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A food-independent maturation threshold and size at

maturity in Daphnia magna

Abstract— Age and size at maturity are among
the key traits of life-history evolution in Daphnia.
Growth data from one clone of Daphnia magna
show that there is a threshold size above which
maturation is initiated. This threshold mecha-
nism regulates body length at maturity at the cost
of age at maturity. A model explains how the
threshold accounts for large variation in age and
size at maturity.

Maturation in Daphnia is poorly under-
stood even though age and size at maturity
are the two most commonly measured life-
history traits in Daphnia (e.g. Lynch 1980;
Urabe 1988). Many investigators have pro-
posed that a size threshold (e.g. Taylor 1985;
Ketola and Vuorinen 1989; Lynch 1989),
an age threshold (Sinko and Streifer 1969,
Paloheimo et al. 1982), or a combination
of an age and a size threshold triggers mat-
uration (Tillmann and Lampert 1984).
However, analyses of causes and conse-
quences of such thresholds are lacking, al-
though a threshold independent of the en-
vironment has been used to model Daphnia
life history (e.g. McCauley et al. 1990; Hal-
lam et al. 1990). Here I present a simple
model supported by experimental data that
analyzes the consequences of an environ-
ment-independent maturation threshold in
Daphnia magna.
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The process of egg production takes two
instars in Daphnia (Zaffagnini 1987). Thus,
proliferation of the first eggs starts in the
preadolescent instar. A female that lays her
first clutch in the fifth instar started to pro-
duce this clutch at the beginning of the third
instar. McCauley et al. (1990) observed that
a small commitment to reproduction is vis-
ible at the end of the preadolescent instar,
i.e. when vitellogenesis starts (Zaffagnini
1987). If the initiation of egg production is
closely coupled with the decision to lay these
eggs two instars later, then initiation of egg
production signals the actual start of mat-
uration. If a size threshold determines this
process, then growth during the subsequent
two instars causes variation in size at ma-
turity (=size of primiparous instar). This
variation reflects the conditions after the
threshold has passed. Under good growth
conditions, size at maturity will be much
greater than the threshold while with poor
growth, size at maturity will exceed the
threshold only slightly. A threshold size two
instars before eggs are laid was used by
McCauley et al. (1990) and Gurney et al.
(1990) to model Daphnia life history.

Figure 1 shows ranges of possible body
length for the primiparous, adolescent, and
preadolescent instar as a function of food
quantity under the assumption of a size
threshold that must be passed before the
preadolescent instar. A female that is a bit
smaller than the threshold size passes the
threshold after molting once more and en-
ters the preadolescent instar. Maturation is
then initiated and production of the first
clutch is started. She molts twice more be-
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Fig. 1. Body length ranges of the primiparous (first
eggs are laid) and two preceding instars in relation to
the environment. The preadolescent instar is the first
instar above the assumed maturation threshold. Growth
per instar is a positive function of the quality of the
environment. The range of the preadolescent instar
body lengths occurs because some females enter the
preadolescent instar considerably after passing the
threshold, others only sightly after passing it.

low

fore this clutch is passed into the brood
chamber. Her body length at maturity is
determined by her length as she passed the
threshold and by her growth during the next
two instars. If her length in the pre-pread-
olescent instar was only slightly below the
threshold, she considerably exceeds the
threshold with the next molt. If her length
was further below the threshold she only
slightly passes the threshold. The better the
growth, the larger the length increase during
the two postthreshold instars and the larger
the range of possible length at maturity. A
maturation threshold independent of en-
vironmental conditions requires compen-
sation when growth is poor. Possible com-
pensation mechanisms could be an increase
in the number of preadult instars or an elon-
gation of instar duration. Experimental
studies of Daphnia suggest that in poor feed-
ing conditions, growth is compensated by
an increased number of preadult instars
(Porter et al. 1983; Urabe 1988).

To test the hypothesis of a size threshold
between the preadolescent and the pre-pre-
adolescent instar, I raised 78 females from
one clone of D. magna Straus in 13 food
levels with six replicates in each food con-
dition. Daily food supply varied from 2 X
102 to 213 x 102 cells ml~! d-! of Ankistro-
desmus gracilis, achieved by doubling the
concentration from one level to the next.
All females were kept alone in 100-ml bea-
kers at 18°C and 16:8 L/D. Instars were
counted until the first eggs were laid and

879

41 . ®
[ ] [ ]
L P
- NS E
= . 88 o
§’3' o: o f o
T . ] o B
= P a gHo?
O Jggfgileifig et

o
S slaeggse.t [f
BTN
S Fadiniartsan,
m»ég%g; Q%00 §§
o) 66
oggsgggoagg o
)

1 . . . .
2 3 4 5 6

FOOD log10(cells/ml)

Fig. 2. Body length of the primiparous (@), ado-
lescent (OJ), preadolescent (A), and pre-preadolescent
instar (O) as a function of food level. For each instar
all six replicates per food level are shown. Arrow marks
threshold size.

their duration and body lengths were mea-
sured. Body length was measured along the
longest axis from the top of the head to the
base of the tail spine. The 78 females used
for the experiment were randomly taken as
newborns from 24 lines, represented by one
female each, of one clone, which had been
kept for two generations at standard con-
ditions (see above), except food, which was
2% x 102 cells ml~! d! for all.

Figure 2 shows the length of the primip-
arous and the three previous instars. As pre-
dicted by the model, mean and variation of
length at maturity increase with food level.
The borderline between the primiparous and
the adolescent instar as well as those be-
tween the adolescent and the preadolescent
instar has a positive slope, while the line
separating the preadolescent from the pre-
preadolescent instar seems to be indepen-
dent of the food level (Fig. 2). I consider
this line to be the maturation threshold be-
cause egg production starts above it. The
data agree with the model (Fig. 1). Statistical
analysis of thresholds can be done with a
PROBIT analysis. The slope parameter from
a PROBIT analysis is an estimate for the
sharpness of a threshold. Table 1 shows that
this parameter is the highest for the pair
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Table 1. Slope and threshold estimates of a PROB-
IT analysis for maturation threshold size. The slope
parameter is an estimate for sharpness of the threshold:
the steeper the slope, the sharper the threshold. Data
for all instar lengths were divided into size classes of
0.05 mm and log-transformed. Estimates were back-
transformed. PROBIT analysis was done for the three
instar pairs before the primiparous: pre-pre-preado-
lescent/pre-preadolescent— pppA/ppA; pre-preadoles-
cent/preadolescent—ppA/pA; preadolescent/adoles-
cent—pA/A.

Instar pair Slope Threshold 95% C.I.
PPPA/ppA 12.01 1.33 1.29-1.37
PPA/PA 15.25 1.71 1.67-1.74
PA/A 11.94 2.14 2.09-2.19

preadolescent/pre-preadolescent instar,
proposing that the threshold is there rather
than earlier or later. The threshold size was
1.71 mm for this clone.

Figure 3a shows the body lengths of all
females in their second instar, separated ac-
cording to instar number at maturity. Clear-
ly, within each food level, the females that
will mature in their sixth or seventh instar
are smaller then those maturing in their fifth.
When one plots the body lengths of the pre-
preadolescent instar, the picture changes
(Fig. 3b). The females that will be primip-
arous in their fifth instar (closed circles) plot
at the same location as in Fig. 3a, because
their second instar is the pre-preadolescent
instar, while those that will be primiparous
in their sixth or seventh instar have molted
once or twice more. These additional in-
stars, which were more common in poorer
food conditions (Fig. 3), compensated for
slower growth and for smaller body length
in earlier instars. This confirms that, within
environments, individuals that are smaller
at birth take more instars to mature than
those that are larger at birth (Green 1956;
Ebert 1991) and that the number of instars
at maturity increases when growth is slow
(Porter et al. 1983; Urabe 1988). The ad-
dition of juvenile instars reduces the vari-
ance in length at maturity within food en-
vironments.

Age at maturity shows a different picture
(Fig. 4). Length at maturity is regulated by
flexibility in the number of juvenile instars,
but each additional instar costs time, which
is important because of the risk of mortality
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Fig. 3. Body length of (a) the second instar and (b)
the pre-preadolescent instar, separated according to in-
star number at maturity. Symbols show the number of
instars a particular female had when the first eggs were
laid into the brood chamber: ®@—five instars; C—six
instars; A—seven instars. Note that the second instar
of those females which matured in the fifth instar in
panel a is equal to the pre-preadolescent instar in panel
b; this is not the case for the other females.

before reproduction and because delayed re-
production decreases the population growth
rate. Females with more instars are older at
maturity (Fig. 4). Thus, length at maturity
is regulated at the expense of age at matu-
rity.

Within food levels, i.e. equal environ-
mental quality, the costs of delayed matu-
rity due to additional instars is to some ex-
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Fig. 4. Age at maturity as a function of food level.
Symbols given in legend to Fig. 3.
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tent compensated by changes in other fitness
components, e.g. additional instars allow
reproduction at larger size with higher fe-
cundity. Ebert (1991) showed that daphnids
having one instar more at maturity had
~30% more eggs in the first clutch. Fur-
thermore, being the right size at maturity
may reduce adult mortality due to size se-
lective predation.

A threshold size which triggers initiation
of maturation also has important conse-
quences for the evolutionary ecology of
Daphnia. An evolutionary change in size at
maturity could be achieved by selection on
the size of the threshold. If genetic variation
exists for threshold size, as shown by Ebert
(1991) between populations of D. magna,
selection could act on it and lift or lower the
size range of primiparae.

The results of this study pertain to one
clone of D. magna. 1t is not yet clear if the
results hold for other clones or species.
However, recent studies on Daphnia pulex
(Lynch 1989) suggest that a maturation
threshold independent from feeding con-
ditions can also be found in other species.
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