
Allometry
Within HIII pond and Barbotte #3, there was no

signiflcant allometric effect cn sexual slize dimorphism
(Flgures 2 & 3). Across 14 sampl!ing dates of Hi Il pond,
there was significant correlation between log-transformed
male and female size, but the model Il regression of these
two varlables (Figure 2) was not significantly different
from one. The average female:male size ratio In HIIl pond
was 1.13. In figure 3, the same pattern was observed across
10 sampling dates of Barbotte #3 pond. The average size
ratlo In Barbotte #3 pond was 1.08. Thus, within ponds, the
slze dimorphism does not change relatlive to absolute size.

There was no significant allometric sffect on sexual
size dimorphism across the 18 D. l/eptopus populations. Log-
transformed female size and log-transformed male size were
slgnilficantly correlated. However, the siope from the model
It regression (Figure 4) was not significantly less than
one. Thus, the sexual size dimorphism among populations
remalns stable over a range of body slzes (male range:

0.96 - 1.62 mm, female range: 1.09 - 1.83 mm).

Furthermore, there was no signlflicant allometric trend
among a number of calanold species from North Amerlca
(Geddes & Coie 1981) and Australla (Bayly 1978). For three
body slize measures reported for Australian calanolds (Bayly

1978), and for two body slze measures reported for North
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Figure 2: Test for allonmetry In sexual slze dimorphism
within HIlI Pond across 14 sampling dates. The solld | line
Illustrates the model || regression: log (female size) =
1.10 * 1og (male size) + 0.05, (r = 0.969, p < 0.001). The
dashed |ine represents a 1:1 body slize ratlo with a slope of
one. Confldence |imlts of the slope: 85% 0.93 - 1.27,
0% 1.00 - 1.27, 60% 1.04 - 1,17,
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Figure 3: Test for allometry in sexual size dimorphlism
within Barbotte #3 Pond across 10 samp!ing dates. The solld
llne |Illustrates the mode!l || regression: log (female size)

= 0.93 * log (male size) + 0.04, (r = 0.976, p < 0.001). The
dashed line represents a 1:1 body size ratlo with a sliope of
one. Confldence Iimits of the slope: 85% 0.76 - 1.10,
80% 0.83 - 1.03, 60% 0.87 - 0.99.
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Figure 4: Test for allometry In sexual size dimorphlsm
across 18 D. /eptopus populations. The solid |lne
illustrates the model |i regression: log (female size) =
0.94 * log (male size) + 0.05, (r = 0.966, p < 0.001). The
dashed line represents a 1:1 body size ratio with a slope of
one. Confldence limits of the slope: 95% 0.81 - 1.07,
80% 0.86 - 1.02, 60% 0.89 - 0.99.

A = population from temporary habltat

O = population from permanent hablitat
X = population from unknown habitat
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Amer lcan calanoids (Geddes & Cole 1981), there were
significant correlations between male and female body slze,
but the slopes of the regresslions between male and female
body slze were not different from one (Tablie 2). Thus,
among specles, the sexual slize dimorphism Is not affected by
the absolute body slze.

In addition, within populations, the sexual sl|ze
dimorphism did not differ with respect to time of year.
Across 14 sampling dates at Hill pond, there was no | |Inear
relationship between Jullian caiendar date and sexual

differences In prosome length (F = 2.420, p = 0.148).

(1,12)
Similarly, across 10 sampling dates at Barbotte #3 pond, the

Il inear regression was not significant (F = 0.512, p =

(1,8)

0.495). Also, there was no quadratic relationship between
date and sexual slze differences for either HIII| or Barbotte
#3 pond (FQJ” = 1.479, p = 0.270 and FQJ) = 0.377, p =
0.698 respectively). Sampling date was organized Into four

3-month seasons colnciding with a June-August summer peak
and a two-way analyslis of varlance was performed to examine
variance In log-transformed prosome length (Table 3). In
both populations, there were signlficant differences between
males and females and between seasons. However, the
Interaction effects between sex and season were not
sligniflcant (Table 3) which suggests that In both
populations, the sexual size dimorphism did not change

relatlve to season.




Table 2:
number of Australlan and North American” calanoid copepod

species. Correlation coefflcients and model
log-transformed

limits of the slope were calculated using

Test for all lometry in sexual ilze dimorphism In a

Il confldence

lengths. All correiations of log (femaie length) on log
(male length) were significant (p < 0.001).
body sl ze no. conflidence |Imits of
measure r of s lope the slope
sSpp % lower upper
Australian spp:
total 0.946 26 0.993 95% 0.886 1.13
length 50% 0.95 1.04
10% 0.99 1.00
prosome 0.930 10 0.987 95% 0.69 1.28
length 50% 0.87 1.10
10% 0.97 1.00
end of 0.934 16 0.969 95% 0.77 1.17
furcal rami 50% 0.90 1.03
10% 0.86 0.98
N.Amer ilcan spp:
prosome 0.994 12 0.997 95% 0.92 1.08
length 50% 0.97 1.02
10% 0.99 1.00
base of 0.994 32 1.0056 95% 0.96 1.05
furcal raml 50% 0.99 1.02
10% 1.00 1.00

1Bayly 1978

2Geddes & Cole 1981
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Table 3: Variatlon In sexual slze dimorphism within two D.
leptopus populations: H'!'1!l pond (14 sampling dates) and
Barbotte #3 pond (10 sampling dates). Two-way ANOVA of log

(prosome length) compares dlfferences between the sexes and
between the seasons.

df F D
HIIl pond
Main Effects:
Sex 1 30.312 0.000
Season 1 4.279 0.050
Interaction Effect:
Season * Sex 1 0.029 0.865
Barbotte #3 pond
Mailn Effects:
Sex 1 13.514 0.003
Season 3 9.643 0.002

Interaction Effect:
Season * Sex 3 0.054 0.983
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Populatlions from temporary and permanent habltats

For D. leptopus, there was a significant relatlionship
between the permanence of a pond and the sexual slze
dimorphism of the population. There was a signiflicant
negative correlatlion between the maximum depth of the pond
and the difference Iin length between the sexes In the 18
populations (Figure 5). In addition, the slope of the model
I'l regression was significantly different from zero. Thus,
D. leptopus populations In temporary ponds tend to be more
sexual ly dimorphic, and those In permanent ponds tend to be
less sexually dimorphic.

There was a similar relationship between habitat
permanence and sexual size dimorphlsm for a number of
Australian calanolid copepod speclies whose sizes were
reported origlinaily In Bayly (1978). The analyslis of
covariance compared regressions of log (female size) on log
(male size) between temporary and permanent pond specles.
For two of the reported size measures, total length
Including tongest setae and prosome length, temporary pond
specles regressions were signiflicantly higher than permanent
pond species (Table 4, Figures 6 & 7). For the third slize
measure, length to the end of furcal raml, a similar but
non-significant trend was observed (Table 4, Figure 8).
Thus, Australlan specles In temporary ponds tend to be more
dimorphic than Australlan specles in permanent habltats.

There was, how.ver, no such relatlionship for 22 North

Amer ican calanoid species whose slizes were reported



Flgure 5: D. leptopus Populations from temporary habltats
tend to be more sexually dimorphic than those from more
permanent habltats. Solld llne lllustrates the model ||
regression: sexual size dlfference = 0.189 - 0.011 * max.
depth, (r = =-0.504, p = 0.033). Hablitat permanence Iis
estimated by maximum known depth., Confldence limits of the
slope: 956% -0.017 - -~0.0062, 99.5% -0.020 - =0.0034,
99.9% ~0.021 - -=0.0015

A = population from temporary habitat
O = population from permanent habitat
X = population from unknown habitat
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Table 4: Summary of Analyses of Covar iance of log-
transformed female length (FL) with Iog—fransformed male
length (yL) among a number of Australlan and North

Amer lcan” calanold copepod species for four body length
measures. The ANCOVA model Is log(FL) = constant + log(ML)
+ pondtype + pondtype*log(ML). Pondtype refers to whether
the species inhablits a temporary or permanent habltat.
Analyses are also presented iIn figures 6, 7, 8 & 9.

body slze no. of Var iable T o]
measure specles (2-tal led)
Australlan
speciles:
total 19 constant 7.249 0.000
length log(ML) 10.369 0.000
pondtype -3.035 0.008
pondtype*log(ML) 0.222 0.828
prosome 9 constant 8.254 0.000
length log(ML) 10.043 0.000
pondtype -4,186 0.009
pondtype*log (ML) -1.709 0.148
end of 10 constant 5.353 0.002
furcal leg(ML) 4,027 0.007
raml pondtype -1.912 0.104
pondtype*log (ML) 0.157 0.881
N.Amer lcan
specles:
base of 22 constant 5.6459 0.000
furcal tog(ML ) 36.300 0.000
rami pondtype -0.%35 0.362
pondtype*log (ML) 0.202 0.842

'Bayly 1978

2Geddes & Cole 1981
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Figure 6: Comparison of regressions of tog (total female
length) on log (total male length) between 8 temporary pond
speclies and 11 permanent pond speclies from Australla.
Regression for temporary pond specles Is significantly
higher than that for permanent pond specles. Slzes were
originally reported In Bayly (1978).

A = population from temporary habitat
O = population from permanent habitat
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Figure 7: Comparison of regressions of icg (female prosome
length) on log (male prosome length) between 5 temporary
pond species and 4 permanent pond speclies from Australla.
Regresslion for temporary pond specles Is signiflcantly
higher than that for permanent pond specles. Slzes were
originaily reported Iin Bayly (1978).

A = population from temporary habitat
O = populatlion from permanent habltat
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Figure 8: Comparison of regressions of log (female length
to end of furcal rami) on log (male length to end of furca)l
rami) between 5 temporary pond species and 5 permanent pond
species from Australla. Regression for temporary pond
species |Is higher than that for permanent pond specles.
Slzes were originally reported In Bayly (1978).

A = populatlion from temporary habitat
O = popuiation from permanent hablitat
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originatlly In Geddes & Cole (1881). The analysis of
covarlance found no signli ficant dlifferences between 16
temporary and 6 permanent pond specles wlth respect to their
regressltons of female slze onto male slze (Table 4, Flgure
9).. However, the observed trend was the same as found In
Austral lan copepods since temporary pond specles were

slightly more dimorphic than permanent pond specles.

Developmental constraints

The analysis of varlance of post—hatching development
time revealed signlficant differences for both main effects,
sex and pond permanence, but the Interaction effect was not
s ignificant. Females took longer to develop than males,
thus, there was significant protandry (Table 5, Flgure 10).
Populat lons from temporary habltats took longer to develop
than populations from the permanent habitat (Table 5, Flgure
10). However, the degree of protandry was not di f ferent
between temporary and permanent habltats. The nested ef fect
was not signi ficant; hence, dif ferences In development t ime
between Individual ponds were not signlificant (Table 5).

The ANOVA model was highly significant (df = 6, F =
10.31, p= 0.0001) but only accounted for 27% of the
variance In post-hatching development time (Table §). Post-
hatching development time was not a normally distr Ibuted
varlable but the var iance within groups was homogeneous.

There was no evidence to support the assumption that

large body size requires a longer development time. Since
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Flgure 9: Comparison of regressions of log (female length
to base of furcal rami) on log (male length to base of
furcal raml) between 16 temporary pond species and 6
permanent pond species from North America. Regression for
temporary pond specles is sllightly higher than that for
permanent pond species. Slzes were originally reported In
Geddes & Cole (1981).

A = population from temporary habitat
0O = poputation from permanent habl tat
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Table 5: Ccmpar ison of post-hatchling deveiopment time
between the sexes and between populations from temporary and
permanent habitats. The ANOVA model explalns,.27% of the

variance In post—hatching development time (r2 = 0.270).

df F p
Main Ef fects:
Sex 1 4.12 0.044
Pondtype 1 16.20 0.028
Interaction Effect:
Pondtype * Sex 1 0.03 0.854

Nested Effect:
Pond (Pond type) 3 2.38 0.072
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Figure 10: Comparison of post-hatching development times
(days) between males and females and between populations
from permanent and temporary habltats.

Temporary ponds: MO = Malloy O
M2 = Malloy 2 and
M3 = Malloy 3.

Permanent pond: B1, B2 = repliicates from the
permanent pond Barbotte #3
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signlficant variance In development time was explained by
sex and the two pondtypes (Table 5), | examined correlation
coefflclents within these groups (Table 6). Spearman rank
correlatlons were calculated sincs development tIime Is not a
normally alstributed varlabie. For the temporary pond
populations and the permanent pond popu'!ution, there was no
correlatlion between ilog-transformed prosome length and egg-
adult development time for elther males, females, or the
combined male, femaie data set (Table 6). In addttlion, for
both pondtypes, there was no correlation between log-
transfcrmed prosome length and post-hatching development
time for elther males, females or the combined male, female
data set (Table 6). In some cases, the observed trend was
opposlite to what was predicted. For temporary pond females,
there was 2 slignificant negative correlation between size
and post-hatching development time. Thus, Iin th's lab-
rearing experiment, there was no evidence that larger D.
leptopus Individuals withln each sex took longer to develop.
There was also no evidence to support the prediction
that greater sexual slize dimorphism Is correlated with
greater protandry. There was no significant correlation
between sexual size differences and sexual development time
differences (Figure 11). In contrast, a negatlive correlation
was observed. In this development time experiment, the
repiicates that produced populations with a large sexual

size dimorphism did not have a large degree of protandry.



Table 6: Test for a poslitlive Spearman correlation between

log-transformed prosome
development time (dt):

length and two measures of
a) egg to adult and b) post-hatching

to adult development time.

** p(two-talled) < 0.001

egg to adult

post hatchling

n dt vs length to adulit dt
vS leigth
Temporary pond
populations
males: 48 -0.033 ns -0.242 ns
females: 64 -0.071 ns -0.419 bl
males & females: 112 0.036 ns -0.155 ns
Permanent pond
populatlions
males: 34 0.079 ns 0.078 ns
females: 26 0.174 ns 0.174 ns
males & females: 60 0.191 ns 0.191 ns
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Filgure 11: Test of the prediction that more sexually
dimorphic populations should have greater protandry. The
deve lopmental constraints hypothesls predicts that as
development time differences between the sexes Increases,
slze dlfferences between the sexes should Increase also.
(r = =0.677, p = 0.209)

Temporary ponds: MO = Malloy O
M2 = Malloy 2 and
M3 = Malloy 3.

Permanent pond: B1, B2 = replilcates from the
permanent pond Barbotte 3
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D ISCUSS ION

Allometry

Aithough hypoal lometry Is often observed In dimorphlic
specles with females larger than males (Falrbairn & Prezlos!
1994), this study found no evidence that body size affects
the sexual slze dimorphism in copepod populations. There is
no allometric effect of size dimorphism within populations
nor among populations of D/aptomus leptopus. Also, there |Is
no evidence of an allometric effect among a number of
calanolid specles from Australia or North America. Wlithin
copepods, |t appears that varlance In sexual slze dimorphism
is not related to varlance In absolute body size.

In addition to being consistent over a range of body
sizes, the sexual size dimorphism within populations did not
differ with respect to time. Within two D. /eptopus
populations, Hill pond and Barbotte #3, the sexual size
dimorphism did not vary with jullian calendar date nor
between seasons. A compar ison of the sexual size
dimorphisms of the two populations reveals that they are
significantly different (Mann-Whitney U = 140.0, p = 0.0).
This consistency of sexual slze dimorphism within
populations suggests the differences between populations may

be adaptive responses to local selectlon pressures.



Populatlions from temporary and permanent habltats

My data suggest that the permanence of the habltat Is
Important In determining the degree of dimorphism of the
pond. Dlaptomus leptopus populations in temporary habltats
tend to be more dimorphic than those in permanent ones.
Australlan calanoid speclies which Inhablit temporary
populatlons tend to be more dimorphic than specles which
Inhabit permanent populations. This trend was originally
reported by Bayly (1978).

This trend Is not signlificant for North American
calanoid species which Geddes & Cole (1981) suggest Is due
to large Intraspecific variation In sexual size dimorphism
and the occurrence of many specles In both permanent and
temporary habltats. My data suggest that the Intraspeclfic
var lation In sexual slze dimorphism fol lows the same pattern
as Bayly (1978) noted. For the three specles, D/aptomus
siclloldes, D. clavipes and D, albuquerquensl/s, that had
large intraspecific variation reported by Geddes & Cole
(1981), temporary pond populations were also more dimorphlc
than permanent pond populations. For D. albuquerquensis,
the difference In dimorphism between the two types of

populations was signlficant (t = 4.04, 0.002 > p > 0.001).

Developmental constralints

Rodriguez & Jimenez (1990) suggest that the need for
rapid development in temporary habltats may select for small

slze In males. Since larger females are more fecund than
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smaller ones (Maly 1873, Smyly 1968), it would be expected
that temporary populations would be more sexually dimorphic.
This loglc Is similar to the developmental constralints
hypothesis proposed by Thornhill & Alcock (1983).

This study was an attempt to confirm that thls
hypotheslis applies to sexual dimorphism In copepods. | did
find evidence of protandry In D. /eptopus as males developed
faster than females. However, there was no dlfference In
protandry between populations from temporary and permanent
habltats. | expected greater protandry In the more
dimorphic populations from temporary habitats.

The hypotheslis predicts that larger Individuals have a
longer development time. In my laboratory rearin.
experiments, there was no correlation between body size and
two measures of development time. Further contradictory
evidence includes the observation that laboratory-reared
populations with a high sexual slze ratio had a low degree
of protandry. The theory predicts that populations with
high sexual slze dimorphism would have greater differences
between male and female development time. Also, | observed
that populations from temporary ponds took longer to develop
than the permanent pond, whlie the theory predicted the
opposl|te.

Elements of the experimental design may have
contributed to my contrary results. In the comparison of
laboratory development times, only a small! number of

repllicates were used. Three lab-reared populations, each
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from a separate temporary pond population, and two lab-

reared populations from the same permanent pond were used In

total. This lack of replication may have reduced my abllity

to detect development time differences between Individual |
ponds.

The one permanent hablitat | used In the development
exper iment, Barbotte #3, is not a typlcal deep permanent
lake. It has a maximum depth of only 3.2 metres In the
spring and may freeze to the bottom In some winters. The
pond tends to be inhabited by Invertebrate predators of
copepods (e.g. Chaoborus spp.) rather than fish but has been
stocked by trout In previous years according to the
landowner. The observed result that copepods from temporary
ponds take longer to develop than copepods from Barbotte #3
pond may result from the fact that thls permanent pond has
some temporary pond characterlistics.

Also, onily one set of environmental conditlions were
used In the common garden design. This set of conditlons
may be more simitar to natural condlitions for some of the
populations studied. Thus, the dilfferences observed in the
laboratory reared populations may be caused by differential
responses to the common garden condltlions. For example,
based on temperature, the laboratory condlitions of 28.5°C
were more simllar to Barbotte #3 pond summer temperatures
than to the group of Malloy ponds summer temperatures (ca.
21°C). Thus, populations from the temporary ponds may have

responded to thls change in conditlions by taking longer to



develop. Thus, the result that populations from temporary
ponds took longer to develop may be due to the common garden
conditions rather than an adaption to temporary ponds.

In splte of the IImitations of the experimental design,
the development time differences that | found do not explain
the variation in sexual slze dimorphism between D. /eptopus
populatlons. Although | found evidence of protandry In
this speclies, the absence of a difference In protandry
between temporary and permanent ponds remains a major
violation of a prediction of the developmental constraints
hypothesis. This suggests that other theories aire required
to explain the apparent adaptive significance of the
variable sexual size dimorphlsm between D. leptopus
populations.

My observatlion of greater female-biased dimorphism In
temporary ponds suggests that there |s greater selectlon for
large male size In permanent ponds than Iin temporary ponds
or that there |Is greater selection for large female size In
temporary ponds than In permanent ponds. Varilation in
female slize (SD = 0.178) Is simllar to variation in maile
slze (SD = 0.167) among populatlions of D. leptopus.

Selectlion for large males In permanent ponds may be
important If large males swim faster and therefore increase
thelr encounter rate with femailes (van Leseuwen & Maly 1991).
If low copepod density In a permanent habltat is limiting
reproductive success, then Increasing the encounter rate

with mates becomes Important (Byron et al. 1983). Low
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copepod denslity may be less of a problem In temporary
hablitats and small male size may be favoured |f there are
greater maintenance costs assoclated with being large (Maly
1983). Grad & Maly (1992) found a negative correlatlon
between male D. /eptopus body size and the time elapsed
before copulation In small laboratory containers suggesting
large males encounter females faster than smalier males.

An energetic model developed by Reiss (1989) predicts
that smaller maies are able to spend more time searching for
females since they are able to spend less time feeding than
targer males. Thus, this model would predict that smaller
males would have an advantage in a large permanent |ake
since they could spend more time searching for females In a
low density population. This model however, assumes that
foraging and mate searching are separate events. Calanold
copepods are primarlly fllter feeders. Thelr smooth
locomotion |Is partially due to the rotation of mouth
appendages (Wetzel 1983) which suggests that foraging time
and mate searching time may not be as distinct as the model
assumes.

Selection for large males In permanent ponds may also
be important because of the presence of visual fish
predators. Watras (1983) suggests the Importance of mating
quickly In a permanent pond to reduce the femaie gravid
phase during which time females are dark and hence, visible
agalnst a 1ight background. The reduction of this gravid

phase reduces the vulnerablillity to fish predation.
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This selection for large male size through increased
encounter rate and faster mating time may be a form of
saxual selection. Fairbairn & Prezlosl (1994) recognlze the
importance of male mobliiity to Increase access to females as
a mechanism for sexual selectlion. On the basis of this
study, |t does not appear that the traditional mechanisms cof
sexual selectlon, mate cholce and Intrasexual competition,
are significant. There |Is no evidence that females can
choose males by shaking off a potential mate and there Is no
evidence of territoriallity or Intrasexual aggresslive
Interactions.,

The dlfferences In sexual dimorphlsm between
populations in temporary and permanent ponds may also be a
result of differing degrees of Intraspecific competition
between ponds. To determine whether this hypothesis
applles, It would be necessary to discover whether reduced
niche over lap between the sexes occurs in the more dimorphic
populations. Gut analysis experiments simiiar to those
per formed by Chow-Fraser & Maly (1992) would be required.

Even so, this reduced niche overlap could be a
consequence, rather than a cause of the greater dimorphism
in the populations living In temporary ponds. To test this
theory would requlire reciprocal transfer exper Iments to
determine I|f populations with greater dimorphism are more
successful than less dimorphic populations under temporary
pond condlitlions and the opposlite under permanent pond

conditions.
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Appendix: List of stock concentrations to produce Modl f | ed
MBL Medium (Stemberger 1981). The three vitamin stocks were
combined Into a one |ltre container. All stocks were
sterilely fl.,tered and then 1 ml of each (including 1 m! of
the vitamin stock) was added to one litre of autociave-
sterllized distillied water. Medium was used to produce
monoculture of Cryptomonas erosa var. reflexa.

Macronutrient Stocks Concentration

g/250m1
NaNO3 10.62
Mgso4 7H20 9 25
CaC., 2H,0 9.20
Nazs?O |320 7.10
Na HC(.‘?3 6.30
K HPO4 1.09
N?-I4CI 1.34

Micronutrient Stocks

Na, EDTA 1.09
Fez:ls 6H20 0.788
MnCl2 4H20 0.045
HSBO 0.0325
Znsc?4 7H20 0.0055
CoCI2 6H20 0.0025
CusS0O, 5H.0 0.0025
NaMob, 2h,0 0.0015
Vitamin Stock Concentration

9/333m1
Thiamine HC1 (B,) 0.10
Bilatln (d-Blotlin) 0.0005

Cyanocobalamin (B 0.00056

12)




