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Abstract The seasonal changes in the dynamics
and life histories of the Cladocera in Lake
Mangakaware, North Island, New Zealand, were
studied over 19 months by sampling at weekly or
2-weekly intervals. Lake Mangakaware is a 13.3 ha
polymictic lake with high nutrient status, low Secchi
disc transparencies, and an unstable thermal regime.
The four planktonic cladoceran species {Bosmina
longirostris, B. meridionalis, Ceriodaphnia
pulchella, and C. dubia) exhibited disjunct popula-
tion maxima. Only B. longirostris was perennially
present. All species exhibited low fecundities and
low lipid content, indicating that food resources were
limited and that competitive interactions and resist-
ance to starvation were probably important in deter-
mining species success. Increases in body size in
cooler seasons were unrelated to clutch size, giving
further support for the view that available food was
limited. These results are consistent with previous
experimental findings that subtle differences in life
history can determine seasonal success and the out-
come of competition between similar species.
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INTRODUCTION

Cladocera are a prominent element of most lake
zooplankton communities. In any one lake a variety
of species usually coexist, ranging from large
Daphnia to the smaller Ceriodaphnia and Bosmina
species. The mechanisms allowing the co-occurrence
of such a variety of species with apparently similar
niche requirements have received considerable atten-
tion, and a number of explanations have been put
forward. Perhaps that which has received most at-
tention has been the Size-Efficiency Hypothesis.
This hypothesis suggests that the predominance of
large zooplankton species (e.g., Daphnia spp.) in
habitats lacking visual predators is a consequence of
their competitive superiority over small species
(Brooks & Dodson 1965). Large species are more
efficient in food collection and have lower metabolic
demand per unit mass than small species. However,
when visual predation is intense, the larger, more
visible species are very vulnerable, and small spe-
cies can predominate (Hall et al. 1976).

A model of seasonal succession based on empiri-
cal evidence from lakes, reservoirs, and ponds ac-
knowledged the importance of life cycle adaptations
(e.g., the production of ephippia and persistence
under starvation), competition for food resources,
selective predation, and physiological constraints in
zooplankton abundance cycles (Sommer et al. 1986).
Other authors developed an evolutionary perspective
(Lynch 1980a,b; Perrin et al. 1990; Ebert 1991), and
emphasised patterns of growth and reproduction, i.e.,
the suite of adaptations collectively termed life his-
tory tactics (e.g., Stearns 1976). Focus on life histo-
ries has enabled a more realistic view of the
important factors governing the dynamics of natu-
ral populations. Theoretical "optimal life histories"
are based on the assumption that individual success
depends on the relative allocation of energy to re-
production and growth (Stearns 1976). Key life his-
tory characteristics are clutch size, offspring size, age
distribution of the reproductive effort, interaction of
reproductive effort with adult mortality, and the vari-
ation of these traits among progeny (Stearns 1976).
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Fig. 1 Location of the sampling
site on Lake Mangakaware,
Waikato region, North Island, New
Zealand. Outflow is indicated by
the arrow.

Niche analyses that have shown spatial or tem-
poral separation of peaks in abundance support the
contention that competition is important in structur-
ing zooplankton communities (e.g., Makarewicz &
Likens 1975). Separation of peaks of abundance is
one way in which co-occurring species may avoid
competition. However, such studies fail to show that
the disjunct distributions are the result of competi-
tion, or even that competition is completely avoided.

By comparison to Northern Hemisphere systems,
the cladoceran communities of New Zealand lakes
have received little attention. In New Zealand, plank-
tonic communities consist of few species (Chapman
& Green 1987), and often there may be only two
cladocerans present. Until recently the most com-
monly occurring species were thought to be
Ceriodaphnia dubia and Bosmina meridionalis, but
C. pulchella and B. longirostris have now been

reported from a range of North Island lakes (Green-
wood et al. 1991), and in some lakes (e.g., small
riverine lakes in the Waikato area) the four species
co-occur. Daphnia is usually absent from New Zea-
land lakes, or occurs only sporadically, and the only
species usually found is D. carinata (Chapman &
Green 1987). Copepods are also represented by only
a few species.

There is some disagreement as to whether these
distinctive characteristics of planktonic communities
are associated with a relative absence of vertebrate
and invertebrate predators (e.g., Chapman & Green
1987; Burns 1992), or by contrast, continuous high
predation pressure (e.g., Jeppesen et al. 1997). How-
ever, it seems likely that New Zealand zooplankton
communities exist under conditions of low food
availability that result from the mild, oceanic cli-
mate. Because there is year-round phytoplankton
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growth, zooplankton densities appear high compared
to the available food resources (e.g., Chapman &
Green 1987), which may be dominated by large ined-
ible algal species (Malthus & Mitchell 1990). Con-
sequently, competitive interactions between species
may be of great importance in structuring New Zea-
land cladoceran communities.

In Lake Mangakaware, a small North Island lake,
Daphnia is absent, planktivorous fish are very lim-
ited in abundance, and the major predator is likely
to be the cyclopoid copepod Mesocyclops leuckarti
(Greenwood 1993). The Bosmina species are more
resistant to predation by Mesocyclops than the Cerio-
daphnia species (Jamieson 1980). All four species
cladocerans in Lake Mangakaware are similar in size
when compared to the much larger Daphnia species,
and subtle differences in life history strategies may
permit their coexistence.

We examined the seasonal dynamics and life his-
tory strategies of the Cladocera in Lake Mangakware
(Ceriodaphnia dubia, C. pulchella, Bosmina meri-
dionalis, and B. longirostris). To compare the simi-
larities and differences amongst the cladoceran life
histories, we set two objectives: (1) to determine
seasonal variations in abundance of the four plank-
tonic cladoceran species in Lake Mangakaware; and
(2) to relate the variations in the seasonal abundance
to interspecific differences in fecundity and growth
by assessing mean body size, clutch size, size at first
reproduction, lipid storage, ovarian development,
and the appearance of males and ephippial females.
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Fig. 2 Seasonal variation in temperature, dissolved oxy-
gen concentration, and Secchi disc depth in Lake
Mangakaware, New Zealand, between November 1987
and September 1989.

METHODS

Study site
Lake Mangakaware (37° 55' S, 175° 13' E) is a 13.3
ha, elongated, polymictic lake. The catchment is
mainly in pasture with only narrow, broken margins
of willows (Salixfragilis), flax (Phormium tenax),
and raupo {Typha orientalis), and extensive marginal
areas of submerged macrophytes {Elodea
canadensis, Potamogeton ochreatus) and floating
plants (Azolla rubra, Nymphaea spp.). Inflow to the
lake occurs through numerous farm drains, and its
outflow is at the southern end (Fig. 1). The lake has
a mean depth of 2.93 m and maximum depth of
4.80 m (Fig. 1). Humic compounds from marginal
areas of peat make the water moderately dark, and
the Secchi disc transparency ranged from 0.5 to
2.0 m (Fig. 2). The lake has a high nutrient status
(total Kjeldahl nitrogen (TKN) 0.480-1.400 g m~3;

total phosphorus (TP) 0.026-0.116 g nr3 ; Green-
wood 1993), which is eutrophic according to the
boundaries suggested by White (1983). Chlorophyll
a concentrations have ranged between 0.5 and 22.7
mg m~3 (Greenwood 1987). During the study period
the temperature ranged from 8 to 25°C (Fig. 2).

Few fish species occur in the lake. Small num-
bers of common bullies (Gobiomorphus cotidianus)
have been found in littoral samples populations
(Chapman & Boubee 1977), but no larval fish were
ever taken during this study, in either plankton sam-
ples, or in occasional drop-net samples (J. D. Green
unpubl. data). Eels (predominantly Anguilla
australis) are present and are periodically harvested
by commercial fishers. Eels have their planktivorous
stage at sea or down stream of Lake Mangakaware.
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Field methodology
Temperature and dissolved oxygen were measured
from the surface to the bottom at 0.5 m intervals with
a Yellow Springs Instruments meter (model 57) at
the sampling site indicated in Fig. 1. Water transpar-
ency was measured with a standard 20 cm diameter
Secchi disc. These measurements were made at 2-
weekly or monthly intervals, coinciding with
zooplankton and phytoplankton collections.

To determine its abundance, the zooplankton was
sampled over 19 months. Initially, weekly sampling
was used to establish patterns of variation from early
summer to early autumn (November 1987 and the
end of April 1987). Thereafter, sampling was car-
ried out at 2-weekly intervals to investigate abun-
dance at other times of the year, and to confirm
patterns of abundance in summer. Samples were
collected using an electric diaphragm bilge pump at
1 m depth intervals from the surface to the bottom
(4 m). The hose end was fitted with a four-way split
piece, projecting horizontally from the base of the
hose, to reduce problems of intake avoidance by the
zooplankton. A sample of 20 litres was pumped from
each depth through a short, conical net fitted with
47 mm plankton mesh held above the lake surface
so that the bottom of the net was immersed in lake
water. The zooplankton from each 20-litre volume
were washed into a sample container before the next
depth sample was taken. All five depth samples were
then combined and preserved with cold sucrose-for-
malin (final concentration about 4%; Prepas 1978).
Samples were refrigerated after collection to mini-
mise the fading of visible lipid in the cladocerans.

Pumped samples were used in preference to net
hauls for routine determination of zooplankton abun-
dance because hauls of nets with mesh <100 |im
clogged during the frequent periods with phyto-
plankton blooms. Coarser meshed nets did not clog,
but also failed to representatively sample rotifers,
small cladoceran instars, and copepod nauplii.

In addition to the pumped samples, the
zooplankton were also sampled by two vertical net
hauls, from the bottom to the surface, using a 0.92-
m long Nansen-type net (mouth diameter 215 mm)
fitted with 47 |jm mesh, modified after the design of
Currie & Foxton (1967). When the abundance of any
one species was low, these net hauls were used to
supplement the pumped samples for analysis of
cladoceran age structure and reproductive param-
eters.

Phytoplankton samples were taken with a 4-m
long rubber phytoplankton tube with a 10 mm inside
diameter. Each sample was run out into a container

and well mixed, and then a subsample of 120 ml was
taken from the tube and fixed with Lugol's iodine
to a pale straw colour before enumeration of the
phytoplankton. This required about 2 ml of Lugol's
iodine for each 120 ml subsample, depending on the
density of algae and flocculant material.

Laboratory methods
For counting, the entire plankton sample was
searched for species occurring in very low numbers
(particularly Piona and Anisops species, which oc-
curred in the plankton only sporadically), and then
subsampled for the abundant taxa. The sample was
diluted to a known volume, stirred using a figure-
of-eight motion, and a 5 ml subsample withdrawn
using a wide-mouthed automatic pipette, minimis-
ing vortices and thus avoiding unrepresentative
subsamples (James 1991). Zooplankton numbers
were then counted at a magnification of 31.5x us-
ing a stereomicroscope. The wide variation in the
abundance of different species meant that different
dilutions were required for the enumeration of a sin-
gle sample. Generally, 30-150 individuals of each
taxon were counted per subsample, and the
subsampling was repeated until the results were re-
producible. The mean count was then multiplied by
the appropriate dilution factor to give the number
litre"1.

Taxonomic identification followed Chapman &
Lewis (1976) (for Copepoda and Arachnida); Ruttner-
Kolisko (1974) andKoste (1978) forRotifera; Smirnov
& Timms (1983) for the Chydoridae; and Greenwood
et al. (1991) for Ceriodaphnia. Specimens of both
Bosmina species were identified by V. Korinek (pers.
comm.), but forB. longirostris s.l. these identifications
are tentative. Calanoid and cyclopoid nauplii were
enumerated together. Rotifers were identified to spe-
cies wherever possible, but to genus only when the
taxonomy was unclear.

Growth and fecundity of the cladocerans were
assessed from size at first reproduction and clutch
size. Body length was measured to the nearest
0.01 mm from the anterior margin of the head to the
dorso-posterior edge of the carapace for Cerio-
daphnia, and from the front of the head to the mid-
point on the posterior margin of the carapace,
excluding the mucro, fox Bosmina. Measurements of
both genera were made to within 0.01 mm, except
on occasions when carapace ballooning reduced the
accuracy of measurement to c. 0.025 mm.

At least 70-100 animals of each species were
measured to determine the proportions of juveniles
and adults, ovigerous and ephippial females, and
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Fig. 3 Lipid score (left) and
ovary score (right) for
Ceriodaphnia from Lake
Mangakaware, New Zealand. The
lipid-ovary index is given by the
sum of scores for each parameter.
Scores are illustrated for
Ceriodaphnia pulchella, but are
also applicable to C. dubia and
Bosmina.

males. The adult females and juveniles of both
Bosmina and Ceriodaphnia were separated on the
basis of body shape, the adults having a pronounced
brood pouch (with or without eggs) that is absent in
the juveniles. Ephippial females of Bosmina were
recognised by the ridged and thickened carapace, and
those of Ceriodaphnia by the dark, sculpted appear-
ance of the ephippium (Greenwood et al. 1991).
Males of Bosmina were distinguished from females
by a blunter, thicker rostrum and larger antennules.
The males of Ceriodaphnia had a different body
shape, larger antennules and long flagellum arising

from the first trunk limb (Greenwood et al. 1991).
Adult males of each species were recorded sepa-
rately, but not assigned to an instar group. Within
the juvenile section of the population, males could
not be distinguished from females, and so could not
be separately identified.

The number of eggs per female, recorded in at
least 50 ovigerous females of each species, was used
to give an estimate of population mean clutch size.
The minimum size at first reproduction, a life his-
tory parameter that may vary in response to changing
juvenile mortality (Lynch 1980a), was defined as the
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smallest size at which at least 10% of the adult popu-
lation reproduced (Culver 1980).

At the same time as body sizes and reproductive
data were recorded, animals from the field samples
were scored for the amount of accumulated visible
lipid and size of the ovaries if present (lipid-ovary
index (LOI); Tessier & Goulden 1982). The LOI was
based on the size and number of lipid droplets within
the body cavity, scored 0-3 (Fig. 3). Each animal
was also scored 0-3 for the size and opacity of the
ovaries (Fig. 3). The LOI was the sum of these two.
For juveniles where ovaries are immature, scoring
was only possible for body-cavity lipid, and thus
scores ranged from 0 to 3 for juveniles, and from 0
to 6 for adults. Tessier & Goulden (1982) described
how the visible lipid in cladocerans varies accord-
ing to the stage of moult cycle. In early egg stages,
energy reserves have only recently been allocated to
reproduction, and even well-nourished animals ap-
pear low in lipid. For this reason, only animals with
eggs in stages III-IV (Bosmina) or V-X
(Ceriodaphnia) were used in calculating LOI values
in adult ovigerous females. These egg stages corre-
spond to Threlkeld's (1979) egg stages 2, 3, and 4,
but a more detailed staging description was required
here, to accommodate egg measurement, and to
correspond to stages used in laboratory work (Green-
wood 1993). For non-fecund females no egg-stage
adjustment could be made.

Phytoplankton were counted using the sedimen-
tation technique of Utermohl (1958). The sampled
was mixed gently but thoroughly, a known volume
(4-25) ml was removed and settled for 24 h, and the
phytoplankton enumerated at magnifications of
200x, 400x, and 800x with an inverted microscope.
Counts were recorded as plankton units (Lewis
1978) because colonial species such as Actinastrum,
Dictyosphaerium, and Sphaerocystis, and fila-
mentous types (e.g., Aulacoseira) were not counted
as individual cells, but as discrete entities.
Phytoplankton were identified as inedible or of low
food quality if the maximum cell or colony dimen-
sion was >35 (im, or if they were cyanobacteria or
green algae with gelatinous sheaths or hard cover-
ings (Vanni 1987). Other taxa were considered to be
palatable (i.e., edible and of high quality as food);
these included naked green algae, flagellates, and
small diatoms.

Statistical analyses
Pearson correlation analysis (Zar 1996) was used to
investigate the relationship between temperature,
phytoplankton abundance, and the abundance of

predators and cladocerans. These analyses were car-
ried out using SYSTAT 7.0 (Wilkinson 1997).

RESULTS

Seasonal abundance
The lake was generally stratified during the summer
months, as shown by the temperature and dissolved
oxygen at the surface and at the bottom, except for
brief mixing episodes during windy periods (Fig. 2).
Over the 19 months of the study, Cladocera ac-
counted for 22% of the total zooplankton numbers,
with the remainder divided similarly between
copepods and rotifers (Table 1). Bosmina longiros-
tris was the most abundant cladoceran (13% of the
total zooplankton), followed by Ceriodaphnia
pulchella (5%). Calamoecia lucasi was the

Table 1 Percentage contribution of the major (>0.5%)
zooplankton species and taxonomic groups to total
zooplankton density in Lake Mangakaware, New Zealand,
November 1987-September 1989.

Taxonomic group
Percentage of

total zooplankton

Copepoda
Rotifera
Cladocera

Cladocera
Bosmina longirostris
Ceriodaphnia pulchella
Bosmina meridionalis
Ceriodaphnia dubia

Copepoda
Total copepod nauplii
Calamoecia lucasi*
cf. Mesocyclops leuckarti*
Boeckella delicata *

Rotifera
Keratella cochlearis
Pompholyx cf. sulcata
Keratella sp.
Conochilus sp.
Asplanchna spp.
Hexarthra mira
Filinia cf. pejleri
Trichocerca similis
Synchaeta sp.
Polyarthra remata
Brachionus angularis

40.1
38.2
21.7

12.8
5.4
2.9
0.6

24.6
7.6
5.8
2.2

11.9
6.5
4.1
3.8
3.4
2.0
1.8
1.7
1.3
1.0
0.4

* Adults and copepodites.
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predominant copepod throughout the sampling pe-
riod (8% of the total zooplankton), followed by
Mesocyclops leuckarti (6%) and Boeckella delicata
(2%). The rotifer population was dominated by
Keratella cochlearis, which accounted for 12% of
the total zooplankton; the rest of the rotifer commu-
nity comprised mainly Pompholyx cf. sulcata (7%),
Keratella sp. (4%), Conochilus sp. (4%), and
Asplanchna (3%), with the remaining 10 species
each comprising <2% of the total zooplankton. Apart
from a strong peak in the abundance of rotifers in
early February 1989 when densities reached almost
5000 per litre1 (mostly attributable to Keratella
cochlearis), there were no particular patterns to the
total rotifer abundance. Mesocyclops leuckarti was
abundant throughout most of the sampling period,
with peaks of abundance in summer to early winter
and very low numbers during the winter months (Fig.
4). Phytoplankton that were assumed to be palatable
(i.e., Scenedesmus, Actinastrum, Coelastrum,
Kirchneriella, Vacuolaria, Cryptomonas, and
Monoraphidium) were present for most of the time,
but at much lower abundances than other less palat-
able phytoplankton, such as Aulacoseira and
Tetrastrum.

Cladoceran species exhibited pronounced patterns
of seasonal replacement, and widely variable densi-
ties were achieved by each species (>1100 litre"1 for
Bosmina longirostris compared to 47 litre"1 for C.
dubia; Fig. 4). Each species had a period during
which it was the dominant cladoceran. Bosmina
longirostris was the most persistent, and was present
throughout almost the entire sampling period. Num-
bers of 5. longirostris were low from the time of its
appearance at the beginning of March until it in-
creased sharply in early summer 1989. Then fol-
lowed a sharp decline and somewhat lower but
variable numbers throughout the summer and early
winter.

Peaks in abundance were not repeated seasonally.
The period of peak abundance for Bosmina meri-
dionalis was extremely short, with a sharp peak in
abundance in December of 1987, followed by a rapid
decline and disappearance from the plankton by mid
June 1988. It reappeared briefly in April 1989 in low
numbers and on only two occasions. The decline in
abundance of B. meridionalis was followed in Feb-
ruary by a rapid increase in the abundance of
Ceriodaphnia pulchella, which rose to a peak in
March 1988, then declined in a fluctuating manner,
remaining rather low and stable through winter and
spring. C. pulchella had disappeared from the
plankton by December 1988, and did not reappear
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Palatable phytoplankton

.zv- . Total phytoplankton
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Fig. 4 Seasonal variation in the numbers of Bosmina,
Ceriodaphnia, cf. Mesocyclops leuckarti, and phyto-
plankton abundance in Lake Mangakaware, New Zealand,
from November 1987 to September 1989. (A, peak of
abundances of Aulacoseira; T, peak of abundance of
Tetrastrum; p. u., plankton units.)

until the following winter and then only in low num-
bers.

Ceriodaphnia dubia increased in abundance in the
winter and spring of 1988, following the decline in
abundance of C. pulchella. Peak abundance of
C. dubia was reached at the beginning of November,
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just before the disappearance of C. pulchella. Fol-
lowing its peak in abundance, C. dubia disappeared
for almost 5 months, and was not recorded again
until May 1989 when it increased dramatically
through winter to an early spring peak at the end of
the sampling period, during which time it was the
predominant cladoceran. At the time of C. dubia's
dramatic increase in July 1989, the abundance of B.
longirostris was already low, and remained so until
the end of sampling. Notably, C. dubia was the only
species to show population increases coinciding with
periods of low Mesocyclops leuckarti abundance.

The seasonal replacement of Cladocera was thus
quite clearly defined, with B. meridionalis (Decem-
ber 1987) being followed by a peak in C. pulchella
density (March-April 1988), a brief increase in C.
dubia (October-November 1988), and a cycle in
1989 where the Cladocera were dominated first by
B. longirostris and then by C. dubia. Although B.
longirostris maintained a reasonably high abundance
throughout most of 1988, there was a clear spring
decline in 1988 coincident with the peak in C. dubia
density. Except for the repeated peaks in abundance
of C. dubia no clear annual cycles were evident. This
suggests that either food resources also lack annual
cycles, or that some other factor such as predation
or competitive interactions drive the sequential ap-
pearances of cladocerans. As the main predator in
the lake (M. leuckarti) appears to influence only C.
dubia, competitive interactions are a possible cause
of the peaks in abundance.

Reproductive parameters
Bosmina longirostris

The proportion of ovigerous females at any one time
was generally inversely related to the total popula-
tion, falling when total numbers increased and in-
creasing when they were low (Fig. 5). Fluctuations
in mean clutch size were similarly variable. For
much of the sampling period, clutch sizes (calculated
only from egg-bearing females) remained at a mini-
mum of one, with fluctuations around a clutch size
of 1.5 eggs per female being more common during
the period from late winter 1988 to early summer
1989.

The seasonal pattern in size of first reproduction
was generally one of larger body sizes during au-
tumn, winter, and spring, with a noticeable decrease
over the summer period (Fig. 5). Size at first repro-
duction was negatively correlated with water tem-
perature (r = -0.85, N= 43, P < 0.001). Ephippial
females were recorded on one date during the
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Fig. 5 Seasonal variation in the total population and re-
productive parameters of Bosmina longirostris in Lake
Mangakaware, New Zealand, from November 1987 to
September 1989. (LI, lipid index; LOI, lipid-ovary index.)

sampling period, in August 1988, when they accounted
for 3% of the adult females. This peak occurred 4
months before the peak in population density.

Bosmina meridionalis

There were similar general trends in the proportions
and numbers of ovigerous females and the mean
clutch size in B. meridionalis (Fig. 6). Large
increases in the number of egg-bearing females
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productive parameters of Bosmina meridionalis in Lake
Mangakaware, New Zealand, from November 1987 to
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Fig. 7 Seasonal variation in the total population and re-
productive parameters of Ceriodaphnia pulchella in Lake
Mangakaware, New Zealand, from November 1987 to
September 1989. (LI, lipid index; LOI, lipid-ovary index.)

during November and December 1987 coincided
with a maximum in mean clutch size. Increases in
these variables in late summer and autumn in 1988
were less pronounced but the coincidence of the
patterns remained, with higher mean clutches being
associated with increases in the proportion of fe-
males bearing eggs. As forB. longirostris, body size
at first reproduction was negatively correlated with
water temperature (r = -0Al,N=27,P= 0.034),

and increased during cooler periods from a mean of
0.265 mm in December 1987 to a mean of 0.323 mm
in May 1988. Ephippial females were recorded for
a brief period at the time of peak abundance.

Ceriodaphnia pulchella
Peak population abundance was associated with a
sharp decline in the proportion of the adult
population bearing eggs (Fig. 7). When population
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numbers were lower, as they were in summer 1987-
88 and in winter and spring periods, the proportion
of egg bearers was high, particularly during May-
August 1989. Similarly, mean clutch sizes were low-
est just after the autumnal density peak and declines
in mean clutch size were always coincident with in-
creases in total population density, as in mid Octo-
ber 1988 and late June 1989. As withBosmina, size
at first reproduction was negatively correlated with
water temperature (r = -0.83, N=41,P< 0.001).
Larger body sizes were clearly associated with low
clutch sizes, and animals were at their most fecund
when body sizes were small.

Ephippial females were recorded on two occa-
sions, in early August, and again in early October.
Although obvious by their morphology, even at their
peak abundance in August 1989 ephippial females
accounted for only 1.8% of the adult females present.

Ceriodaphnia dubia

Analysis of reproductive parameters of C. dubia was
often hampered by low numbers of this species. C.
dubia was unusual amongst the planktonic Cladocera
in Lake Mangakaware in that a generally high pro-
portion (>90%) of the females were ovigerous (Fig.
8). Only during one period (October-November
1988) did the proportion of ovigerous females fall
significantly. This decline just preceded the rise in
total population numbers and, as for C. pulchella,
was associated with a sharp decline in mean clutch
size (Fig. 8). The proportion of the females that were
ovigerous was inversely related to the density (r =
-0.47, N= 47, P= 0.001).

Trends in body size at first reproduction (Fig. 8)
were more difficult to discern than in C. pulchella or
B. longirostris, particularly as C. dubia occurred over
a restricted seasonal range. However, as for the other
species, size at first reproduction was negatively cor-
related with water temperature (r = -0.57, N=20,P =
0.009). Low densities in July 1988 and June 1989 may
account for the apparently large mean body sizes re-
corded for primiparous females at these times. Dis-
counting these periods, body size changes over the
period during which C. dubia was abundant were
minimal, although, as with Bosmina and C. pulchella,
there was a tendency for animals to be larger during
cooler months. During both periods of peak abundance
(October-November 1988 and August-September
1989), males and ephippial females were recorded, the
former reaching a maximum 12% of the population
on 19 October 1988 and a maximum density of 2.1
litre1 on 2 November 1988.
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Fig. 8 Seasonal variation in the total population and re-
productive parameters of Ceriodaphnia dubia in Lake
Mangakaware, New Zealand, from November 1987 to
September 1989. (LI, lipid index; LOI, lipid-ovary index.)

Lipid-ovary index
Bosmina longirostris
With the exception of the period from mid April to
mid May 1988, B. longirostris exhibited similar
patterns of lipid storage in both juveniles and adults
(Fig. 5). Mean LOI scores were consistently low
(mostly <0.3) and generally fluctuated around lev-
els of c. 0.1-0.15. The only noticeable increase in
visible lipid was recorded in autumn (April-May)
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1988, when the mean LOI score for juveniles peaked
at just below 0.6. Smaller peaks occurred the follow-
ing summer and during the autumn of 1989, but apart
from this being a time when B. longirostris was
generally abundant, these were not clearly associated
with any peaks in density. There was, however, a
general tendency for LOI scores to increase at the
same time as the mean clutch size and the propor-
tion of egg-bearing females. This relationship was
particularly close for the second half of 1988.

Bosmina meridionalis

As for B. longirostris, the mean LOI scores for B.
meridionalis were consistently low (<0.7) (Fig. 6).
Peaks in lipid score were recorded for both juveniles
and adults during the period of maximum popula-
tion density in November-December 1987. How-
ever, later increases in lipid storage, particularly for
adults (in March 1988), were not associated with
pronounced changes in population density, although
they were coincident with increases in the propor-
tion of ovigerous females and the mean clutch size.
Periods with high LOI for B. meridionalis (Fig. 6)
also appeared to coincide with peaks in
phytoplankton abundance in December and March
(Fig. 4).

Ceriodaphnia pulchella

LOI scores in C. pulchella were generally higher and
more variable than those in Bosmina, fluctuating
from almost 0 to c. 1.5 (Fig. 7). Minimum lipid
scores for both juveniles and adults occurred at the
times of highest population density i.e., through
autumn and winter 1988. Scores were higher when
population density was lower and more stable. As
for Bosmina, higher lipid scores were associated with
higher mean clutch sizes and increases in the pro-
portion of egg bearing females.

Ceriodaphnia dubia

As for C. pulchella, LOI scores were at times higher
and more variable for C. dubia than for either spe-
cies of Bosmina, fluctuating between 0 and 1.25 (Fig.
8). Similarly, adult scores were consistently higher
than those recorded for juveniles. Scores for C. dubia
were highest when the population was low (but in-
creasing) in late winter 1988, and began declining
as the population density increased during spring of
that year. Minimum LOI scores were coincident with
maximal population abundance in early November.
A similar pattern held during 1989, although the
trend was less apparent in that year. As was the case
for the other cladoceran species, declining LOI
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Fig. 9 Variation in mean adult body size in: A, Bosmina;
and B, Ceriodaphnia in Lake Mangakaware, New Zea-
land, from November 1987 to September 1989. Vertical
bars are 95% confidence intervals.

scores were closely associated with declining clutch
sizes and a fall in the proportion of females bearing
eggs.

Mean adult body size
The monthly trends in the mean adult body size in
Ceriodaphnia and Bosmina (Fig. 9) were similar to
those recorded for size at first reproduction. All four
species showed a tendency toward larger body size
during winter periods, with a general decline in size
in the spring and/or summer. This trend was most
pronounced in B. longirostris, for which a complete
annual cycle was recorded. Incomplete seasonal data
for .8. meridionalis, C. pulchella, and C. dubia made
it difficult to establish whether or not small body
sizes were typical of these species at very high (e.g.,
summer) temperatures, although the trends in the
data indicate this. Over the entire study period, mean
body size of C. pulchella was inversely related to
water temperature (r = -0.68, N = 19, P < 0.001).


