Evolution, 33(3), 1979, pp. 919-928

SEXUAL DIMORPHISM IN BRACHIONUS PLICATILIS (ROTIFERA):
EVOLUTIONARY AND ADAPTIVE SIGNIFICANCE

RoBERT W. EPP AND WILLIAM M. LEWIS, JR.
Department of Envivonmental, Population and Organismic Biology,
University of Colorado, Boulder, Colorado 80309

Received July 26, 1978.

The Metazoa include a number of very
successful taxa with primarily partheno-
genetic reproduction interrupted only oc-
casionally by sexual reproduction (i.e.,
Cladocera, Rotifera, Aphididae). One of
the major aquatic groups with such charac-
teristics is the phylum Rotifera. In the
monogonont rotifers, which dominate
among the modern Rotifera, amictic fe-
males predominate but mictic females are
occasionally produced in response to spe-
cific environmental stimuli (Gilbert, 1963,
1974; Ruttner-Kolisko, 1974; Pourriot and
Rougier, 1977). Both amictic and mic-
tic females are diploid. Mictic females
produce haploid eggs through meiosis of
the ooctyes. These haploid eggs develop
into males if they are unfertilized (Jones
and Gilbert, 1976), but are also capable
of becoming diploid resting eggs if they
are fertilized. Actually the resting eggs are
partially developed embryos in an arrested
state of development (Wurdak et al.,
1978). As the males increase in number
and fertilize an increasing percentage of
the mictic females, the production of new
males in the population declines and the
balance shifts towards the production of
resting eggs.

Rotifer resting eggs represent the out-
come of genetic recombination and are
thus thought to be responsible for some
degree of phenotypic diversity in the sub-
sequent generation of parthenogenetic fe-
males (Pejler, 1956; Williams and Mitton,
1973; Williams, 1975). The value of this
increased diversity is uncertain. Ruttner-
Kolisko (1974) discusses several deviations
from the typical pattern of heterogony in
the rotifers including instances of parthe-
nogenetic resting egg production and con-
cludes that the biological importance of
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the mictic phase lies in the production of
the resting eggs rather than an increased
genetic variety. The validity of this con-
clusion can be questioned in view of the
apparent evolutionary feasibility of par-
thenogenetic resting egg production as a
superior alternative to sexual resting egg
production if recombination were not im-
portant. The predominance of sexual rest-
ing egg production thus implies that the
recombination is important.

Male rotifers are small, short-lived and
very active. These factors have led some
authors to describe them as “free-swim-
ming packets of sperm” (Ruttner-Kolisko,
1974), or “. .. not much more than a
sperm sac surrounded by protoplasm and
a cuticle, and having an anterior tuft of
cilia” (Pennak, 1978). Males possess sev-
eral adaptations for contacting mictic fe-
males—one of these is their very high rate
of activity. As expressed by Hudson and
Gosse (1889), “This strangely furnished
creature leads a brief life of restless ener-
gy, now darting from place to place, so
swiftly that the eye can scarcely follow it,
and now whirling round as if anchored by
its curved foot and penis.” The behavioral
dichotomy between the sexes allows the
larger female to devote time and energy
almost exclusively to feeding and egg pro-
duction, whereas the males do not feed at
all and devote all of their time to finding
mictic females. In fact males of most
species lack a functional digestive system
(Hudson and Gosse, 1889; Ruttner-Kolis-
ko, 1974; Gilbert, 1977; Pennak, 1978).

In the present study we examine the
complex of adaptations including sporadic
sexuality, extreme morphological and be-
havioral dichotomy between the sexes,
and production of the resting eggs from

919



920

the standpoint of energetics in the species
Brachionus plicatilis (Miiller), a common
monogonont rotifer of fresh and brackish
water environments. We then compare
life histories and morphologies of a wide
range of rotifers in light of the metabolic
data and draw some general conclusions
concerning the patterns of adaptation and
evolution in the Rotifera.

MATERIALS AND METHODS
Culture Procedures

Brachionus plicatilis was cultured in
artificial Woods Hole sea water (Cavan-
augh, 1956) which had been diluted to 100
m-osmoles and buffered to pH 8.0 (Epp
and Winston, 1978). Females were fed
bacteria-free Haematococcus sp. obtained
originally from the Indiana University al-
gal collections. Females were cultured in
Stender dishes (diameter, S0 mm) at 24 C
with a light cycle of 12L:12D.

High population densities, which others
have found to be an effective stimulus for
mictic female production in the genus
Brachionus, did not induce sexuality in
our population (Gilbert, 1963; Hino and
Hirano, 1976; Pourriot and Rougier,
1977). The appearance of mictic females
and the subsequent production of males
were finally induced by removal of the cul-
tures from the environmental chambers
for 24 h. The stimulus may therefore have
been the sudden change either in photo-
period or in temperature. Ruttner-Kolisko
(1964) has previously shown that the pro-
duction of mictic females may be triggered
by “temperature shock” (i.e., a brief al-
teration in temperature).

Mictic females were isolated in the
depressions of glass spot plates and re-
turned to the environmental chambers.
Spot plates were maintained in a water-
saturated atmosphere to prevent evapo-
ration from the depressions. After hatch-
ing from the mictic eggs, the males were
isolated in other depressions containing
several experimental media.

Activity Measurements

Activity measurements were made in a
Stender dish attached to a thermocouple
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which served as a temperature control.
This arrangement allowed us to maintain
the temperature at 24 = 0.5 C throughout
an experiment. A grid (1-mm squares) was
placed under the dish and the depth of the
water in the chamber was adjusted to 1
mm.

An experimental animal was placed in
the dish for an equilibration period of 5
min prior to the activity measurement.
The number of squares the animal entered
during the subsequent 2 min was then re-
corded along with the number of stops and
the total time the animal remained sta-
tionary. Since the emphasis of the exper-
iment was on the energetic cost of move-
ment, the trial was discarded if the
stationary time exceeded 25% of the total
time of the trial. The initial 5 min equili-
bration period was frequently extended to
allow the animals to move from the side
of the dish because of the difficulty of
viewing rotifers near the glass wall. When
an animal approached within 2 mm of the
side, the trial was discarded.

Respiratory Measurements

Straight-necked Cartesian divers with
gas volumes of less than 1 ul were used
to determine the oxygen consumption of
individual male and female rotifers as de-
scribed by Epp and Winston (1978). Res-
piratory determinations lasted between 2
and 3 h and the results were converted to
standard temperature and pressure. An
oxy-caloric coefficient of 4.8 Kcal 17! oxy-
gen was then used to convert oxygen con-
sumption to its caloric coefficient (Brody,
1945). Because metabolism was measured
on unrestrained animals and activity was
not enforced, the measurements were con-
sidered to represent “routine” metabolism
(Prosser, 1973).

Size Determination

Rotifers were lightly anesthetized with
tricaine methanesulphonate and body di-
mensions were determined with an ocular
micrometer at 400X. The simplified
length:volume equation for Brachionus
(Bottrell et al., 1976) was used for the fe-
males as follows: V = 0.13 a3 (the equa-
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TABLE 1. Body dimensions and calovic values of the male and female Brachionus plicatilis. Standard

deviations are given with the means.

Length (um) N Width (um) Volume (nl) Dry wt. (ug) Caloric value (Kcal)
Female 237 £ 13 S 170 1.77 0.195 10.89 x 1077
Male 113 £ 3 5 0.29 0.031 1.75 X 1077
Amictic egg 128 £ 1 8 105 0.90 0.096 5.50 X 1077
Mictic egg 98 + 4 11 0.30 0.033 1.85 X 1077

tion includes a 10% allowance for the vol-
ume of the foot), where a is the length in
pm excluding the foot and V is the volume
in nl (nanoliters, 107°1). The males were
more elliptical than the females so the sim-
plified equation of Bottrell et al. for Gas-
tropus was used (V = 0.29 a?). Volumes
were converted to wet weight assuming a
specific gravity of 1.0. Dry weight was
considered to be 11% of the wet weight
(Sitaramaiah, 1976) and this was convert-
ed to calories with a conversion factor of
5.6 Kcal g'! (Winberg, 1971).

RESULTS

The dimensions and caloric equivalents
of the male, female, amictic egg, and mic-
tic egg are shown in Table 1. The males
are approximately half as long as the fe-
males and have total weights and caloric
values 16% those of the females. The ca-
loric value of the mictic egg is 35% of the
caloric value of the amictic egg.

The depth of the water in the activity
test chamber (1 mm) effectively limited the
movement of the animals to the horizontal
plane. The degre¢ of movement can there-
fore be expressed as mm traveled mi-
nute!. The rate of movement of the males
is significantly greater than that of the fe-
males (84 = 9 versus 46 = 11 mm min™};
t = 13.7, P < .001). Activities also differ
on a relative basis (number of body

lengths traveled per unit time). While the
absolute activity of the males is approxi-
mately 80% greater than that of the fe-
males, the relative activity is nearly 300%
greater (747 versus 198 body lengths
min™Y).

The absolute oxygen consumption of
the females is approximately four times
higher than that of the males (Table 2).
When the oxygen consumption is convert-
ed to QO, (ml O, g dry wt™thr™!), how-
ever, we see that the energy expenditure
per unit protoplasm is somewhat greater
in the males.

A decrease in the relative metabolic rate
(QO,) with increasing size has been rec-
ognized since the latter part of the nine-
teenth century (Rubner, 1883) and the
subject has been considered in a number
of reviews (Hemmingsen, 1950, 1960;
Zeuthen, 1953, 1971). The relationship
can be expressed by the equation Y =
aXP with Y representing the oxygen con-
sumption per individual and X the weight
of the individual (symbols after Brody,
1945). The constant b is usually near 0.75
for interspecific comparisons at body
weights greater than 40 mg wet weight
(Zeuthen, 1953). Our own unpublished
work with freshwater zooplankton indi-
cates that metabolism does regress at a
similar rate with increasing size at weights
below 40 mg provided that the increase in

TABLE 2. Oxygen consumption and caloric requirements for male and female Brachionus plicatilis. (24 C).
QO; and percent body weight (B.W.) are based on the weights given in Table 1. N = 30 (females) and 9

(males).
QO,
wul O, X 107*ind *hr! Kcal hr™t Kcal day™! (ml O,g~'hr™") % B.W. day™!
Female 21.6 + 3.4 10.4 X 107° 248 X 107° 11.1 23
Male 4.9+ 1.2 2.4 X 107° 56 X 107 15.6 32
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size does not involve a significant change
in body form. The equation Y = aXP’
with a b value of 0.75 was therefore used
in the present study to determine the value
of the constant a for both the male and
female rotifers.

The value of a is 0.37 for the males and
0.41 for the females. Thus when the stan-
dard metabolic adjustment is made for
size using a b value of 0.75, the males have
a slightly lower QO, than the females. This
is counterintuitive, since the males are
much more active and would thus be ex-
pected to have a higher QO, when the ad-
justment for size is made. This apparent
anomaly may be explained by the absence
of the digestive tract in the male and the
corresponding reduction in the metabolic
cost of maintenance due to the greater
simplicity of the male. Because of its more
limited range of functions, the male can
focus a greater percent of the routine met-
abolic rate on activity and thus reduce the
total size-adjusted metabolic rate.

The power required to move the rotifers
at the observed velocities was estimated
from the following equation (after Camp-
bell, 1977): P = C4Apu®, where P is the
power in watts, u is the velocity in m/s,
Cq4 is the drag coefficient, A is the cross-
sectional area perpendicular to movement
(m?) and p is the fluid density (103kg/m?).
The coefficient of drag was estimated as
0.46, which is the drag coefficient of a cyl-
inder with the major axis parallel to the
flow and with 1 < L/D < 2 (Campbell,
1977). Power in watts was subsequently
multiplied by 0.861 to obtain Kcal hr™!
(Weast, 1966). The computation does not
include any inefficiencies that might occur
in the transfer of power from the propel-
ling mechanism to the moving body,
hence we will refer to P as the “theoretical
power.”

The theoretical power (P) computed in
this manner is 67% greater for the males
than the females (Table 3) because the
males move faster. If the males were the
same size as the female, however, the en-
ergy expenditure for motion would be over
three times as great as that of the normal
small-size male. The small size of the male
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TABLE 3. The caloric cost of movement (theoretical
power, P, see text) in the male and female of Brach-
ionus plicatilis. The % of the routine metabolic rate
(R.M.R.) accounted for by the theoretical power is
based on the metabolic vate data given in Table 2.

P, Kcal

hr'' X 107 % of RM.R.
Female 4.32 0.00004
Male 7.21 0.00031
Hypothetical male* 24.60 0.00105

* An animal having the same activity as the male but the size of a
typical female.

thus partially offsets the higher power re-
quirements related to its higher activity.
The theoretical power for both males and
females is extremely low relative to the
routine metabolic rate, however (Table 3).
The theoretical power is higher in relation
to routine metabolic rate in males than in
females (Table 3).

In a final experiment, 50 males were
placed in four different test media with
varying concentrations of dissolved organ-
ic material. One of these media was mere-
ly the diluted artificial sea water that was
used as a general culture medium for the
females. The other three media were 1)
soil extract (James, 1974), 2) rotifer culture
water from which the bacteria, algae and
other rotifers had been removed by filtra-
tion, and 3) a water extract of homoge-
nized Haematococcus sp. No changes in
longevity were detected under the differ-
ent conditions, suggesting that dissolved
organic material does not nourish and thus
extend the lifespan of the males. The life-
span for all the males was between 24 and
36 h. Pennak (1978) has suggested that the
males of most species live for two to three
days and Ruttner-Kolisko (1974) has esti-
mated the average lifespan as a few hours
up to two days depending on the degree
of morphological reduction. Recently,
Snell (1977) has estimated the lifespan of
male Asplanchna at 1.74 days, which is
approximately 50% that of the female.

DiscussioN

Metabolism, Size, and Locomotion

Based on a caloric requirement of 56 X
107° Kcal day™! (Table 2), and the ob-
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served lifespan (24-36 h), the males of this
study would use between 32 and 48% of
their total body energy stores during their
brief existence (24 C). The male is en-
dowed with a fixed supply of energy at
birth and the lifespan of the animal is ob-
viously limited by this initial endowment
because it does not feed or take up nu-
trients from the medium.

Selective pressures have undoubtedly
favored females that supply their male off-
spring with only the minimal energy re-
quired to achieve reproductive success so
that the number of males produced per
unit time can be maximized (see also Gil-
bert, 1977). Recently Pourriot (1973) has
shown that the number of eggs laid per
unit time is greater in mictic females than
in amictic females, but the total number
of eggs produced is the same because of
the shorter lifespan of the mictic females.
The adaptive value of the small mictic egg
may thus arise as much from the advan-
tage of a quick response to the environ-
mental stimuli as from the advantage of
producing many eggs per unit time.

The extremely low theoretical power
requirements for movement are surpris-
ing. There is some uncertainty in the cal-
culations, particularly with regard to the
drag coefficient, but no realistic drag coef-
ficient would substantially raise the esti-
mates of theoretical power. Vlymen (1970)
suggests a drag coefficient of 0.85 for co-
pepods instead of 0.46 as used for the ro-
tifers in this study, but this would still
yield theoretical power requirements
equal to only 57 X 1075% (male) and 9 X
1075% (female) of the routine metabolic
rate.

The difference between the active met-
abolic rate and the standard metabolic
rate (i.e., resting metabolic rate: Prosser,
1973) has been shown to be considerable
in all animals for which direct measure-
ments have been made, including a num-
ber of small invertebrates (Krogh, 1941;
Hanegan and Heath, 1970; Prosser, 1973).
Direct measurements of the energetic cost
of movement in aquatic microinverte-
brates has thus far proven to be impossi-
ble, however (see Vlymen, 1970). The
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great difference between active and stan-
dard metabolic rates in those organisms
on which it has been possible to make di-
rect measurements indicates that the en-
ergetic cost of movement is substantial,
and it seems likely that this is also true for
the rotifers and other microinvertebrates
on which direct measurements have not
yet been made. The present study has
shown, however, that the energy required
to move a rotifer at normal velocities, dis-
regarding inefficiencies in the propelling
mechanism, is extremely small. Together
these facts suggest that the efficiency of
locomotion, which can be expressed as fol-
lows, is extremely low:

Theoretical power required)

LoPc:?trin(.)tmn 3 ( to move a rotifer-size body % 100
clency = <Active Metabolic Rate )

— Standard Metabolic Rate

Low locomotor efficiency implies that
the locomotor organelles are extremely in-
efficient in translating metabolic energy
into motion. This may be a major reason
why the rotifers are one of the few groups
of actively swimming metazoans to rely
solely on ciliary movement for locomotion
and may set severe size and habitat limi-
tations on metazoans that move by cilia.
Further exploration of this possibility by
more extensive comparison of active and
standard metabolic rates and power re-
quirements for locomotion could be very
revealing with regard to the evolution of
the metazoa.

Evolutionary Sequences

Logical evolutionary sequences by
which the small males with high activity
and degenerate digestive systems could
have developed are limited. It is very like-
ly that small size evolved first or at least
in conjunction with high activity. An in-
crease in activity without a corresponding
reduction in size would have greatly in-
creased the energy required for movement
in the male (Table 3, actual male versus
hypothetical male). The most probable
reason for the original reduction in size
would be the selective advantage of pro-
ducing more males per unit time. Once the
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smaller size was established, the increase
in activity could have followed without
expenditure of a prohibitive amount of
energy.

Degeneration of the digestive system
probably evolved most recently. If it had
occurred before a reduction in size, the
greatly shortened lifespan, which is a nec-
essary counterpart of life without food,
would have caused serious disadvantages
because of the necessarily lower activity
of the larger organism. By the same token,
degeneration of the digestive system with-
out an increase in swimming speed would
be disadvantageous.

The most likely evolutionary scheme
would thus call for a reduction in size of
males due to the advantages of producing
more males per unit time. The reduction
in size would in turn allow an increase in
activity without a prohibitive increase in
energy expenditure. With a greater effi-
ciency of sexual contact due to the higher
activity, the male digestive system would
have lost its adaptive value in extending
the lifespan and would be lost to minimize
metabolic maintenance costs or to reduce
body size further. The present study sup-
ports this concept since the size-adjusted
metabolic rate of the male is 10% less than
that of the female despite the much higher
activity of the male and the correspond-
ingly greater relative expenditure of en-
ergy on movement.

The evolutionary scheme presented
here is also supported by the morphology
of the rotifer genera Proales and Rhino-
glena. In these genera, the males are
somewhat smaller than the females and
the digestive systems are fully developed
and functional (Hyman, 1951; Ruttner-
Kolisko, 1974). This is consistent with our
belief that a reduction in the size of the
males without the loss of the digestive sys-
tem is feasible, but the reverse is not.

A Rotifer Phylogeny

Since the genera Proales and Rhino-
glena appear to antedate the other Mon-
ogononta for the reasons given above,
they provide, together with the informa-
tion on metabolism, size and locomotion
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which have been given, a key to the un-
derstanding of the evolution of the three
major divisions of the Rotifera (Seisoni-
dea, Bdelloidea and Monogononta). An
evolutionary scheme based in part on the
evolution of the reduced male and in part
on the traditional evidence used in rotifer
phylogeny (trophus morphology, number
of ovaries, coronal morphology) is pre-
sented in Figure 1.

As shown in Figure 1, the Seisonidea
probably diverged quite early from the
main rotifer line and have retained such
presumed primitive characteristics as the
absence of sexual dimorphism, the paired
gonads, and a lack of vitellarium (Hyman,
1951; Hutchinson, 1967). The unique tro-
phi (fulcrate type), reduced corona, and
general aberrant appearance of this group
are probably the result of the parasitic
(Hyman, 1951) or commensal (Pennak,
1978) existence of the group.

The Bdelloidea have retained paired
ovaries, which indicates their early sepa-
ration from the Monogononta. Their long
evolutionary independence from the Mon-
ogononta is further illustrated by their
specialized trophi (ramate type) and
“wheel” type of corona (De Beauchamp,
1907, 1908, 1909). The loss of the males
in the bdelloids is probably the result of
selective pressures similar to those which
led to the domination of parthenogenesis
in the Monogononta. The complete loss of
the male in the bdelloids probably oc-
curred after the separation from the Mon-
ogononta, since most of the Monogononta
have males (Hyman, 1951; Ruttner-Kolis-
ko, 1974). If the male had been lost prior
to the separation of the two lines, the pres-
ence of the monogonontid male would
have necessitated its reappearance, which
seems less likely than the alternative (see
Williams, 1975).

Monogononta, which has been the most
successful class of modern rotifers,
branches in several major directions as
shown in Figure 1. The Brachionidae
probably branched from the main mono-
gonont stem soon after its separation from
the Bdelloidea, since Rhinoglena retains
the primitive jaw (Hyman, 1951) and only
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Flosculariacea and Collothecacea*

Other Dicranophoridae*

Other Brachionidae*

Rhinoglena x Lo
MONOGONONTA

Phylum Rotifera
Class Seisonidea
Class Bdelloidea
Class Monogononta
Order Ploima
Family Brachionidae
Rhinoglena, Brachionus
Family Proalidae
Proales
Family Dicranophoridae
Dicranophorus
Family Notommatidae
Other Families
Order Flosculariacea
Order Collothecacea

Fi1G. 1.

Other Ploima*

X
Proales
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Notommatidae*

BDELLOIDEA

Other Proalidae*

SEISONIDEA

(LM) Loss of Male
(LO) Loss of ovary

x Slightly reduced male
* Highly reduced male

ANCESTRAL STOCK

Evolutionary scheme for the three major groups of Rotifera (Bdelloidea, Seisonidea and Mon-

ogononta) based on size of male and morphology according to the evolutionary sequences proposed in the
text. The classification presented in the lower left is after Remane (1929-1931) as modified by Edmondson
(1959). The positions of 15 advanced families of Ploima are uncertain and these are not shown.

slightly reduced male, and because of the
similarity between the corona of Rhino-
glena and that of the Bdelloidea. Proales
seems most closely related to the brachion-
id Rhinoglena because of its retention of
the maleate jaw and the primitive ne-
phridia (De Beauchamp, 1965). For these
reasons we have placed the proalid branch
nearer the ancestral Monogononta than
Dicranophorus even though Dicranopho-
rus has retained the ancestral creeping
mode of existence (Remane, 1929-1931;
Pejler, 1956).

De Beauchamp (1907) suggests that the
corona of Dicranophorus closely resem-
bles the ancestral corona and also points
out the similarity between the coronas of
Dicranophorus, Rhinoglena, and the
bdelloids (De Beauchamp, 1965). While
Dicranophorus has retained the primitive
corona, the genus shows considerable evo-
lution of the trophi.

Characteristics such as the virgate
(Harring and Myers, 1921) or modified
maleate (Pennak, 1978) jaw link Proales
with the notommatid rotifers (Remane,

1929-1931; Hyman, 1951). Consequently
the reduction of the males in both the no-
tommatid and brachionid rotifers is
probably the result of convergent evolu-
tionary processes, since the apparent an-
cestral representatives of these lines have
nearly full-size males. The common selec-
tive pressures responsible for the reduc-
tion of the size of males may be associated
with the freshwater environment, since
the rotifers with no males or with the most
reduced males are predominately fresh-
water groups (Bdelloidea and most Mon-
ogononta). Rotifers showing the least re-
duction in the size of the males include the
Seisonidea, the primitive brachionids
(Rhinoglena), and the primitive proalids
(Proales). The Seisonidea are exclusively
marine and the genera Proales and Rhin-
oglena have several brackish or marine
representatives (Hyman, 1951; De Beau-
champ, 1965; Remane and Schlieper,
1971; Ruttner-Kolisko, 1974).

The brackish and marine associations
of the more primitive groups suggest a
marine origin for the immediate ancestors
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of the modern Rotifera, which are com-
monly assumed to have originated in fresh
water. A marine origin consistent
with recent work on the osmotic regulat-
ing process in Brachionus plicatilis show-
ing that this species, which inhabits
waters of high salinity, is incapable of reg-
ulating hyposmotically (Epp and Winston,
1977). Most other animals of freshwater
origin that are capable of living in saline
environments have well-developed pow-
ers of hyposmotic regulation.

The flame bulbs of the Rotifera could
be considered to indicate freshwater an-
cestry if they are only osmoregulatory,
but in marine forms flame bulbs probably
function as nitrogen-excreting and ionic-
regulating organs, or as a means of main-
taining the hydrostatic skeleton. This
would account for the presence of func-
tional flame bulbs in contemporary marine
rotifers, which would not otherwise be
expected.

The modern Rotifera have achieved
their greatest success in the freshwater en-
vironment despite their apparent origin in
and continued associations with the ma-
rine environments. It may be significant
in this connection that the marine envi-
ronment is inhabited by a large number
of larvae similar in size and environmental
requirements to the Rotifera, whereas the
freshwater environment generally lacks
such forms. The adaptive radiation of the
Rotifera in the freshwater environment
may thus be due to a lack of competition
comparable to that of typical marine en-
vironments. The reduction or loss of males
is an adjunct of the freshwater radiation
and may well be one of the factors allow-
ing the extensive radiation of the Rotifera
in freshwater environments.

SUMMARY

The metabolic rates, rates of move-
ment, and theoretical energetic costs of
movement for males and females of a sex-
ually dimorphic rotifer (Brachionus pli-
catilis) are quantified. The small nonfeed-
ing males, which are produced only
occasionally between parthenogenetic
generations, are short-lived but three
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times more active than the females. Al-
though active metabolism is known to be
much higher than standard metabolism in
invertebrates generally, the relative theo-
retical power requirements for movement
of Brachionus plicatilis are extremely low
for both males and females (ca. 107%% of
routine metabolism), suggesting that the
efficiency of the locomotor organelles (cil-
ia) in moving the organisms is extremely
low. This has wide implications for the
evolution of small metazoans.

The relative cost of movement in a male
B. plicatilis the size of a normal female
would be several times higher than for a
normal small-size male, suggesting that
energy consumption makes small size a
necessary adjunct of higher activity. We
hypothesize that small males first ap-
peared in response to selective pressures
favoring production of a large number of
males per unit time in conjunction with
the environmental stimuli triggering sex-
uality. Once established, small size made
feasible an increase in activity, which in
turn allowed the sexual functions to be
performed so quickly that the digestive
system was superfluous and was lost. This
suggests, in conjunction with some mor-
phological features commonly used in
classification, a new phylogeny of the Ro-
tifera based on the degree of reduction in
body size and on the morphology of the
digestive system in the male. The new
phylogeny gives evidence that the most
primitive existing forms share marine af-
finities or high salinity tolerance, indicat-
ing a marine origin for the modern Rotif-
era. The more successful radiation of the
Rotifera in the freshwater environment
may be due to the absence in fresh water
of small invertebrate larval forms similar
in morphology to the rotifers.
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