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Abstract

For zooplankton, the ability to avoid predation greatly affects individual fitness. In most
lakes, predators include both invertebrates and vertebrates. Invertebrate zooplankton
predators that are able to coexist with fish are usually not much larger than their prey.
Threfore, differences in prey morphology greatly affect the ability of such predators to catch,
handle and ingest the prey. By developing morphological defence traits such as spines,
helmets, unwieldy size or shape, zooplankton may reduce their vulnerability tc  1vertebrate
predators. This thesis aims to clarify morphological variation in Eubosmina (Ciadocera) in
relation to predation, in particular by the predaceous cladoceran Leptodora kindtii.

In laboratory experiments, the antennule length of Eubosmina significantly affected

- the likelihood of escaping Leptodora after being caught. Of three species compared, the two
possessing very long antennule both had about six times greater escape success than the
species with short antennule.

When the subspecies Eubosmina coregoni gibbera was cultivated in the presence of
chemical cues from Leptodora, carapace height and antennule length became significantly
larger than in the control groups. As the abundance of Leptodora varies seasonally, this may
explain why the antennule length and carapace height of E. gibbera are larger during periods
of high population size of Leptodora.

Morphological ‘ences may also incur costs. The swimming speeds of E. longispina
and E. gibbera were compared in a laboratory experiment. E. longispina has a low carapace
and short antennule and is significantly more vulnerable to predation by Leptodora, than is E.
gibbera, with its high carapace and long antennule. E. gibbera had greater drag and swam
more slowly than E. longispina. As swimming speed most likely influences food intake, this
result suggests that morphological defence may entail costs that select against the defence
when predator pressure is low.

The hydrodynamic cost is affected by temperature. At low temperature it is more
expensive to wear large morphological defences that increase body surface area. This may be
one reason why shape and morphological defences of zooplankton are dependent on
temperature in most cases.

Another aspect of cost is the extra amount of energy, nutrients or brood chamber space
required to produce young. This kind of cost might be reflected in a correlation between
investment in predator defence and clutch size. I found such a relationship for antennule
length but not for carapace height in E. gibbera.

In summary, this thesis suggests that morphological defence traits in Eubosmina are
the outcome of a trade-off that may be determined by the abundance and species composition
of predators as well as environmental conditions as temperature and food abundance. The
results help to explain the great morphological variation found in the genus Eubosmina.
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Antpredator defences in Eubosmina 5
Introduction

Predation and zooplankton

Predation is one of the most important ecological factors in zooplankton communities
(Brooks 1968; Zaret 1980). The predator-prey interactions of the pelagic re ins of lakes
differ from those in terrestrial environments in at least one crucial respect. Refuges that would
stabilise predator-prey cycles (Begon et al. 1990) are few. Predation is intensive 24 hours a
day and variation in the risk of being killed significantly contributes to the vari  m in fitness
in the prey populati s. Thus, there has been strong selection to evolve a  lations that
reduce the risk of being killed.

The pelagic food web has two main kinds of predators with different mechanisms of
prey detection, visual and tactile predators. Invertebrates are usually tactile. Ta le predators
are further divided into cruising predators, which cruise around to encounter prey that comes
in their way, and ambush predators, which wait stock-still for a prey to come into strike
distance (Gerritsen & Strickler 1977). Many invertebrate predators have § it potential
impact on the small sized zooplankton (Nero & Sprules 1986; Vanni 1988; pranstrator &
Lehman 1991). While zooplankton can migrate vertically into the dark depth to avoid being
eaten by visual predators (Zaret & Zuffern 1976; DeStasio 1993), there is no refuge from
predators that hunt with mechanical receptors. To be successful these predators have to
detect, grasp, handle and ingest the prey item and during every phase in this sequence there is
a chance that the prey is lost. The strike and handling efficiency of invertebrate redators are
strongly affected by small differences in prey morphology. Body structures on the prey
obstructing predator handling of the prey may thus may be powerful del ces against
invertebrate predators (Dodson 1974a). A larger body size can also be an efficient defence.
This is a consequence of the small size difference between predator and prey as large
invertebrate predators rarely manage to coexist with fish in the pelagic zone of lakes.
Consequently, invertebrate predators can not select prey sizes exeeding limits set by their
grasping appendages (Wong & Sprules 1985; Swift 1992; Branstrator 1994; M ca & Comoli
1995). i

Fishes, on the other hand, hunt mostly by sight and select large and visi  prey items.
The mouth size of a fish is rarely limiting for its ability to engulf a zooplankton. in the case of
fish predation, it is seldom beneficial for the zooplankton to evolve morpholo  al defences.
An exception seems to be the extremely long-spined Daphnia lumholtzi (Konlar and Wahl
1998). Behavioural traits and reduction of the visibility are probably much more important
adaptations for reducing mortality caused by fishes (Zaret & Kerfoot 1975; O’Brien et al.
1979). The evolutionary dilemma that comes from the need to be small to reduce risks vs
visual predators and the need to become large to reduce risks vs tactile predators is in some
species solved by adding transparent structures (O Brien 1979).

Morphological defences

Different species of invertebrate predators often have preferences for specific prey and certain
ways to handle prey (Dodson 1974). For example, the large predaceous copepod, Heterocope
septentrionalis is effective on young instars of Daphnia but the effectiveness is reduced by
large tail spines and thickened carapaces in the prey (Dodson 1984). On the other hand, a long
tail spine makes the prey easier to grasp and handle for Chaoborus larvae (Repka et al. 1995).
Given the apparently specialised nature of the predatory feeding apparatus, the best position
for a protuberance on the prey depends on the predators preferred grasping and handling
ttechnique.

Several studies have documented the effectiveness of morphological defences against
invertebrate predators (. g. O“Brien et al. 1979, Havel & Dodson 1984, Tollrian 1995a). One
reason that small alterations in morphology may have great adaptive significance is that
invertebrate predators are often abundant but quite ineffective. Zooplanktivorous copepods
often drop captured prey when they try to manipulate them (Kerfoot 1977b). In a study by
Kerfoot (1975), most Bosmina longirostris individuals had been handled by predatory
copepods several times. The consequence is that small differences in escape probability per
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predator encounter have large effect on the probability of prey to survive for : nger time,
since the escape probability is multiplied several times if the total predation risk 1s calculated.

An important aspect of morphological traits that are assumed to fun~tion as anti-
predator defences is the allometry or rate of growth compared to body growth. © : growth of
most traits can be approximated to

TL =k (BL)X 1

where TL=length of the trait, k=a constant, BL=body length and x= e relative growth rate.
Eq. 1 is usually analysed on a double logarithmic scale which gives a strait line with the slope
X,

log TL=x log BL + log k. 2

This approach has been fruitful not only in studies of cyclomorphosis but also in a large
number of other biological sciences (Gould 1966). Invertebrate zooplankton predators tend to
select small sized prey (Kerfoot 1977b; Wong & Sprules 1985) so defences should be most
important when prey are small. This reasoning predicts that traits functioning as defence
against these predators ought to have negative allometry (i.e. x<1, Fig. 1 A and B) if the main
predator prefers small prey. Tollrian (1995) showed that in Daphnia pulex, morphological
an! redator defence against Chaoborus is most developed in the most vulnerable size-
classcs.

Fig. 1. Development of a fictitious trait at four different relative growth
rates (x). If x<0 (A) both absolute and relative size of the trait diminish
when the body grows. When x=0 (B) absolute size is constant but
relative size of the trait diminishes. In the special case when x=1 (C),
relative size is constant but absolute size increases with increaser  >dy
size. When x>1 (D) both absolute and relative size of a trait increases as
the body grows.

Positive allometry (i.e. x>1, Fig. 1D) is not the common case of cyclomorphic traits in
cladocerans but occurs in both Daphnia and Bosmina. Positive allometry is often taken as a
sign of an alternative purpose of the trait e.g. protection against fish predation. The only
known cladoceran with a morphological defence working against fish is D. lumholtzi. Both
the tail spine and helmet of this species grow with strong positive allometry (Yurista 2000).
One important thing to consider in the case of positive allometry is that the trait takes extreme
proportions as the body grows. This circumstance may limit the size of the organism
(otherwise large individuals should have absurd proportions) alternatively force the allometry
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to shift to a lower value as body grows. Consequently, the relationship between the relative
size of morphological traits and body length is not linear. This means that fi g the data to
eg. 2 may be misleading, for example making it impossible to detect relation  »s where the
relative development of a morphological defence shows a maximum at medium nody lengths.
Another risk with that analysis is the strong influence of size distribution. In« 2 of positive
allometry, animals at the upper end are certainly outliers laying under the regression line (as
in figure 2a) as the relationship in reality is concave (Fig. 2b). In that case, if you find a
positive or negative allometry may simply depend on the number of large animals measured.
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Fig. 2. Four possible ways to analyse the allometric relationship between antennule length (AL) and body length
(BL). A) Simple regression on log-transformed data. B) Second degree polynomial regression on log-
transformed data. C) Simple regression on AL/BL - BL. D) Second degree polynomial regression on AL/BL -
BL. The data is from a population of Eubosmina coregoni retro-extensa in Lake Stdra Firgen.

An alternative way of viewing the allometric relation of a trait to size is to plot relative
size (RS=TL/BL) to BL. Positive allometry (a>1) refers to a significant positive relationship
between RS and BL. Negative allometry (a<1) gives a negative slope on the RS-BL plot but
should be interpreted with caution because the error in length measurements automatically
means that a greater length gives a lower RS. So what is the point of choosing this form
instead of the well-established log-log-allometry?

Any form of regression should fulfil at least two purposes: a) interpretability of
achieved parameters and b) an adequate description of the relation between the dependent and
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the independent parameters in the actual interval of x-values. Figure 2a shows an example of
positive allometry of antennule length (AL) in a population of Eubosmina coregoni var.
retro-extensa. The fit to the regression line of the log transformed data is good (R?=0.91) and
most researchers may be fully content with this result. However, the observant examiner
detects the consistent outliers under the regression line in both ends. What does this mean and
how can it be examined and interpreted? The choice of a curvilinear regression of the log-log
data on the form y = a + bx +cx2, gives a much better fit to the data. However, it is not easy to
interpret the coefficients a, b, and ¢ and give them biological meanings. Another alternative
would be to plot RS of AL (i.e. AL/BL) against size (BL) as in figure 2c. The regression
shows a positive relationship (as it should if the allometry is positive) but the fit is not very
good (R2=0.066) and not significant (p=0.21). A second degree polynomial regression should
do better which is confirmed in figure 2d (R2=0.51, p=0.0003). This is better than 2c but
worse than both 2a and 2b, but still the plot gives a some new and important information not
available in figure 2a. The transition from positive to negative allometry at intermediate sizes
becomes obvious. New questions and testable hypothesis not possible to detect from figure 2a
also arise.

-What affects the position of the AL/L maximum?

-Is decreasing benefits or increasing costs the reason to the switch from positive to negative
allometry?

-Is the position of the maximum within a clone fixed or variable?

-Is the position of the maximum within a population positively or negatively correlated to the
height of the maxirnum?

-How do environmental conditions and kairomones (chemical cues released by predators)
affect this?

The first question is of special interest because it stresses the question of adaptation.
Both costs and benefits may in many ways be size dependent.

Typically, the benefits of cyclomorphic traits are associated with predation protection.
The size of the predator in relation to the size of the prey probably affects wh 1er small or
large individuals have most to gain from morphological antipredator defence. Factors that
may come into play here are: a) the relationship between size and vulnerability (the effect of
morphological defences excluded), b) size dependent efficiency of morphological
antipredator defence, c) size distribution of predators, d) size dependent encounter probability
between predator and prey. Earlier investigations have mainly dealt wit factor a) and since
most invertebrate predators are not significantly larger than their prey they prefer the smaller
individuals. This gives a negative relationship between benefit and size and may explain why
most antipredator traits show negative allometry {(e.g. Black 1980). Fish predation, which is
more intensive on larger individuals may be the reason to the occurrence of positive allometry
(Yurista 2000). However, alone this can hardly explain why relative size of cyclomorphic
traits should peak at intermediate sizes as in Daphnia cucullata (Lampert and Wolf 1986) and
some species of Bosmina (Lagergren unpublished data).

The addition of factor d) has been proposed to be the reason why not the smallest but
the next smallest D. pulex have the most developed neckspines against Chaoborus predation
(Tollrian 1995a). Swimming speed usually increases with size (Dodson and Ramcharan
1991). This leads to higher encounter rates for larger individuals than for small ones, but at a
certain size, the diminished vulnerability of larger individuals more than compensates for
higher encounter rates. Lower benefit of morphological antipredator traits at small size may
also be explained by factor b. If the size of grasping apparatus of the predator is much bigger
than the size of the prey, the prey have little to gain from antipredator defence (Swift 1992). If
this is the case for small but not the for large prey individuals, large individuals should have
much to gain from morphological defences whereas small individuals should do better if they
instead put recources on growth. This may be the reason why helmet and tail spine lengths of
Daphnia lumholtzi protecting against fish fry show positive allometry /Vurista 2000) and may
also explain why traits of Bosminids and small Daphnia in lakes w.  dense populations of
the large predaceous cladoceran Leptodora kindtii also show positive allometry.

Another problem to take into account when determining allometry by measuring
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individuals of different age and size at just one occasion is the overlapping  individuals
born during different environmental conditions. In periods when the size of traits are
increasing, small individuals are born with long traits whereas large individuals have
relatively small trait as large individuals have experienced the conditions leading to long
featured morphology for a shorter proportion of their lives than the young. T  may lead to
an underestimation of relative growth during trait size increase and the other way around
when traits are diminishing.

Behavioural defences

Many different behaviours that reduce the predation risk have beer recorded in zooplankton.
These include everything, from close range attack responses to di  migratic  »ver tens of
meters. Alertness to predator attacks can be induced by the presence of pre  rs (Tollrian
and Dodson 1999). The direct contact with a predator may result in escape responses enabling
the animal to escape. Such escape responses are certainly well developed in copepods, if
detecting a disturbance by mechanical sensors, they can achieve very rapid swimming for
short distances (Gerritsen 1978). Cladocerans also have such escape respons  but they are
not as rapid and effective as in copepods (Kerfoot 1978). Another way to contuse a predator
is to "play dead" (akinesis) which is a common defence in cladocerans. When contacted by a
predator, they passively sink with the antennae protectively folded into the :ral sheaths.
Invertebrate predators that just have missed an attack have great difficult n relocating
passively sinking prey (Edmunds 1974).

Swarming is a common response to fish predation in zooplankton (¢ . Jakobsen &
Johnsen 1988). The confusion of a predator encountering many prey simultan.uusly, together
with the dilution effect, reduce the predation risk per individual in the sw: . This effect
includes both visually hunting and tactile predators. In some cases, prey swa  are induced
by predator kairomones (Kvam & Kleiven 1995).

At the largest behavioural scale, zooplankton can show ily patt s of vertical
migration. Zooplankton reduces its exposure to visual predators by avoiding the food rich and
light upper layers during the day and migrate up to feed in the upper layer< during night
protected by darkness (FHutchinson 1967; Lampert & Sommer 1997). Diel v« cal migration
can be regarded as a special case of depth selection behaviour (De Meester et. al 1999).
Inverse migration, i.e. deeper position during night than during day, also occurs. This
behaviour has been shown to be a response to avoid normal'v migrating invertebrate
predators (Neill 1990; Ohman 1990). The main cost for diel vertic migrations is the missed
feeding opportunity when spending time in the cool deep water witn low food levels instead
of the warm and food rich surface waters.

Life history shifts

If the life history is adapted to the actual predator regime, the organisms can reduce their
lifetime predation risk. By adjusting the resource allocation between growth and reproduction
animals can reduce the exposure time of the most vulnerable size classes. Theoretical models
predict that adaptive responses to size-selective predation would be to achieve earlier
maturation at smaller size by reduced adult survival, e.g. predation from fish, while reduced
juvenile survival should select for larger neonates and later age at maturity (Roff 1992).
These predictions have been supported by several studies on zooplankton, where kairomones
have induced adaptive shifts in life history parameters. For example when exposed to
kairomones from the phantom midge larvae Chaoborus (a predator preferring small
Daphnia), Daphnia pulex delay the time to maturity and thus achieve an adaptive larger body
size (Tollrian 1995b). Fish kairomones on the other hand induce shifts towards more and
smaller eggs as well as smaller size at maturity (Spitze 1992).

The family Bosminidae

Distribution and taxonomy
Bosminids are among the most common and widely distributed fresh water zooplankton
occurring in all continents and almost all climatic zones. In Scandinavia, almost every lake
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has one or more population of Bosmina. The family Bosminidae comprises vo genera,
Bosminopsis and Bosmina. The genus Bosmina consists of four subgenera, Bosmina,
Neobosmina, Sinobosmina and Eubosmina. The taxonomy in the genus Bosmina is
complicated, confused by the extreme phenotypic variability within species. Since the first
description by O. F. Miiller (1785), the number of formally described species ha  nged from
2 to 56 world-wide (DeMelo & Hebert 1994). The number of subspecies/mc¢  is/forms is
even higher (see e.g. Liljeborg 1901).

Fig. 3. Examples of morphologic variation within the genus Eubosmina.

Morphology

The size of a Bosmina is between 0.3 and 1.2 mm. Its soft body tissue is protected by an
external bivalve cuticular carapace. In most species the carapace ends in a caudal spine, called
mucro. They have two pairs of antennae. The first pair, the antennule, is thous  to function
as a predatory defence (Kerfoot 1975; Kerfoot & Peterson 1980). The second paur is used for
swimming. There is a great morphological variation in Bosmina, especially within the
subgenus Eubosmina. The most varying traits are the length of the antennule and mucro and
the shape of the carapace (Fig. 3). Many populations also show seasonal morphological
changes, so called cyclomorphosis (Hutchinson 1967, Hellsten & Stenson 1995). The
allometry of the antennule and mucro lengths are also very variable. In the same river system
relative growth of mucro varied between -0.031 to +1.479 and antennule length between
-0.252 and +1.473 in an investigation of 10 lakes of the Niss river system (all lakes
sampled within a week in August, Lagergren unpublished data). However, much less is
known about the adaptive significance of these traits in Eubosmina compared to morphologic
variation and cyclomorphosis in Daphnia.

Ecology and Behaviour
Bosminids are herbivorous zooplankton living mainly on phytoplankton, but they can also
ingest bacteria (DeMott 1982). A Bosmina swims continuously at a relatively high speed



Antpredator defences in Eubosmina 1]

(Zaret & Kerfoot 1980). This way of swimming differs from the swimming behaviour of most
other cladoceran zooplankton (e.g. Daphnidae) which have a more jerky swi  iing pattern
with passive sinking between short swimming jerks. The way a Bosmina feeas also differs
from other cladocerans and it is possible that its way of feeding is linked  swimming
behaviour. Unlike Daphnia, Bosmina has two ways of feeding. First, they can use pure
filtration, which is the common way of food gathering in cladocerans, but they can also feed
selectively on high-quality food items by actively capturing and directing them into the food
grove (DeMott & Kerfoot 1982). In this way, Bosmina can explore food resources more like a
hunter than a passive collector which may aid in the competition with other phytoplankton
feeders. This feeding behaviour may explain the continuos cruising of Bosmina As suggested
by DeMott (1982), the faster they swim, the more food particles come their way.
Therefore, the food intake may be influenced by the swimming speed.

Predators

Some studies have shown that Bosminids can be an important food source to planktivorous
fishes (Stenson 1972, 1976; Horppila 1994, Jakobsen & Johnsen 1988). Even in situations
when Bosmina is not the dominating zooplankton species, the stomach content of Roach
(Rutilus rutilus) in a eutrophic lake can be composed of more than 90 % Bosn (Lagergren
and Nilsson unpublished). It is possible that the continuos swimming and tt ¢k of rapid
escape response make them easier to detect and catch by visual predators, tnan would be
expected by size alone. However, one species of Bosmina, B. crassicornis, is associated with
periods of intense fish predation. It is possible that its short and sharply bent antennule in
some way reduce the vulnerability to fish predation (Sanford 1993).

Although the predation risk from vertebrate predators may be of great importance,
invertebrate predators may be of equal or greater importance in some situa ns. Phantom
midge larvae, copepods and other cladocerans have all been reported to be capable of
regulating populations of Bosmina (Branstrator & Lehman 1991; Kerfoot 1977b; Luecke &
Litt 1987). Morphological defences against these predators may be effective and it is possible
that much of the morphological variation among Bosminids reflects adaptatic  that reduce
the predation risk at certain predator regimes. However, few experimental studies on Bosmina
have addressed these questions.

General methods
The first three studies in my thesis were conducted on animals «~mnlad in tha field and
studied in the laboratory. We collected Eubosmina from two lake; 57° 93'N,

12° 70'E) (M.S. 1, 2 and 3) and lake Sodra Fiargen (56 °55'N, 1o <uwy uwvo. 1). The
experiments were performed in small aquaria or Petri dishes. In the third paper, on the
hydrodynamic cost of a morphological trait, a theoretic model is included. In the fourth paper,
we used plastic models to further evaluate the importance of hydrodynamic costs and the
influence of temperature. The last study is the only field investigation. ¥ =xamined the
cyclomorphosis and relationship between cyclomorphic traits and clut  size in the
Eubosmina coregoni gibbera population of lake Ostersjon on field sampled animals during
two seasons 1996 and 1999.

Results and discussion

L. The vulnerability of three morphologically different Eubosmina populations to
predation by Leptodora kindtii (I)

In Jake Ostersjon (120 km north of Goteborg, Sweden) two morphologically and genetically
distinct populations of the genus Eubosmina occur (Hellsten & Stenson 1995; Hellsten &
Sundberg 2000). E. coregoni gibbera has a high protruding carapace and a very long
antennule whereas E. longispina has a more normal Bosmina morphology with a low
carapace
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and shorter antennule. The two populations replace each other during the season. E. gibbera
is most abundant in the summer, E. longispina dominates in the spring and autu 1 (Hellsten
& Stenson 1995). E. longispina shows no cyclomorphosis whereas E. gibbera is
cyclomorphic in both antennule length and the size of the carapace with the most extreme
forms appearing in July to August. The replacement of E. longispina by E. gibbera and the
cyclomorphosis in E. gibbera is correlated with the population development of the cladoceran
predator Leptodora kindtii, which is most abundant in the summer (Hellsten & Stenson 1995).

In this study, we investigated if the extreme morphological traits in E. gibbera reduce
its vulnerability to Leptodora predation. In one experiment we investigated the escape
efficiency and handling time of E. longispina, E. gibbera and Eubosmina coregoni retro-
extenca that has antennule as long as E. gibbera but a carapace more like E. longispina. The
intention was to study Leptodora handling these three species to evaluate whether antennule
length and/or carapace height might affect escape efficiency.

We found that both E. gibbera and E. retro-extensa, the two species with very long
antennule, had about six times higher escape efficiency than E. longispina. This difference is
great compared to the anti-predator effect of morphological defences found in other species
(e.g. Havel & Dodson 1984; Mort 1986). The results indicate that the length of the antennule,
which is the most discriminating trait between E. longispina and the other two species, is
crucial for the ability of Eubosmina to escape this invertebrate predator. Moreover, there was
a significant positive correlation between antennule length and handling time.

We also tested the difference in survival between E. gibbera and E. longispina during
12 h of exposure to Leptndora. In this experiment, E. longispina was eaten signi  antly more
often than E. gibbera. >gether the two experiments show that the morphology of the prey
can affect the chance to survive during periods of high predation pressure from Leptodora.
The antennule length seem to have a have great impact on the chance to escape after capture.
But what is the functic f the high carapace? It is possible that the carapace height affects
another step in the chain of events from encounter to successful predation, e.g.  : chance to
avoid being captured. .

How does this difference in escape efficiency affect the ability of these species to
survive in the lake? The expected encounter rate, Z, between a prey and any of the predators
in the population, can be calculated using

Z=mwr2N®2+3u2)/3u 3)

where r is the encounter radius of the predator, N is the population density of : predators
[ind/1], v is the swimming speed of the prey and u is the swimmiug speed or e predator
(Gerritsen & Strickler 1977). Inserting r = 2 mm (Browman et al. 789), N=1 ind/] (a typical
summer density of Leptodora in lake Ostersjon), v=2.94 mm/s (Lagergren et  1997) and
u=13.4 mm/s (Browman et al. 1989) gives 14.8 encounters per 24 hours. Given this high
encounter rate, even with such a high chance to escape as 70 % the probability to survive 24
hours should be only 0.7148 = 0.007 if they got caught in every encounter. As they obviously
can coexist with such high densities of Leptodora, the probability to be captured in an
encounter situation has to be much less than 1. It is possible that the high carapace affects this
probability. Behaviours that decrease the spatial and temporal overlap betwec  Eubosmina
and Leptodora may also be important. These questions should be addressed in future
research.

I1. Are morphological traits affected by chemical cues?

Inducible defences should be a successful strategy when the abundance of redators is
varying and permanent defences imply costs when predation risk is low (review see Harvell
1990; Tollrian & Dodson 1999). The population density of Leptodora kindtii in lake
Ostersjon varies during the season (Hellsten & Stenson 1995). As Bosmina can diminish the
predation risk from Leptodora by morphological defences (Hellsten et al. 1999), which also
may imply costs, the Bosmina population that can change its morph~Tngy in response to the
concentration of Leptodora kairomones, should have an advantage in s environment.
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In this study, we tested if chemical cues from Leptodora affects the size of
cyclomorphic traits in E. gibbera. E. gibbera were cultivated individually in  all aquaria
containing filtered lake water. In half of the aquaria, one Leptodora was present  hind a net.

We found that both the carapace height and antennule length were signiticantly larger
in the individuals grown in Leptodora-treated water. In the juveniles, however iere was no
difference in these traits even if antennule length varies seasonally also in e juveniles
(Lagergren m.s. V). This difference in response between juveniles and adults may be the
proximate reason why relative growth of AL change from negative to posi : allometry
when Leptodora population increases (Lagergren m.s. V). So why should the Leptodora
treatment affect the juveniles less than the adults? The ultimate reason may be that juvenile
Eubosmina are easy to catch and handle even if they defend themselves with marphological
defences. Leptodora catches its prey in a feeding basket formed by the thor : limbs, the
head and the thorax (Herzig & Auer 1990). The size of this ferding basl  is strongly
correlated with the body length (Manca & Comoli 1995). A juver : Eubosr 1 is smaller
than the size of the feeding basket of even the smallest Leptodora. When the ¢ of the prey
is much smaller than the predator's maximum prey size, morphological defences are less
effective (Swift 1992). However, developing a high carapace and long antennule as an adult
may get it out of reach from a great proportion of the Lepfodora population. 4 n interesting
observation is that in Lake Viksjén, a neighbour lake to lake Osterson where > Leptodora
population is still denser (up to 1.5 individuals per litre), the population o1 Eubosmina
coregoni gibbera is even more extreme and the population of Daphnia cucullata also has
very long tail spine and head crest, traits that increase the total height in the same way as the
carapace and antennule in Eubosmina.

III. A hydrodynamic cost of morphological defence?

Theoretical models on inducible defences predict that the benefits of a morpho  ical defence
have to be balanced by some sort of cost to develop and/or maintain it (Harwe  1990). Most
studies on costs of morphological defences in zooplankton have focused nn reproductive
parameters (e.g. Riessen 1984; Black & Dodson 1990; Riessen & Sprules 1 ). However,
these early findings of great reproductive costs have now been called in qu  on as direct
consequences of the changed morphology (Liining 1994; Tollrian 1995b). problem of
measuring cost in terms of changes in life history parameters (e.g. age av maturity) on
individuals developing morphological defence if exposed to predatory kairom  3s is that the
kairomones also induce adaptive shifts in the life history parameters. How much of the
observed changes in the life history parameter that are directly caused by the changed
morphology is hard to estimate. In an experimental study where this effect was controlled for,
Tollrian (1995b) found no direct cost of the well-known Chaoborus-induced neck spines in
Daphnia pulex. He suggested increased vulnerability to visual predators as  ing the main
cost. However, it remains to be tested if such small structures, like the neckspines of Daphnia
pulex, significantly increase predation risk from visual predators. Another way to tackle the
problem is to estimate the direct consequences of the different morphologies in form of the
amount of extra body tissue or volume of young (Kerfoot 1977a) or increased drag. The last
point was suggested by Stenson (1987) to be a cost of gelatinous capsules in Holopedium
gibberum and by Brénmark & Miner (1992) of induced humpbacks in crusian carp, Carassius
carassius, but has otherwise attracted little attention.

All structures on the surface of an animal affect the drag to some extent. The question
is how much and how this may affect the individual fitness. Increased drag m»v influence the
energy consumption for swimming or the swimming speed (Stenson 1987). 1e swimming
speed of most herbivorous zooplankton is higher than what would be expected if swimming
was only a way of compensating for the sinking speed (Dodson 1996). As a high swimming
speed also increases the encounter rate to ambush predators, such as the phantom midge
larvae Chaoborus, there must be some benefit of swimming at such a high speed. This benefit
may be that swimming speed in some way affects the food intake. The swimi g speed may
influence the food intake either by a direct relationship between swimming speed and food
intake, as suggested by DeMott (1982) and Dodson et al. (1995), a1y the time the animals
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have to spend on moving between food patches (Davis et al. 1991; Tiselius et  1994). We
examined the relative differences in drag between two morphologically different populations
of Eubosmina, E. longispina and E. gibbera, by developing a hydrodynamic model. We also
measured swimming speed using three-dimensional video technique.

We found that E. longispina swam almost 40% faster than E. gibbera. The model
predicted that drag should be higher for E. gibbera . Assuming they use the sz amount of
energy for swimming, E. longispina should swim about 10 % faster than £ bera. The
difference in observed mean speed was apparantly much higher than the model  dicted.

A lower swimming speed may imply a great cost when food has a patchv distribution
or when the food concentration is low. Cuddington and McCauley (1994) founc 1at only the
fast swimming species were able to locate patches of high food density, in a comparison
between a slow and a fast swimming cladoceran. Moreover, Bosminids use the  called dual
feeding mode (DeMott 1982) which means that they can use both passive filtenng and active
capture of food particles. Using the latter mode, the swimming speed probat  affects the
feeding rate positively, even though the food is uniformly distributed, because  : encounter
rate with the preferred food items is increased (DeMott 1982). The cost in terms of increased
drag may explain replacement cycle of E. gibbera and E. longispina. In the sun  :r, when the
predation risk from Leptodora is high, E. gibbera outcompetes the non-protected form, E.
longispina, but in spring and autumn when the predation risk is lower,  longispina
outcompetes E. gibbera because of better feeding efficiency. The result also st sts that the
patchiness and abundarce of food should affect the competition between thuo. species. In
fact, both E. gibbera a1 the even more spectacular species, Eubosmina coregoni thersites,
are foremost found in eutrophic lakes (Stenson personal observation; Hofmann 1996).

IV. Does te a ifi  hydre  1amic costs?

The idea of a temperature viscosity mediated ultimate explanation was the first 2nd for long
time prevailing hypothesis about cyclomorphosis, first presented by Wesenberg  und (1900).
Cyclomorphic traits were thought to act as sinking speed reducers and as changes in
temperature leads to changes in viscosity which affect sinking speed this could explain why
these traits vary seasonally and most often positively with temperature. Today, predator
defence related hypothesis rule but fact persists, many cyclomorphic traits are correlated to
temperature. There are at least three other possible ways temperature may affect
cyclomorphic traits, hypotheses that can be incorporated in the antipredator defence theory.

1. If the predation rate is strongly correlated to water temperature, temperature may be used
as an alternative or complemental clue (to kairomones) for prey to predict the need for
predator defence.

2. Water temperature affects the activity of predators. This means that the pred:  n rate from
each predator may be lower at low temperatures and thus decrease the need tor defence in
their prey.

3. Viscosity changes may affect hydrodynamic costs of antipredator traits.

Of these hypotheses, which not necessarily exclude each other, the second or  as attracted
most attention. In this study, we tested the potential significance of the thirdk  itheses. We
used plastic and mathematic models to compare the drag resistance of E. givbera to E.
longispina for a range of Reynolds number. From these measurements we calculated energy
expenditure and achieved distance per antennae stroke for different temperatures.

The results show that the long-featured, thin and high body of F gibbera is
increasingly maladapted when temperature drops. At 20 °C E. gibbera should: m about 15
% slower than E. loneispina if using the same amount of energy, at 5 °C the difference should
be about 19 %. So * y should high viscosity affect E. gibbera to a larger extent than E.
longispina?

The drag of an object moving through a fluid is made up of two forces, pressure and
viscous drag. The Reynolds number (Re), which is a very important tool in hydrodynamics, is
an estimate of the relative importance of these forces. At low Re the viscous forces, which are
due to friction, dominate whereas pressure drag dominates at high Re. At a low temperature
the viscosity of water increases which lowers the Re of objects moving in it. The viscous
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forces that dominate at low Re are mostly affected by the external surface area of the object.
The more spherical body of E. longispina exposes less area, volume kept constant, and that is
why the drag of E. gibbera rises more steeply than for E. longispina whi  temperature
decreases.

The significance of this result can only be speculated about at the m  ient but it is
clear that it should be more important for some sorts of morphological defences than others.
One prediction is that helmets or helmet-like structures should be more rest  ed to warm
periods than spines as a helmet increases the surface area much more than i »ine. Such a
relationship is not predicted by the first two hypotheses about temperature and morphological
defence relationships stated above.

V. Clutch size and cyclomo hic traits in Eubosmina coregoni gibbera

The cyclomorphosis of E. g:wbera involves two traits, the length of the antennule and the
height and shape of the carapace (Hutchinson 1967, Hellsten and Stenson 1995). This field
investigation includes a detailed study on seasonal variation in size and allometry of these
traits and clutch size measurements addressing questions of an alternative  jothesis and
reproductive costs of these traits which may function as antipredator defences.

For cladocerans, it has been proposed that brood chamber volume n  limit clutch
size when food is in excess (Kerfoot 1974). As cyclomorphosis in E. gibbera involves the
shape of the carapace it might be influenced by seasonally varying clutch or egg sizes. This
hypothesis was reje d based on the results from this investigation. When carapace height
increased from May to July and August, clutch sizes clearly decreased. The space in the
brood chamber probably did not increase as animals also were significantly inner in the
summer.

Whether larger traits are associated with reproductive costs were tested on the clutch
size data by regression analysis between clutch size and size of the traits. An  ociation was
shown to be present for long antennule but not for the carapace height. Higher carapaces were
associated with higher clutch sizes contradicting both the cost hypothesis and  :results from
the seasonal variation. What does this mean? The reason for the result may be that the
variation in the relative body height (i.e. body height through body length) is more of a
variation in proportions involving both body length and body height than just a variation in
height. Thus an animal that puts much resources height growth may get a slower length
growth. A low and a high animal of the same body length (in the analysis, animals of the
same length were grouped) may thus be of different ages/instars.

The allometry of antennule length and body height was also investigated. Both these
traits show positive allometry (which means that the relative size is larger for  rge animals)
except in the beginning of the season when the allometry of antennule lengin is negative.
Positive allometry has often been proposed to be a sign of another use of the trait than
predator protection against invertebrate predators as these use to select small prey (Lampert &
Wolf 1986). However, large invertebrate predators may also cause a selection for positive
allometry. Even if these predators prefer small individuals in the first nd, juvenile
Eubosmina may be so small that morphological defences do not make any difference for
escape ability. The dominating invertebrate predator in Lake Ostersjon, Leptodora kindtii, is a
large predator which may cause such a relationship. The allometry of the antennule length
showed a significant positive relation to the population size of this predator. e possibility
that extreme Bosmina morphology deters fish predators is not excluded. However, even if the
cyclomorphosis and traits of E. gibbera are spectacular the only known cladoceran with a
morphological defence againt fish, Daphnia lumholtzi, is even more extreme and also larger.

Concluding remarks

The studies of this thesis support the hypothesis that invertebrate predation c:  :xplain some
of the great morphological variation in the genus Eubosmina. Extreme traits, e.g. antennule
length and carapax height exceeding the length of the body, may have evolved as defences
against invertebrate predators, such as Leptodora kindtii. Long-featured species have higher
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survival and better chance to escape in association with Leptodora than more  rt featured
forms. We have shown that these extreme traits may be associated with costs, both
developmental (reduced clutch size) and maintenance (increased drag). The best strategy for
Eubosmina in this situation when trait have both benefits and costs would be to change
morphology in response to the abundance of Leptodora. In concordance with the hypothesis,
the presence of chemical cues affected the size of antipredator traits, i.e. antennule length and
body height. The hydrodynamic cost of large sized morphological defences. as the high
carapace of E. gibbera, is affected by water temperature. At low temperature the  sadvantage
is greater due to increased viscocity of the water. This circumstance may restrict the
development of extreme sized morphological defences to periods with high temperatures.
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Abstract Bosmina (Cladocera) populations, especially
within the subgenus Eubosmina, show a variety of phe-
notypes that exhibit large differences in body size and
shape and antennule length. In some populations, the
morphological traits also vary during the season, with
the most extreme forms occurring in periods with high
densities of certain invertebrate predators. However,
while temporal phenotypic variation in other cladocer-
ans, as in the family Daphnidae, has been shown to be an
adaptation to reduce the risk of predation by inverte-
brate predators, the reason for such changes in Bosmina
is much less clear. We examined whether certain mor-
phological traits in Bosmina species could act as a
defence against invertebrate predators. We tested three
Bosmina forms (subgenus Eubosmina), differing in mor-
phology from each other, which are found in lakes to-
gether with the predator Leptodora kindtii (Cladocera).
Bosmina (E.) longispina has a relatively low and elon-
gated carapace with a caudal mucro, and short anten-
nule, B. (E.) coregoni gibbera has a higher and more
protruding carapace without caudal mucro, and a much
longer antennule. Finally, B. (E.) coregoni retro extensa
has a carapace like that of R longispina but with no
caudal mucro and a much nger antennule. In one
experiment, B. longispina and B. gibbera were exposed
farf 12 h to Leptodora in Petri dishes. In a second
exXperiment, we observed directly the escape efficiency of
B,,v'iongispina, B. gibbera and B. retro extensa, and the
handling time of Leptodora. The two Bosmina forms with
more extreme morphological features had a lower death
rate and higher escape efficiency than B. longispina. Prey
that escaped did so, in most cases, within 5 min. Predator
handling time was correlated to predator body length
~ and antennule length of the prey. The results suggests
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Introduction

Predation can have a strong ir~=ct on zooplankton
communities acting as a selectivc  rce influencing the
evolution of defence strategies in  : prey (Zaret 1980;
Jeffries and Lawton 1984; Lima and Dill 1990). In
aquatic communities, the environment offers few possi-
bilities to avoid predators by hiding in refugia. Instead
prey have evolved adaptations that reduce the encounter
rate with predators, or hunting s ss of the predator
after encounter (Sih 1987). One v or large and more
conspicuous zooplankton to decri the encounter rate
with visually hunting predators aly fish) is to mi-
grate to levels of low light inte where predation
pressure is reduced (Zaret 1980; Lampert 1989). Smaller
zooplankton, on the other hand, may instead be more
vulnerable to invertebrate predators. Many invertebrate
predators rely on chemical or hydromechanical cues for
localizing prey (Pastorok 1980; Stenson 1987; Herzig
and Auer 1990) and independent of their hunting
strategy, or how they detect the prey, they have to hold
and manipulate the prey item after catch. Therefore, one
way to reduce the possibility of :ing attacked and
captured is to develop morphological traits (spines,
helmets, unwieldy size or shape) r ring it difficult for
the predator to capture and ha: the prey. Several
such examples are known. For example, in cladocerans,
helmets (Mort 1986) and neckspines (Havel and Dodson
1984; Tollrian 1995) in Daphnia and gelatinous capsules
in Holopedium (O’Brien et al. 197  1ave been shown to
be effective against invertebrate predators. Furthermore,
in many cases, the morphological traits developed only
in the presence of predators (Hebert and Grewe 1985;
Stenson 1987; Dodson 1988; Tollrian 1990, 1994).



P

Bosmina (Cladocera) show a variety of phenotypes,
especially within the subger  Eubosmina, where many
of the species exhibit large difterences in body size and
shape, and antennule length (Lieder 1983). One possible
reason for the variation in morphology might be that
some traits have evolved as antipredator defences
against tactile predators. This could also explain why
many of the morphological structures in Eubosmina
types occur cyclically, i.e. under periods of high preda-
tion pressure. Compared to Daphnia, the relationship
between morphological transformations and predator
handling efficiency is less clear and more contradictory
for Bosmina. Some studies point to predator defence as
an important factor (Kerfoot 1978, 1987; Black and
Hairston 1983; Sprules et al. 1984; De Stasio et al. 1990),
while others have failed to document this (Gerritsen
1983; Johnsen and Raddum 1987). Moreover, these
studies are mainly made on Bosmina longirostris, a spe-
cies where the morphological traits are less dramatic,
comprising differences in antennule and caudal mucro
length. However, within the Eubosmina species complex,
few studies (Johnsen and Raddum 1987) have been
made on the importance morphological traits in
relation to invertebrate predators.

Leptodora kindtii (Cladocera) is an efficient predator
which can severely impact zooplankton populations
during the summer (Cummins et al 1969; Lane 1978;
Edmondson and Litt 1987; Herzig and Koste 1989;
Lunte and Luecke 1990; Branstrator and Lehman 1991;
Lehman 1991). Leprodora has i ctile mode of hunting
with setae on the first thoracic limb acting as mec-
hanoreceptors. Together with thorax and. head, the
other thoracic limbs form a feeding br-"~t into which
the prey is pushed (Zaret 1980; Herzig ... Auer 1990).
Feeding basket size is strongly correlated with predator
body length (2-10 mm) (Manca and Comoli 1995), and
Leptodora prefers smaller prey items (< 1.5 mm) (Herzig
and Auer 1990; Branstrator 1994). A detailed descrip-
tion of Leptodora feeding behavior is given in Browman
et al. (1989). Although the efficiency of Leptodora as a
predator is well documented, no studies have investi-
gated how different morphological traits in the prey may
influence the handling efficiency of the predator.

The aim of this study was to test whether Bosmina
species with different morphology are equally vulnerable
when exposed to Leptodora, or if unwieldy size or shape
increase the escape possibility of the prey. Three differ-
ent Bosmina forms were tested, all within the subgenus
Eubosmina (Fig. 1), each differing in morphology from
the others. All three forms are found in lakes together
with Leptodora. B. (E.) longispina (Leydig) has a rela-
tively low and elongated carapace with a caudal mucro
(Fig. 1), and short antennule, i.e. a more typical Bosmina
morphology. B. (E.) coregoni gibbera (Schoedler) has a
more extreme body shape than B. Jongispina: the cara-
pace lacks a caudal mucro and the antennule is much
longer. B. (E.) coregoni retro extensa (Liljeborg) has a
carapace more like B. longispina but without a caudal
mucro, and with a long antem like B. coregoni gib-

B. retro extensﬁ
B. gibbera
L I
N .
0.1 mm

B. longispina

BH

[ E—

Lept
Caudat 1 mm
mucro

Feeding
basket

Fig. 1 Lateral view of prey and their pt
indicate the features that were measured
height (BH), antennule length (4L), ant  edator length (PL). On
Bosmina longispina, the caudal mucro __ ilso indicated, and on
Leptodora, the feeding basket. Note that Leptodora is drawn to a
different scale than the three Bosmina types

or Leptodora. Figures
_dy length (BL), body

bera. Further, during the summer B. coregoni gibbera
increases in size, the carapace bec  es more protruding
in shape, and the antennule also srows much longer,
while B. longispina during the s period does not
change in morphology (Hellsten and Stenson 1995). In
the following we refer to the three Bosmina forms as
B. longispina, B. gibbera and B. r extensa.

Materials and methods

Animals were collected from two different lakes in southwest
Sweden at the beginning of July 1995 and 1996. In Lake Ostersjon
(57°93'N, 12°70°E), B. gibbera and B. longispina coexist together
with Leptodora, and in Lake Sddra Firgen (56°55'N, 13°20°E)
B. retro extensa and B. longispina coexist together with Leptodora.

In a first experiment, we tested survival of B. gibbera and
B. Iongispina during a 12-h period (night experiment) when exposed
to Leptodora. Two days prior to the experiment, animals were
collected in Lake Ostersjon with a plankton net (100 pm) drawn by
vertical hauls from near the bottom to the surface. Leptodora were
picked out, put in plastic vessels (250 ml) containing filtered lake-
water (through 100-um mesh), and starved for 24 h before the
experiment. B. longispina (body length 0.55 % 0.02, mm + SE)
and B. gibbera (body length 0.56 + 0.02, mm + SE) were picked
out and put in Petri dishes. Nineteen replicates, each containing ten
B. gibbera, ten B. longispina, and one Leptodora (body length
3.7 £ 0.44, mm % SE) were then kept in darkness for 12 h at
20°C. Eleven Petri dishes with ten B. gibbera and ten B. longispina
in each, but no predator served as the control group. Each Petri
dish (diameter 95 mm, height 20 mm) contained approximately
70 ml of filtered lakewater. The water volume was sufficient for
both prey and predator to swim around thout any problems.

After 12 h, all living Bosmina were cor  d. We defined as dead
prey either those missing or actually seen w.ud in the dishes. Alive
prey caught in the surface tension were also counted. We also noted
if the predator was still alive. If not, the Petri dish was excluded
from the analysis.

In the second experiment, prey were collected approximately
1 week in advance, placed in 250-m! containers with filtered lake-






sink (Kerfoot 1978), and then swim away in a protean
way, meaning that the escape behaviour is sufficiently
unsystematic for the predator to predict the position in
the next moment (Edmunds 1974).

Mean body height was significantly higher in B. gib-
bera and mean antennule length in B. longispina was
significantly shorter compared with B. gibbera and
B. retro extensa (Table 1, P<0.05 Scheffe’s F-test).
Predator body length did not vary among groups
(Table 1).

Body measurements in the prey were strongly cor-
related (log body length and log body height 0.88, log
body height and log antennule length 0.73, and log body
length and log antennule length 0.47, n=49, Pearson
correlation coefficient), so = only tested the effect of
antennule length, together w  predator body length, on
handling time. Predator length and prey antennule
length explained about 20% of the variation in handling
time (R®=0.18, P=0.004, n=49, multiple regression).
Predator handling time of ingested prey was negatively
correlated with predator body length (R®=-0.79,
P=0.02, n=49, multiple regression) and positively
correlated with antennule length of the prey (R?=0.30,
P=0.003, n=49, multiple regression). Finally, handling

[ B. longispina
Bl B gibbera
VZZ B. retro-extensa

10 |

L

Number of Escapes

10-15
Contact time (min)

>15

Fig. 4 Number of prey escapes in relation to contact time with the
predator (7= 138)

Table 1 Mean body measurements (mm + SE) of prey caught
(escaped or handled) by Leptodora, and mean body length of
Leptodora (mm + SE). Differences in mean body measurements
between prey type were tested with a one-factor ANOVA. Asterisks

time among prey groups of those prey eaten by Lepto-
dora was not statistically different although there was a
tendency towards longer handling time of B. gibbera
[B. longirostris 1.4 £ 0.05 (lop min = SE), n=34;
B. retro etxensa 1.3 £ 0.1, n=6;,  gibbera 1.6 % 0.1,
n=29; P=0.07, one-factor ANOVA].

Discussion

The environment in aquatic communities is such that
zooplankton have few possibilities to avoid predators by
hiding in refugia. To escape being eaten by visually
hunting predators, zooplankton ' migrate vertically
into the dark depths of lakes. if they are more
exposed to invertebrate predators that hunt with mec-
hanoreceptors, developing morpt  gical defences is a
better strategy.

Bosmina is a relatively small zooplankton and cannot
outswim the large and faster Leptodora — it must instead
rely on other defence mechanisms. The higher survival
of B. gibbera, and the higher escape efficiency of
B. gibbera and B. retro extensa suggest that their mor-
phology can act as a defence age  ; a tactile predator
like Leptodora. Given the choice, 1n the first experiment,
Leptodora preyed more often on B. longispina, although
B. gibbera was also eaten. B. gibbera was caught more
often in the surface tension, which ~~y have produced a
higher density of B. longispina in 1 tion to B. gibbera.
However, when animals caught in te surface tension
were excluded, B. gibbera still had a hioher survival rate.
The predator swims much faster sither prey, and
due to the limited size of the viais, tne encounter rate
was probably higher than in nature, where prey can
disperse more and other kinds of f are also available.

The difference in predation on the two Bosmina spe-
cies by Leptodora may contribute to the numeric rela-
tions between the species observed in the field. In Lake
Ostersjon, B. gibbera is more common during periods
with dense Leptodora populations. and B. longispina
in some years disappears almost  irely during these
periods (Hellsten and Stenson 199>).

Other studies have shown that morphological traits
can make the prey less vulnerable to invertebrate pre-
dators (Kerfoot 1978; Havel and odson 1984). One
example is B. longirostris, which under high predation
pressure from copepods, demonstrates a larger body

denote P < 0.05 with se-~ 'ntial Bonferroni adjustments (prob-
ability values from anal of variance). Statistically different
groups are indicated by dimerent superscripts

B. longispina B. gibbera B. retro extensa P-value
(n1=43) (n=30) n=7M
Mean length 046 + 0.01° 047 + 0.02° 0.51 + 0.02° ns.
Mean height 0.34 + 0.01° 0.49 + 0.02° 0.36 + 0.01° 0.0001*
Mean antennule length 0.19 + 0.005* 0.53 + 0.02° 0.52 + 0.02° 0.0001*
Mean length of Leptodora 3.8 + 015" 41 + 0.15° 4.2 + 033° n.s.




size, and longer antennule and caudal mucro (Kerfoot
1987). Although the morpt  gical traits in this species
are less conspicuous than those of the Bosmina forms in
our experiment, the morphological changes were still
large enough to reduce mortality rates.

In the second experiment, the two forms with extreme
morphology, B. gibbera and B. retro extensa, escaped
more often than B. longispina. This result supports our
interpretation that extreme morphology in Bosmina can
reduce predation risk from tactile predators. The most
discriminating characters among the three forms are the
shape of the carapace and antennule length, B. gibbera
and B. retro extensa escaped ¢  ally well, which implies
that the length of the antennuic is important for escape
efficiency. When copepods capture Bosmina, they often
manipulate the prey to expose the soft underparts, and
during this manipulation the antennule may interfere
with the handling attempts of the predator (see Zaret
1980). However, the chance of escaping is just a small
component in the course of predation from encounter to
successful prey ingestion (Lima and Dill 1990), and
carapace shape may affect the ability of the predator to
capture the prey.

The magnitude of the difference in escape efficiency
between B. longispina and the more extreme forms is
quite large. Compared with B. longispina, the other two
forms had an almost 6-fold higher chance of escaping. In
a study by Havel and Dodson (1984), spined Daphnia
morphs had an approximately 1.5- to 2-fold higher es-
cape chance than unspined morphs when exposed to
Chaoborus. Our experiment used predators within a
limited size range, and it is nossible that the escape
chance decreases as the pred r becomes larger. Pre-
dator body length in relation to prey size is an important
determinant of predator success. In Leptodora, the size
of the feeding basket is strongly correlated to body
length (Manca and Comoli 1995), and prey availability
is thereby correlated to predator length. Furthermore,
according to our regression analysis, handling time de-
creased with increasing predator length. Although we
used prey and predator wit a limited size range,
clearly the prey were not too large. Herzig and Auer
(1990) estimated that Leptodora with a body length of
about 4 mm would be able to capture prey with a
maximum body length of 0.6 mm. The results are in
accordance with other studies where prey size and han-
dling time were correlated to the size of Leptodora
(Browman et al. 1989; Branstrator 1994).

Prey body measurements were strongly correlated,
and we tested the effect of antennule length on handling
time in the multiple regression analysis, since antennule
length was the character nificantly discriminating
both B. gibbera and B. retro extensa from B. longispina.
Both predator length and antennule length affected the
handling time, but explained only 20% of the variation.
Therefore, we suggest that the total form and size of the
prey will also influence the handling time. This is sup-
ported by the tendency towards longer handling time of
B. gibbera. The longer antennule and the shape of the

body may make it difficult for the nredator to turn the
prey into an appropriate position  \ere are few reports
on how Leptodora eats its prey. A  arently, it is mainly
a fluid feeder, i.e. by piercing the wvarapace of its prey
near the head with sharp protub¢  ces it sucks out the
juices (Mordukhai-Boltovskaia 1v5X), but can also tear
a hole in the carapace and then s  : out the juices (see
Browman et al. 1989). It is also possible that the cara-
pace in B. gibbera is more robust, making it more diffi-
cult for the predator to either pierce or tear a hole in the
carapace. This has been suggested for other species
(Kerfoot 1978; Havel and Dodson 1984).

To summarize, we have sho'  that extreme mor-
phological traits in Bosmina ent e the survival rate
and escape success when they are  acked by predators
such as Leptodora. In some cases  is may explain why
phenotypically variable forms are so common within
this genus. Further studies of ph«  typical variation in
Bosmina and the co-occurrence of invertebrate predators
are, however, needed.
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SHORT COMMUNICATION

Chemical cues from the invertebrate predator Leptodora ‘'ndtii
affect the deve pment of cyclomorphic traits in Eubosm 1
coregoni gibbera

Ragnar Lagergren and Jan A.E.Stenson

Goteborg University, Department of Zoology, Section of Animal Ecol vy, Box
463, SE 405, 30 Goteborg, Sweden

Abstract. The induction of two cyclomorphic traits, antennule length and carapace height, in
Eubosmina coregoni gibbera by the cladoceran predator Leptodora kindtii was investigated in an
experimental study. It was found that both carapace height and antennule length were significantly
larger when the pred=tar cues were present. However, antennule length only differed in adults, while
juveniles showed no  ference in antennule length between the treatments. Our results indicate that
morphological anti-predator traits can reduce the vulnerability of adults, whereas the small size of
juveniles may prevent the anti-predator traits from being effective.

Predation is a key factor in the evolution of aquatic communities. By size-
selective predation, fish can effectively eliminate large and conspicuous species
of zooplankton (Brooks, 1968; Zaret, 1980). Small species, on the other hand,
may be more susceptible to invertebrate predators, whose ability to handle and
ingest the prey often depends on body size and shape of the prey (Dt on, 1974;
Kerfoot, 1977; Swift, 1992). In addition to direct effects on prey n  bers, the
mere ‘smell’ of predators in the water can induce shifts in behaviour, life history
and morphology of prey populations (Larsson and Dodson, 1993).

In zooplankton, the induction of morphological anti-predator traits by chemi-
cal cues (kairomones) released by invertebrate pred s is a well known
phenomenon (Tollrian and Harvell, 1998). Individuals possessing such morpho-
logical defences elude a higher proportion of predator encounters than non-
induced ones because they are more difficult to grasp and handle by the predators
(O’Brien et al., 1979; Havel and Dodson, 1984; Tollrian, 1995a). An inducible
defence may evi e when the abundance of predators is unpredictable and the
defence is associated with some sort of cost (Harvell, 1990). As the abundances
of most invertebrate predators vary seasonally, inducibility of defences may
explain why manv traits in zooplankton, especially in cladocerans and rotifers,
show cyclic mor ological changes (Dodson, 1974).

Although the morphological variation in the genus Bosmina, especially the
subgenus Eubosmina, is as great as in Daphnia, much less is known about the
adaptive significance of varying traits in these species. In Eubosmina coregoni
gibbera (Shoedler), both the length of the antennule and the height of the cara-
pace vary considerably during the season (Hutchinson, 1967; Hellsten and
Stenson, 1995). In Lake Ostersjén in southwest Sweden, the nresence of the most
extreme forms coincides with the population maximum « ¢ cladoceran preda-
tor Leptodora kindtii (Focke) (Hellsten and Stenson, © 1. Furthermore, the
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extreme morphology of E.coregoni gibbera has been shown to be effective as
protection against Leptodora predation (Hellsten et al., 1999). However, it has
not yet been determined whether cyclomorphic traits in E.coregoni gibbera are
induced by predators, and it has not been shown whether chemical cues from
Leptodora induce morphological changes in any zooplankton.

The aim of the present study was to test whether the presence of L.kindtii influ-
ences the size of two anti-predator structures, antennule length and carapace
height, in E.coregoni gibbera.

Animals were collected from lake Ostersjon (57°93'N, 12°70’E) on two oc-
casions in 1998, 12 July and 12 August. One day after being collecte  juveniles
of E.coregoni gibbera were picked out and placed (one individual in each) in 36
triangular aquaria with a bottom area of 95 X 22 mm and a top surface area of
22 X 22 mm. To obtain the starting conditions of the traits, 15 individuals were
preserved in 70% ethanol. Each aquarium was divided into two halves by a net
(mesh size 200 pm). The aquaria were filled with 80 1 filtered lake water (50
um). In 18 of the aquaria, one Leptodora (body length 3-8 mm) was placed in
one of the compartments in chemical, but not physical, contact with the
Eubosming; the remaining 18 aquaria served as controls. The Leptodora were
kept in plastic cans together with a mixture of other zooplankton, including
Bosmina, before they were used in the experiment. The aquaria were held in
natural light conditions at 21 + 1°C. Water was not changed during the experi-
ment but we have kept clones of Bosmina for several weeks without adding any
food under these conditions; algal growth is sufficient to maintain populations of
about 100 ind. I-1. The vitality of the Leptodora was monitored once daily during
the experimental run, and dead and weak individuals were replace with new
ones. After 14 days (i.e. one to two parthenogenetic generations), all live
Eubosmina were picked out and preserved in 70% ethanol. Body length (BL),
carapace height (CH) and antennule length (AL) were measured on all
Eubosmina, to = precision of +4 pm, according to Hellsten and Stenson
(Helisten and Stenson, 1995).

Relative measurements of the development of carapace height and antennule
length, which are not dependent on body size, enabling a comparison of animals
of different size, were calculated as follows. BL, CH and AL were measured on
54 individuals (body length 265-600 pm) that were randomly picked from field
samples from lake Ostersjon in August 1996. The relationships between the
traits and body length were fitted to second degree polynoms [length of trait =
ky+k,- L)+ ks- (BL)?]. For the regression of carapace height, juveniles (body
length shorter than 345 pm) were excluded, as these show no cyclomorphosis in
this trait. By inserting the body length of each individual in the experiment into
the equations, expected lengths of the traits, CH and AL, could be calculated.
The measured value was then divided by the expected value to get a measure of
the relative development of these traits, compared with the August 1996 popu-
lation. We hereafter refer to AL 4 as the relative development of antennule
length and CH,, as the relative development of carapace height. For each aquar-
ium, mean ALy and CH,4 of all individuals was calculated lifferences between
the treatments were tested with two-factor ANOVA. To test whether the result

A4 4
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was sensitive to the kind of regression from which CH;4 and AL, :re calcu-
lated, we also ¢« Jucted the same kind of analysis on simple regre.  ms on log
transformed dat log (length of trait) = k; + k; - log BL].

In some aquaria, all individuals died or were caught by the surfac  nsion. As
a result, the number of replicates was reduced to 15 in the control 1 eight in
the Leptodora-reared group in July, and eight in the control anc  ne in the
Leptodora-exposed group in August. There were no differences in mean number
of individuals per aquarium between the groups after thee: =rimen run (two-
factor ANOVA P = 0.40). The mean was 2.0 individuals in tne Leptc  ra groups
and 2.4 in the control groups.

Both relative carapace height and relative antennule length were  mificantly
larger in Leptodora treatments than in the control groups (Table  Although
AlL.4 did not differ in the juveniles (P = 0.9), there was a clear difference (P =
0.017) in the adults. Carapace height did not vary between the experiments
performed in - and August, whereas relative antennule length showed a
tendency to be longer in August than in July when all individuals w  : included
(P = 0.076, marginally significant). When only adults were considerr AL 4 was
significantly higher in August than in July (# = 0.017). The choice of regression
equation did not affect the outcome of the statistical analysis appreciably; all
significant P-vi  =s were significant in both analyses (Table I). The equations of
the polynomial regressions were: CH = -1178 + 5.77 - BL. — 0.00439 - BL2 and
AL =-838+5.31 - BL—0.00480 - BL?; and for the simple regressions  log-trans-
formed data: logCH = -1.31 + 1.514 - logBL and logAL =-0.54 + 1.236 - logBL.

Compared with the starting condition, CH,y remained the s e in the
Leptodora- treated water but declined in the control, whereas AL 4 was somewhat
lower in the Leptodora group and clearly lower in the controls (Fi e 1). The
reason why the starting conditions of the traits differed from the ‘A st values’
(Figure 1) may be that the development of cyclomorphic traits varies between
years (the experiment was performed in 1998 and ‘August values’ are  >m 1996).

The significant difference between control and Leptodora groups shows,
however, that the presence of Leptodora is needed to maintain well developed
anti-predator traits, CH and AL, in this population of E.coregoni gibbera. The
decline observed in CH,4 and AL,4 when not exposed to the risk of predation by
Leptodora suggests that these traits are associated with some costs. A direct cost
of induced morphological defence observed in the present study ay be an
increased vulnerability to fish predation. A higher carapace and lonser anten-
nules may increase the visibility of Eubosmina to fish, and this may s¢ ot against
these traits when the risk of fish predation is higher than the risk of being eaten
by Leptodora. This kind of cost has also been suggested as important morpho-
logical defences . Daphnia (Tollrian, 1995b). With regard to large morphologi-
cal changes that significantly increase the surface area of the animal, such as the
development of gh carapace, a cost in terms of increased drag may also be
important (Lagergren et al., 1997).

Our observation that Leptodora induces morphological changes it oth traits
measured primarily in adult Eubosmina may lead to the conclusion that this
- predator shows a preference for large individuals of Eubosmina. However,
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Table I. Relative development of carapace height and antennule length of Eubosmina coregoni gibbera reared in Leptodora-treated water (L.k.) or water that
was not conditioned with Leptodora (no L.k.). The sample sizes (n) refer to number of aquaria. For each trait, differences were tested by two-factor ANOVA.
The numbers within parantheses represent the analysis on relative measurements calculated from the regression on log-transformed data

Trait Date Relative developments ANOVA
L.k. No L.k. Date Treatment Date X treatment
Mean n Mean n F-value P-value F-value P-value F-value P-value
Carapace height July 0.94 4 0.84 14 U.88 0.36 11.74 0.0019 0.42 0.52
August 0.95 8 0.88 6 (0.21) 0.65) (18.19)  (0.0002) (0.33) (0.57)
Antennule length (all) July 0.81 8 0,71 15 3.35 0.076 9.59 0.0038 0.033 0.86
August 0.86 9 0.77 8 (3.81) (0.059) (8.73) (0.0055) 0.37) 0.55)
Antennule length (juvenile) July 0.84 5 0.84 5 0.99 0.34 0.017 0.90 0.030 0.87
August 0.80 4 0.79 6 (0.76) (0.39) (0.82) (0.38) (1.22) (0.28)
Antennule length (adult) July 0.76 4 0.69 14 6.46 0.017 6.44 0.017 0.017 0.53
August 0.87 8 0.76 6 (4.63) (0.040) (5.34) (0.028) (0.0001) (0.99)
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Fig. 1. Mean relative carapace height (CH,q) and antennule length (AL,y) of Eubosmina at the begin-
ning of the experiment and after 14 days exposure or no exposure to Leptodora. The results from
both experiments are pooled. The sample size, n, is for individuals measured in the starting condition
and number of aquaria (from which the mean for 1-10 measured individuals was es  1ited) in the
other cases. To show the natural range of these traits in the population of lake Oste1 1, the mean
values in May and August 1996 are marked with dotted lines.

Branstrator (Branstrator, 1998) showed that Leptodora effectively  ndles and
consumes bosmi1 s of small size. In Daphnia pulex, it has been shown that the
most vulnerable size classes have the strongest developed neckspines against
Chaoborus predation (Tolirian, 1995a). As the swimming speed of the prey
affects the encounter rate with an ambush predator positively, and small Daphnia
swim more slowly than large, the smallest individuals are not the most vulner-
able. However, as Leptodora is a cruising predator that swims much faster than
Eubosmina, the swimming speed in the prey does not affect the encounter rate
significantly (Gerritsen and Strickler, 1977). An alternative explanation may be
that juvenile Eubosmina are easy to handle even if they defend themselves with
long antennules, whereas larger individuals have a greater potential to protect
themselves by developing morphological defences. It has been shown in
Chaoborus that when the size of the prey is much less than the gap diameter of
the predator, morphological traits are not effective as anti-predator defence
(Swift, 1992). Leptodora catches its prey in a feeding basket for. d by the
thoracic limbs, the head and the thorax (Herzig and Auer, 1990). The size of this
feeding basket is strongly correlated with the predator’s body length (Manca and
Comoli, 1995). A juvenile Eubosmina (~300 pm) is sma r than the size of the
feeding basket of even the smallest Leptodora. Thus, it is improbable that longer
antennules or a higher carapace would significantly decrease the probability of
being caught and ingested by Leptodora. A better strategy for juvenile individuals



in the presence of predation risk by Leptodora is to put as many resources as
possible into growth.

For adult Eubosmina, the high carapace and long antennules y be an
efficient defence against small Leptodora. The total height (from the p of the
carapace to the tip of the antennule) of an extreme individual of  -oregoni
gibbera of 0.5 mm body length is about 1.0 mm. According to Manca:  Comoli,
only Leptodora greater than 6 mm have such a large feeding basket { inca and
Comoli, 1995). The total height of a spring individual of E.coregon.  bbera of
0.5 mm is ~0.75 mm, and Leptodora >4.2 mm have feeding baskets that are large
enough to feed on these prey. If the total height of the prey is crucial for the strike
efficiency of Leptodora, Eubosmina may become out of reach for a much higher
proportion of the Leprodora population if they develop long antennules and a
high carapace. In addition, longer antennules increase the chance of Eubosmina
escaping from Leptodora after capture (Hellsten et al., 1999).

In both traits, the difference between the Leptodora-exposed and control treat-
ments is less dramatic than the natural range of these traits in the pc  ation in
lake Ostersjon (Figure 1). Similar results have also been found in ¢ r clado-
cerans [e.g. (Tollrian, 1990; Hanazato and Ooi, 1992)]. It is therefor«  ely that
additional organic or inorganic factors also affect the induction of me  ological
traits. Temperature, which has been shown to influence the induction  norpho-
logical changes in some studies [e.g. (Grant and Bayly, 1981; Hana: ), 1991)]
was quite high and did not vary in our study. As high temperature is st often
associated with high densities of Leptodora (Hellsten and Stenson, 1995; Manca
and Comoli, 1995), temperature and Leptodora kairomone may have additive
effects on the induction of morphological defences in Eubosmina.

We conclude that chemical cues from the predator L.kindtii are required to
maintain the anti-predator traits well developed in the population of Eubosmina
studied. Seasonal variation in the abundance of Leptodora may thus explain the
amazing cyclomorphosis in E.coregoni gibbera.

Acknowledgements

We thank anonymous referees for valuable criticism and comments on the manu-
script. The study was financially supported by grants from The Colliander (R.L.),
Regnells zoological R.L.), Hierta Retzius (R.L.), Kungl. Hvitfeldtska (R.L.) and
Wilhelm and Martina Lundgren (R.L. and J.A.E.S.) foundations for Scientific
purposes, and the Swedish Natural Science Research Council (J.A.E.S.).

References

Branstrator,D.K. (1998) Predicting diet composition from body length in the zooplankton predator
Leptodora kindti. Limnol. Oceanogr., 43, 530-535.

Brooks,J.L. (1968) The effects of prey-size selection by lake planktivores. Syst. Zool., 17, 272-291.

Dodson,S.I. (1974) Adaptive change in plankton morphology in response to size selective predation:
a new hypothesis about cyclomorphosis. Limnol. Oceanogr., 19, 721-729.

Gerritsen,J. and Strickler,J.R. (1977) Encounter probabilities and community structure in zooplank-
ton: a mathematical model. J. Fish. Res. Board Can., 34, 73-82.















Functional
Ecology 1997
11, 484488

© 1997 British
Ecological Society

Increased drag, and thus lower speed: a cost for
morphological defence in Bosmina (Eubosmina)

(Crustacea: Cladocera)
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Summary

1. The swimming speed of two forms, an extreme and a typical, within thecl,  eran
subgenus Eubosmina were examined using a three-dimensional video-technique. The
extreme form has a very high carapax and extremely long antennule, features probably
involved in predator defence.

2. It was found that the extreme form swam almost 40% slower than the typical form.
3. Calculations show that the extreme form had to work at least 12% harder to swim at
the same speed, or if it used the same amount of energy to swim, the extreme form
would swim 6% slower. Increased drag, because of its distinguishing carapax and
antennule, is thus the most likely explanation for the slower swimming speed of the
extreme form, assuming it selects the same power output.

4. Swimming speed can be correlated to food intake either by the frequency  its to
edible food particles or by the time to swim from a poor food patch to a good one. So

the reduced speed is probably a great cost for the extreme form.

Key-words: Modelling, optimal feeding, swimming speed, zooplankton

Functional Ecology (1997) 11,484-488

Introduction

Predation is one of the most important evolutionary
forces in zooplankton communities. Small planktonic
species suffer from the predation of larger carnivorous
invertebrates which has led to the evolution of defen-
sive morphological structures such as spines, helmets
and gelatinous capsules, thus making it more difficult
for the invertebrate predators to handle them
(O’Brian, Kettle & Reissen 1979; Havel & Dodson
1984).

Since it is often the case that defended morphs are
replaced by undefended morphs when the predation
pressure declines (Kerfoot & Peterson 1980), it is rea-
sonable to assume that there should be some cost to
develop and maintain a morphological defence
(Harvell 1990). Most studies of the costs of morpho-
logical defences have focused on measurements of
reproductive parameters (e.g. Reissen 1984; Black &
Dodson 1990) but an important question is how does
the structure of these traits negatively affect fitness?
Liining (1994) proposed that the reproductive costs
did not necessarily have to be directly associated with
the defences but argued instead that induced life-his-
tory shifts may present another explanation to the
decreased reproductive rates observed in some experi-
ments. Direct costs might be increased time and

resources needed for the body development — which
have been proposed to be the major cost of Daphnia
possessing neck and tailspines (Reissen 1992) and in
the long-featured morphs of Bosmina longirostris
(Kerfoot 1977, 1987). Another cost could be
increased drag and a higher energy expenditure for
motion or a lower speed. The swimming speed may
influence filtering rate and the frc  ncy of hits to
edible food particles (Gerritsen & otrickler 1977,
DeMott 1982). Costs in this sense have not been
investigated to any large extent but have been sug-
gested as a cost for gelatinous capsules in Holopedium
gibberwm (Stenson 1987).

In Ostersjon, a lake in southwest Sweden, two
forms appear within the cladoceran subgenus
Eubosmina, one typical E. longispina longispina
(Leydig) and one extreme E. coregoni gibbera
(Schoedler), the latter with a very high carapax and
long antennule. He! n & Stenson (1995) have
described a replacement cycle wherein the typical
form is replaced by the extreme, from early spring to
autumn, coinciding with the hatching of the clado-
ceran predator Leptodora kindtii Focke. In an experi-
mental study, the extreme form survived significantly
better than the typical form when exposed to the
cladoceran predator Leptodora kindtii (M. Hellsten &
R. Lagergren, unpublished observations).
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These very different forms (Fig. 1) of continuously
swimming Eubosmina provide suitable material with
which to study the costs of morphological defences in
terms of increased drag. This study includes a model
of how the drag could affect the two forms and an
experiment wherein the swimming speed of the two
forms was measured with the help of video-technique.

Methods

Specimens were collected from a eutrophic lake
(1-5 km?; max. depth 32 m) in southwestern Sweden
(57°93'N, 12°79°E) called Ostersjon. The samples
were collected in May when both forms are present in
the lake. Animals to be used in the experiment were
chosen from field samples and kept in aquaria at
=22°C,unti. iy were filmed.

The animals were filmed in a cubic glass chamber
with sides of 2-1 cm, giving a volume of 9-26 cm’.
Illumination was provided by a circular ‘cold-light’
lamp (Schott) situated = 12 cm above the chamber.
The water in the chamber was filtered (25 pm) lake
water from Ostersjon and was held at the same tem-
perature as that in the aquaria.

Both forms were held in the same aquarium and
were chosen in random order. Each specimen was
filmed during a 5-min period with the three-dimen-
sional technique described by Ramcharan & Sprules
(1989) using one camera and four mirrors. The mirror
system gives a figure of the aquarium from two direc-
tions on the TV monitor. This makes it possible to see
the animals’ movements in three dimensions. The first
five sequences, in which the animals swam quite
straight, were analysed for a period of at least 2 s, the
movement was plotted on the screen and the speed was
calculated as (x* + y* + z%)'? . The average speed
was then caiculated for each animal. After filming, the
body length (L) and height (H) of each individual was
measured, and the H/L value was used as an estimation
of the degree of ‘humpbackness’ (see Fig. 1).

The side profile area (Sgp) for 16 randomly chosen
individuals of both forms was estimated by weighing
pieces of paper of the animals’ shapes. These had

Fig. 1. The two forms of Bosmina (E.). Features measured
are body length (L) and body height (H).

been drawn by using a dissecting microscope with a
drawing tube attached to it. The Sgp were used in the
calculations of drag.

MODEL

There are two kinds of drag, pressure drag (Dy),
which depends on inertial forces, and friction drag
(D,), which depends on viscous forces. The Reynolds
number (Re) which is of great importance in fluid
mechanics is an estimate of the relative importance of
these forces. Since the Re values for a swimming
Bosmina range from 0-8 to 5, depending on size and
swimming speed, the most important of the two drags
will be viscous drag. The other sort of drag, pressure
drag, becomes important when Re >> 1 (Vogel 1981;
Alexander 1983). Equation 13.1 in Vogel (1981)
states that

D = CpysuS'2U, eqnl

where D = drag, Crws is a constant due to the shape of
the body, pis the  ematic viscosity of the fluid, S is
the wetted surface area and U is the velocity, is trust-
worthy up to Re = 1. With that equation as a basis, the
relative changes in speed (with constant power) and
power (with constant speed), o to changes in the
H/L ratio, can be calculated as { vs:

A regression line between r#/4. and the ‘relative
side profile area’ (rSsp) was made for the 16 individ-
uals on which the side profile area (Sgp) was mea- -
sured (Fig. 2). The parameters were well correlated.
rSsp is independent of the body length, without unit
but proportional to Sgp. If the Sgp is assumed to be
proportional to the wetted surface area (S), the rela-
tive change in S is possible to calculate from different
HJL ratios. The constant Cpyg depends upon the
shape of the body, but the difference in shape
between the morphs leads to very little change in its
value (Vogel 1981); thus, Cpyys can be regarded as a
constant for all H/L ratios. The drag (D) then
becomes proportional to Ssp'?U. Power (P) = DU
and the relative change in power needed for locomo-
tion keeping the velocity const :an be calculated
for different H/L values as:

PocDoc Sgp'. eqn2

Similarly the relative change in velocity with constant
power output is possible to calculate. The result is:

U e 1/85p". eqn 3

These equations can give the predictions shown in
Fig. 3.

Results

The mean length of the animals used in the experi-
ment did not differ between the two forms (Table 1).
The extreme form swam significantly slower than
the typical (P <0-005 Mann-Whitney U-test, n=14).
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Fig. 2. The regression line (rSgp = 0-805 H/L + 0-234;
7 =0-93) between H/L (see Fig. 1) and relative side profile
area (rSsp) that was used in the calculations of drag (Fig. 3).
Each point represents one animal. The individual marked
with * is the starting point whose rSgp was set to 1. The Ssp
for remaining individuals can be calculated as LoPAJL A,
where Lo = the length of the individual chosen as starting
point; L, = the length of individual x; Ay = the side profile
area of the individual chosen as starting point; and A, = the
side profile area of individual x.

Among the specimens of each form there was no cor-
relation between H/L and speed (F-test, P > 0-05 in
both cases, n = 14).

Discussion

The results show that the typical form swims almost
40% faster than the extreme form. Increased drag
seems to be the most likely explanation for the
extreme form swimming more slowly than the other
form. Our model suggests a relation between the H/L
value and swimming speed owing to differences in
drag (Fig. 3). It is evident that the difference in swim-
ming speed between the mean H/L ratio of the
extreme and the typical form would be only about 6%
if they use the same amount of energy when swim-
ming. This figure is considerably less than the
observed difference of 40%. The speed of a Bosmina
varies during a single stroke (Zaret & Kerfoot 1980)
with the highest speed being around 10 mm s~ in
Bosmina longirostris. Eubosmina swims faster than
Bosmina longirostris (Stenson 1990) and it may attain
an Re value of > 10 just after a stroke when the speed
is highest. In higher Re, where pressure drag becomes
the dominating force, the shape of the body becomes
more important for the drag (Vogel 1981); thus the
difference in drag between the forms is certainly
greater than these simplified calculations predict. A
relation between H/L and speed (as the model pre-
dicts) could not be determined among the specimens
of each form. This was probably due to a small vari-
ance in H/L and a large variance in speed.

So how could the difference in swimming ability
influence the food intake of these animals? DeMott
(1982) writes that ‘the continuous swimming of
Bosmina could be a behavioural adaptation to increase

the encounter rate with food particles’. As algae are
slow-moving particles, increased speed in the preda-
tor implies higher encounter rates (Gerritsen &
Strickler 1977). This means that swimming speed
would be correlated to the efficiency in food gather-
ing; thus the lower the speed, the less the food intake
by the filter-feeding zooplankton. Accordingly, this
could imply a greater cost for the extreme form than
for the typical.

A model on optimal foraging of a Eubosmina, if
food intake is cormrelated to swimming speed, may
look something like Fig. 4. Without swimming, the
movement of the filtering apparatus itself gives some
food intake which then rice= asymptotically (func-
tional response type 2; Hc g 1966) with increased
swimming speed. The energy consumption rises lin-
early from a basal metabolism (linearly because a
Bosmina regulates its sv  ning speed mostly by
varying the time between strokes; Zaret & Kerfoot
1980) and the slope of th  1e depends on the drag.
The model predicts that the tarm with increased drag
optimizes its net food int  if it reduces its swim-
ming speed.

It has not been proven that the food intake depends
on the swimming speed if the concentration of
food particles is uneven, optimal foraging would be to

Percentage change of Por U
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Fig. 3. Curve A demonstrates how much individuals of dif-
ferent H/L (see Fig. 1) have to work, to swim at the same
speed, in comparison with an individual of the typical form
with an H/L value of the average. Curve B shows how the
HIL value affects the speed if i~-*iduals use the same power
for locomotion. The dotted ve 1 lines represent the mean
H/L valucs for the typical and exueme form, respectively.

Table 1. Mean swimming speed (mm s™'), mean body
length and mean H/L for typical form (T) and extreme form
(E) The sample size was n=14 for both forms. The differ-
ence in mean speed between forms is significant P <0-005,
Mann-Whitney U-test

Body length
Speed (mm) H/L
Form Mean SD Mean SD Mean SD
T 4.08 092 047 007 0-81 007
E 294 056 047 004 111 009
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swim slowly in high food concentration but more
quickly if the concentration is low in order to leave
the low concentration as fast as possible. In a com-
parison between slow-swimming Ceriodaphnia
dubia and fast-swimming Daphnia pulex, it was
shown that only the faster swimmer was able to
locate the good food patches (Cuddington &
McCauley 1994). This means that the slower swim-
ming speed may be a cost even if the food intake
does not depend on the swimming speed directly,
because it takes more time to swim from a poor food
patch to a good one.

Another explanation for the extreme form swim-
ming more slowly may be differences in swimming
behaviour. Lower speed reduces the risk of encounters
with predators (Gerritsen & Strickler 1977). It could
be that the extreme form has a behaviourally lower
swimming speed regardless of the presence of a
predator or not. Contradictory to this hypothesis is the
fact that the typical form suffers more from encoun-
ters with predators and thus should swim slower than
the extreme form.

The relative importance of different ultimate costs
remains to be solved in the case of this as well as
other species and may be affected by conditions such
as the food concentration. At low food concentra-
tions, animals probably suffer more from reduced
swimming speed and feeding efficiency because the
net energy gain falls faster (with reduced food con-
centration) for an animal with increased drag (Ware
1975). Interestingly, the extreme form is most often
found in eutrophic lakes (J. Stenson, personal obser-
vations).

We conclude that drag is probably an important
force working against the evolution of certain pheno-
typical adaptations used as predator defence in zoo-

Food intake ()

C (Extreme form)

C (Typical form)

Vope Voptt
mm s-!

Fig. 4. Hypothetical curves of food intake (/) and cost of swimming (C) for feeding
Bosmina, of typical and extreme forms, plotted as a function of swimming speed. A
simple model that supposes that the animals try to maximize net energy gain per time

unit (E/1), Elt = I — C, predicts that the optimal swimming speed, V,,

- is lower for the

extreme form than for the typical. Ve = optimal swimming speed for the extreme
form, Vit = optimal swimming speed for typical form.

plankton. Extreme Eubosmina forms, which are
prevalent under high predation risks, have a morphol-
ogy that significantly increases dras, When predation
risks decline, on the other hand, ¢ tion will favour a
morphology that is less costly.
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Influence of temperature on hydrodynamic costs of
morphological defences in zooplankton: experiments
on models of Eubosmina (Cladocera)

R. LAGERGREN, H. LORD andJ. A. E. STENSON
University of Gothenburg, Department of Zoology, Section of Animal Ecology, Box 463, 405 30 Goteborg, Sweden

Summary

1. If swimming speed is correlated to fitness (e.g. by affecting food intake or the chance
to evade predators) or considerable energy is expended in swimming, zooplankton
wearing protruding structures (as predator defence) that significantly increase drag
resistance must pay a cost for the better protection against predators that these traits
imply.

2. In an experiment with plastic models, the drag and energy consumption of swimming
in two species of Eubosmina were examined. Eubosmina longispina has a typical Bosmina
morphology with a low carapace and short antennule, whereas E. coregoni gibbera
has a very high carapax and long antennule.

3. At 5°C, E. c. gibbera had 32-45% higher drag than E. longispina. At 20 °C, the
difference is 20-45%.

4. A mathematical model of swimming predicts that these differences in drag should
result in 18-20 (at 5 °C) or 14-16 (at 20 °C) percentage lower speed for E. ¢ gibbera
than for E. longispina if they use the same amount of energy in swimming.

5. The relative difference in drag or swimming speed between the two species was
highest at low Reynolds number (i.e. low speed or low temperature). These results
show that hydrodynamic costs of extreme morphology may increase with decreasing
temperature.

6. The increased cost of morphological antipredator defence at low temperatures may
be enlightening with regard to the role of temperature in the induction of cyclomorphic
traits in zooplankton. This may be one explanation for why extreme forms of E. c.
gibbera and some Daphnia are only found in the summer when water temperature is high.

Kep-words: Cyclomorphosis, drag, energy expenditure, swimming, viscocity

Functional Ecology (2000) 14, 380-387

Introduction

Cyclomorphosis, i.e. temporal, cyclic morphological
changes that occur in plankton (Black & Slobodkin
1987), has been a matter of concern to limnologists
for some time. Until the 1970s, the dominant hypo-
thesis was that the phenomenon was due to buoyancy
or sinking rate regulation. Since varying temperature
leads to changed viscosity, which affects sinking
speed, animals were thought to alter their morpho-

- logy to regulate the sinking speed to a proper level.

With Dodson (1974), the opinion changed towards
invertebrate predation as the ultimate cause. Morpho-
logical structures such as spines and helmets in prey
make it more difficult for an invertebrate predator
to grab and handle its prey (Dodson 1974). Thus,
when the densities of invertebrate predators increase,
there is a selection for prey cloncs with well-developed

defensive structures (Brock 1980; Kerfoot & Peterson
1980) or plastic clones with inducible antipredator
traits (Gilbert 1966; Kreuger & Dodson 1981; Harvell
1990). The benefit of reduced pre m is balanced
by the costs of developing or intaining the
structure (Kerfoot 1977; Riessen 1984; Havel & Dodson
1987; Stenson 1987). When predator density declines,
the benefits no longer compensate for the costs and
the selection is for a more short-featured morphology.
Although much evidence points towards predation
being the ultimate cause (e.g. Hebert & Grewe 1985;
Dodson 1989), in many studies invertebrate predators
have not, by themselves, been a sufficient factor to
induce morphological defences. Ten  ature has been
shown to be an additional positive tactor (Grant &
Bayly 1981; Havel 1985) needed as a complementary
(Hanazato 1991a) or the only influencing factor (Havel
& Dodson 1985) in the induction of cyclomorphic
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traits in some Daphnia species. The question is whether
temperature is an alternative clue, indicating that
the density of an invertebrate predator is going to
change or if it directly influences the costs or bene-
fits affecting the optimal size of a morphological
defence.

The energy cost of swimming has been investigated
for some zooplankton, mostly copepods. Most theor-
etically achieved results suggest that the swimming
cost for small crustaceans is small (Vlymen 1970;
Klyashtorin & Yarzhombek 1973). However, many of
the simplifications in the models lead to underestimates
of energy expenditure. Most models have not considered
the effect of the propulsive non-steady velocity mode
of swimming, which is probably of great importance.
In a detailed study, Morris, Gust & Torres (1985)
found the active to standard metabolism ratio of the
marine copepoad Pleuromammia xipias to range from
1-2 to 3 when swimming velocity ranged from 18 to
32mms™ (or 2-9-5-2 body lengths s™).

The swimming speed of most herbivorous zooplank-
ton is higher than should be expected if swimming
was only a way of compensating for the sinking speed
(Dodson 1996). As a high swimming speed also increases
the encounter rate to ambush predators, such as the
phantom midge larvae Chaoborus, there must be some
benefit of swimming at such a high speed. This benefit
may be that swimming speed in some way affects
the food intake. The swimming speed may influence
the food intake either by a direct relationship between
swimming speed and food intake, as proposed by
DeMott (1982) and Dodson, Hanazato & Gorski (1995),
or by the time the animals have to spend on moving
between food patches (Davis eral. 1991; Tiselius,
Nielsen & Nielsen 1994). The ability to avoid predators
in behavioural ways may also be affected by swimming
speed (Jakobsen & Johnsen 1988).

All objects protruding from the surface of an animal
affect the drag in some way; they may thus entail a

gibbera

longispina

/ carapace

/

antennae

R

antennule

Fig. 1. The two species of Bosmina. The models used in the experiments were larger
copies of these animals except the exchusion of the thrust producing antennae.

hydrodynamic cost leading to I food intake or
greater energy cost for swimming for the animal. If
these assumptions are correct, temperature may
affect cyclomorphosis in another way. The swimming
speed of small animals is reduced at low temperatures
since water is more viscous (Podolsky & Emlet 1993).
Hydrodynamic costs should thus be more pronounced
when water temperature is low and morphological
antipredator responses should not be possible to the
same extent.

Bosminids have, in compari vith Daphnia, a
steady, continuous mode of swinr -that is quite fast,
up to 9 mm s (or 18 body lengws s ') (R. Lagergren,
unpublished data). In the subgenus Eubosmina, there
is great morphological variation and many morphs/
species show cyclomorphosis (Hu  1son 1967; Hellsten
& Stenson 1995). Much less is known about the
adaptive significance of the varying traits in these
species than in Daphnia. However, in Lake Ostersjon,
Sweden, ZEubosmina coregoni gibbera (Schoedler)
(hereafter called gibbera) has been shown to show
cyclomorphosis in carapax height and antennule length
(Fig. 1), with the most extreme form appearing when
the cladoceran predator Leptodora kindtii Focke has
its maximum density in the summer (Hellsten & Stenson
1995). The related species E. longispina (Leydig)
(hereafter called longispina) is m¢  bundant in spring
and autumn. Gibbera has a better chance of survival in
association with Leptodora owine to a higher escape
ability than longispina (Hellster  agergren & Stenson
1999), but gibbera swims slower than longispina,
which can be explained by increased drag due to the
high carapace and long antennule (Lagergren, Hellsten
& Stenson 1997).

The aim of this study was to investigate the effect
of temperature on hydrodynamic costs associated
with morphological traits, using /ongispina and an
extreme form of gibbera as models. The study is
based on observations of balanced plastic models
sinking in glycerine.

Materials and methods

There are two kinds of drag: pressure drag, which
depends on inertial forces, and friction drag, which
depends on viscous forces. The Reynolds number (Re),
which is of major importance in fluid mechanics,
is an estimate of the relative importance of these
forces. The same Re guarantees that the flow patterns
around the bodies are the same (Vogel 1994). How-
ever, the pushing of water by the antennae, which
makes the animal move, leads to a somewhat differ-
ent flow pattern around the real animal compared
to the model, which has no moving appendages and
‘swims’ by gravity. This difference may influence
quantitative analysis of drag but should probably not
influence the models of the two Eubosmina species
differently. Relative comparisons, of the kind in this
study, are not likely to be affected significantly. The
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Re is proportional to the length and speed of the
object and inversely proportional to the kinematic
viscosity. If the size of an object is scaled up, the Re
can be held constant either by increasing the kinematic
viscosity of the fluid or decreasing the speed. The
intention of this experiment was to test enlarged
models of these Eubosmina species in a more viscous
fluid than their natural habitat, thus exposing the
models to the same range of Re under which the
animals  mally live.

Eubosmina coregoni gibbera and Eubosmina long-
ispina (Fig. 1) from Lake Ostersjon (S. W. Sweden)
collected in May (longispina) and August (gibbera)
were chosen as model organisms for this study.

Drawings of individuals of the two species were
made from different directions (top, side, under and
back) by using a dissecting microscope to which a
drawing tube was attached. This provided a good
image of the three-dimensional structure of the
animals. Models of each species were then sculpted
in gypsum. Both models were given the same length
(~27 mm) and volume (~5 ml). The lower body height
of longispina was compensated by a greater thick-
ness,at that differs significantly between the two
species (R. Lagergren, unpublished data). These models
were used to make silicone moulds. The experimental
models were then cast in acrylate plastic in these
moulds. For antennules, pieces of salmon ribs were
used. The experimental models lacked antennae, since
these are used for propulsion. To give the models
the correct density and centre of gravity, they were
weighed down with different amounts of lead. The
models were loaded so they fell vertically, head first,
towards the bottom under their own weight. During
the fall, the body was oriented in the same way as
in natural swimming with a maximum divergence of
30° in the medial plane.

The experiments were performed in an aquarium
with a symmetrical octagonal bottom surface with
a least radius of 20 cm and a height of 37 cm. The
aquarium was large enough to avoid ‘edge effects’
(Vogel 1994) down to Re = 0-5 according to the method
of Schlichting (1979). It was filled with 48 dm?
98-5% glycerine. The temperature was held constant at
21-0£0-1 °C. At this concentration and temperature,
the glycerine had a dynamic viscosity of 0-967 Pas
and a density of 1258 kg m™. The viscosity was
determined with a rotatory viscosimeter (Rheomat 15,
Contraves AG, Ziirich, Switzerland).

To compensate for the refractional problems arising
when an object in an aquarium is observed from outside,
the following procedure was performed. A ruler was
held in the centre of the aquarium so as to be observed
by a video camera. The graduation of the ruler was
then transformed to the wall of the aquarium by mark-
ing the points that eoincided with the graduation of
the ruler when observed through the video camera.

A model was held just below the surface in the centre
of the aquarium. It was dropped and allowed to fall

towards the bottom. This i recorded by a Panasonic
video camera that took 25 frames s™'. The speed was
measured in the interval from 20 to 30 cm from the
surface, where there was neither acceleration nor
retardation. This indicat  hat the terminal sinking
velocity had been reached and that the pravitational
force was exactly balanc 1y drag forces. Nine dif-
ferent masses, resulting in Re from about 0-5-10,
were tested for each species. The mass of the models
was estimated to the nearest 0-01 g and the volume to
10-2 ml. To estimate the wetted surface area of the
models, they were carefully covered with a non-elastic
woven tape. The surface area of the model was deter-
mined by weighing the removed tape. The number of
recorded drops per model mass was between 10 and
18. The highest numbers were for the heaviest models.
As the camera only took 25 frames s, it was difficult
to measure the exact time at high fall speeds.

MODEL

The body g as a function of speed for a Eubosmina
of natural size, swimming in water, can be calculated as
follows using the results of the experiment. When the
terminal sinking velocity is reached, the gravitational force,

Fy = V(P —~ Proc)> eqn 1

where F, is the gravitational force, ¥ is the volume of
the object, p,, is the density of the object, p, is the
density of the medium and g is the gravitational
acceleration, is exactly balanced by the drag force:
D=2"0..8,.UCspn eqn 2
(Vogel 1994, page 89) where D is drag, S,, is the
wetted surface area of the object, U is speed, Cy,n
is the so-called drag coefficient. C,,, is dimensionless
and a function only of the Reynolds number (Re).
Definition of Cy accord  to wetted surface area
is preferable because, at tow Re, this area becomes
most important for drag (Vogel 1994). If eqn | and
eqn 2 are combined, C,,, can be calculated. The
Reynolds number is calculated by the equation
Re=p. U, eqn 3
where / is the greatest length of the object in the
direction of flow, U s the velocity of the object and n
is the dynamic viscosity of the fluid (Pa s). Knowing
the Re, the speed that gives rise to the same Re, if a
Bosmina at natural size moves in water, can be cal-
culated using eqn 3. Then the drag of the Bosmina
moving at that speed can be calculated by inserting
the achieved C,., and U-values together with the
other known parameters in eqn2. As the shape is
unaltered, the area is proportional to body length
squared and the S,, at natural size is:

Sns = Soal & mog- eqn 4
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Fig. 2. Left Y-axis is drag against velocity at 5°C (a) and
20°C (b) calculated for Bosmina at natural size (O, W
gibbera and O, @ longispina). An expression of the form
D = kU + k,U? has been calculated by the least square method
for each temperature and species. (As Reynolds numbers over
8, at 5 °C, imply speeds over 25 mm s™, which is unrealistic, the
three highest measurements for each species have been excluded
from panel a and in the analysis of the expressions at 5 °C.)
The cquations are: longispina 5°C—-D =658 x 107U+
0074 % 10U gibbera 5°C - D=9-63x 105U + 0057 x 107U
longispina 20 °C -~ D =429 x 10~5U +0-091 x 10~*U?; gibbera
20 °C - D = 640 x 1075/ + 0-054 x 10-*U%. On the right
Y-axis (the dotted line) is the percentage extra drag, experi-
enced by gibbera compared with Jongispina, as a function of
velocity.

The subscripts refer to hatural size (ns) and model
(mod). The body length at natural size (/,) has
been set to 0-5 mm which is close to the popula-
tion mean of the two Bosmina populations in Lake
Ostersjon (Hellsten & Stenson 1995). As some para-
meters vary with the temperature (77 in eqn 3 and p,,.
in eqns 2 and 3), different temperatures yield dif-
ferent values of Uand D. Calculations were done for
5 and 20 °C; the resit is shown in Fig. 2. A curve of
the form
D=IlgU+ kU3 eqn 5
where k,; and k, are constants, was fitted to the rela-
tionship between velocity and body drag for each
species and temperature. This equation gave good fit
to the data (7 > 0-99).

The equations for drag vs swimming speed can then
be used to determine speed vs time, the net energy cost
and the distance travelled during a single antennae
stroke performed by these Eubosmina species. However,
eqn 5 is valid only in a steady flow. When a body
accelerates, an additional force, the so-called added
mass or unsteady force, arises because of the reaction
of fluids to acceleration. This unsteady force, G, can
be calculated using:
G = op,, VdUMde, eqn 6
where ¢ is the added-mass coefficient, a shape-
dependent factor that is close to 1-0 (Daniel 1984). A
Bosmina uses its antennae for swimming and an
antennae beat resembles a human breaststroke (Zaret
& Kerfoot 1980). The forward directed force (Fp)
during an antennae stroke is thus supposed to be
proportional to the sine of the angle between the
antennae and the direction of swimming. To simplify,
we assume that the force developed is constant
throughout the power stroke. F;, during the antennae
stroke, thus varies as
Fi=F_,sin{[180° - (e, + e )}d 't + ¢}, eqn7
where F,,, is the maximal force (when the antennae
pass at 90° from the body), ! is time, o, and o are the
angles between the antennae and the direction of
swimming at the beginning and end of the sequence,
respectively, and 4 is the duration of the stroke
(Fig. 3). From eqn 5, eqn 6 and eqn 7, together with
the following physical refationships;

F=ma, cqn 8
a=dUidt, eqn 9
F=F-D-G, eqn 10

the following differential equation is acquired:

AU, Frysin{[180°-(a,+a))ld "'t +a}—ky U—ky U
dr m+pgV
U,0) =0.

eqn 1l

Expression 11 is Newton’ second law of motion,
eqn 8, with the right side of the equation being the
forward force available (force developed minus drag
forces) divided by body mass, m, pius added mass,
PV If €qn 11 is solved in the time interval from 0 to
d, the curve of velocity as a function of time U,(r) for
the acceleration phase is obtained (Fig. 4). For the
recovery part of the cycle (Fy=0) the differential
equation is

v, _~k U-kyU?

P o paV U(0)=U\(d),

eqn 12
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Fig. 3. Antennae positions and resulting forward dir-
ected force (F;) during an antennae stroke. If F; is supposed
to be proportional to sin «, the expression becomes
F; = Fpnsin([180°- (@, + @ )ld ™'t + o} where F, is the
maximum force (when a=90°), ¢, is the angle at the
beginning of the stroke, o, is the angle when the stroke is
completed and d is the duration of the stroke. &, and a, have
been estimated to 20° from Zaret & Kerfoot (1980) based
on observations on Bosmina longirostris. The graph is valid
only il the stroke velocity and the forward velocity of the
animal are constant throughout the entire power stroke.
Neither stroke nor forward velocity is constant, but even if
thisisasimr  :ation, the function considers the propulsive
non-steady moae of swimming of a Bosmina reasonably well.
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Fig. 4. Model prediction of velocity of the animal during power stroke and recovery.
The example is for longispina at 5 °C and the net energy cost of this sequence, due to
body drag and acccleration, is 465 pl.

where U,(d) is the body speed reached after the
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dir

d .
L=j’ul(:)d:+ j’uz(:)dt, eqn 13
[ d

where r is the time of the recovery part. The amount
of energy needed (E) is

d
E= J‘U,(z)F,(:)dz. eqn 14
0

The model is then used to calculate distance travelled
(L) and energy expenditure (E) for the two species at 5
and 20 °C by varying the value of F_,.. The duration
of the power stroke (d=30ms), recovery stroke
(r = 30 ms) and the angles of antennae at the end and
beginning of the stroke (o, = o, =20°) have been
taken from Zaret & Kerfoot (1980) based on observa-
tions on Bosmina longirostris. The body mass was
estimated to 33 pug by
m=plA 173V o eqn 15
(p=1050kgm™, [,=0-5mm, [/, =27mm and
V.oa = 5 % 109 m?). Differential equations and integrals
were calculated with Mathcad plus 6-0 professional.

Results

The standard errors of the terminal sinking speed
measurements were, in all cases, less than 0-5% of the
sinking speed. In the C,,, vs Re plot (Fig.5), the
curve-fit equation

=24, 6 o
C"“~4(Re+1+1ze”2+0 4), (16)

for a sphere, given by White (1974), is included. (The
original equation was divided by a factor four,
because the C, was given for frontal area which is
one-quarter of the surface area of a sphere.) Our data
show that this equation gives a good prediction of the
Cy-values for Re from 4 to 12. For lower Re, the
achieved C, values are somewhat higher.

The calculated values of body drag as a function
of speed at natural size for the two species at water
temperatures of 5 and 20 °C are shown in Fig. 2. The
drag is clearly higher for gibbera than for longispina
at any speed and temperature in the range measured.
The second degree term is higher for longispina than
for gibbera, which means that the relative difference
in drag between the two species decreases with
increased speed as indicated in Fig.2. The drag is
greater at 5 °C than at 20 °C at all speeds, owing to
the higher viscosity. Lowering the temperature from
20 to 5 °C leads to an increase in drag of 32-50% for
longispina and 44-50% for gibbera.

The solutions of the differential equations (eqns 13
and 14) give the speed as wction of time during an
antennae stroke (Fig. 4). The agreement with the observed
speed vs time graph in the closely related species B.
longirostris (Zaret & Kerfc ~ 980) is quite satisfactory.
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The distance travelled as a function of net energy
expended on each swimming stroke, as simulated by
the model, is shown in Fig. 6. The figure shows that
longispina swimming at 5 °C and gibbera at 20 °C are
quite close to each other, whereas gibbera at 5 °C reaches
20-23% shorter and longispina at 20 °C reaches 17-20%
longer on each stroke using the same amount of energy
on each stroke. The temperature affected gibbera to a
greater extent than longispina, the lowering of tem-

2001 itish .
?cologifarllslicicty perature from 20 °C to 5 °C should reduce the distance
Functional Eong}',_ travelled per antennae stroke by 20-22% for gibbera
14, 380—387 but only 16-19% for longispina.

Discussion

Drag calculations of the swimming of small crustaceans
are fraught with difficulties. Since their Reynolds
number (Re) is in the transitional range from viscous
to pressure drag and the speed varies all the time, no
equations are reliable for this purpose. At Re below 1,
viséous drag due to the exposure of body surface is of
greatest significance for the tota ly drag (Purcell
1977; Vogel 1994). The spheroid shape is the one that
minimizes drag in this situation. The cost of protu-
berances such as spines is low at low Re because they
have a very small surface area in comparison to the
animal itself. On the other hand, traits such as
enlarged helmets and carapaces increase the body
surface to a greater extent and may thus significantly
affect the drag. At higher Re, a streamlined body
becomes more efficient and the advantage of a small
surface area diminishes.

The results of this study show that the difference in
drag between longispina and gibbera decreases as Re
increases (greater speed and/or 1er temperature).
This can be explained by gibbera, in spite of its
extreme morphology, being more streamlined than
longispina. The advantage of the small surface area,
associated with the more spherical shape of longispina,
decreases as Re increases (Fig. 2), a result that is in
concordance with hydrodynamic theory. The difference
in drag between the two species is thus dependent on
which Re you choose to examine. Only to look at .
the Re given by the mean speed may thus be mis-
leading. This indicates the importance of calculating
the drag for varying Re to enable integration of the
drag over the entire stroke cycle. Although some
simplifications occur in our analysis, e.g. the motion
of the antennae during the recovery phase and the
force function (Fig. 3), it considers the nature of the
propulsive non-steady mode of swimming and integrates
the drag over all Re to which the animal is exposed
during swimming. The difference observed in mean
swimming speed between gibbera and longispina at
21°C was about 40% (Lagergren et al. 1997). According
to our model, the difference in mean speed attained
(i.e. distance achieved per stroke times beat frequency),
if the same amount of energy and the same beat fre-
quency are used, is about 18—-20% at 5°C and 15-17%
at 20 °C.

Temperature affects the drag to a greater extent in
gibbera than in longispina. The great disadvantage of
the extreme morphology of gibbbera at low temper-
ature may at least partly explain why it is not present
in early spring and disappears in late autumn when
the water has a low temperature and high viscosity
(Hellsten & Stenson 1995). Water temperature as a
good predictor of the degree of expression of morpho-
logical antipredator defences has been recorded by
Luecke & Litt (1987). They proposed low activity of
the predator, Chaoborus, at low temperatures as
being the cause of a better prediction of neck teeth
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Fig. 7. Model of the optimal size of a hydrodynamically
costly antipredator defence. The benefit of the defence
increases with increasing temperature since the activity
of predators increases with increasing temperature. The
cost decreases with increasing temperature since the drag
decreases with increasing temperature. Optimal size of
the antipredator trait is supposed to be proportional to
the difference between benefit and cost.

production in Daphnia pulicaria, taking into account
both Chaoborus density and temperature. This may
influence the benefit of a morphological defence but
more research is needed before the relative importance
of these two mechanisms can be assessed. A hypothetical
cost-benefit model of the influence of temperature on
the optimal expression of a hydrodynamicaily costly
antipredator defence, in which both of these mechan-
isms are considered, is shown in Fig. 7. The model
predicts a temperature where the morphological
defence begins to be beneficial and a gradual increase
in the degree of development with increase in tem-
perature. At higher predator density, the defence is
beneficial at lower temperature.

The development of morphological antipredator
traits may also be affected by food density (i.e. density
of phytoplankton particles). The model by Riessen
(1992), assuming a cost in the form of increased
time to maturity, predicts that the threshold value
of predator density where morphologically defended
morphs of Daphnia pulex have a greater rate of
increase than undefended morphs should be lower
at low food concentrations. The prediction based
on this model is thus a negative correlation between
food density and the degree of development of
morphological antipredator traits. However, this kind
of cost has been questioned as a direct cost and may

instead be due to induced life-history shifts (Tollrian
1995). On the other hand, if a morphological anti-
predator trait has a hydrodynamic cost, which affects
food intake, the cost should be most pronounced at
fow food concentrations since the lower the food
concentration, the g * the velocity needed to catch
food or to swim between food patches, resulting in
greater cost. This predicts a positive relationship between
food density and defences, particularly in species
where the size of morphological defences are large
relative to the size of the body. In Daphnia carinata,
a species that develops large head crests in response
to notonectid predators, food concentration strongly
affected crest size (Benzie 1991). In other Daphnia
species with smaller relative size of antipredator traits,
food concentration had only a minor effect (Hanazato
1991b) or no effect (Tollrian 1995) on crest or spine
development. The extreme Eubosmina morphs, thersites
and gibbera, are primarily found in eutrophic lakes
(Hofmann 1996; J. A. E. Stenson, personal observation),
a circumstance that may depend on the fact that the
cost of a hydrodynamic handicap is too great in lakes
with low food availability.

In conclusion, this study has shown that the degree
of morphological difference that exists between these
Eubosmina species leads to significant differences in
drag resistance and swimming speed. Temperature
had a significant effect on the relative difference in
drag between the two species. The extreme morpho-
logy of gibbera is most unprofitable in cold water of
high viscosity where the need for food is accentuated.
We suggest that water temperature may in this way
affect the trade-off between the costs and benefits
associated with morphological antipredator defence.
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Clutc size variation and morphology in a cyclomorphic
Bosmina population

Ragnar Lagergren

Goteborg University, Department of Zoology, Section of Animal Ecology, Box 463, SE 405 30 Goteborg,
Sweden

Abstract: Clutch size, cyclomorphosis and allomometric growth were analysed in a population of the
humpbacked Bosmina (E.) coregoni var. gibbera. This species shows cyclomorphosis in two traits, antennule
length, a likely defence against invertebrate predators, and body height. As the size of the brood chamber can be
affected by the height cyclomorphosis, the variation in height might lead to seasonally varying clutch sizes.
Individuals with long antennule and extreme body height may pay a cost in terms of decreased reproductive
capacity. I tested this hypothesis by comparing the seasonal variation in clutch size with that in body size and
shape.

Relative growth rate and size of antennule and body height increased from mid May to August. Body
height and, at times, antennule length showed positive allometry being relatively larger in large individuals
which means . The of positive allometry in antennule length coincides with high population densities of the
predatory cladoceran Leptodora kindtii. Clutch size shows a decreases from spring to late summer, whivh
contradicts the hypothesis that the cyclomorphosis in height is caused by a seasonal variation in reproductive
demand. However, within dates antennule length was negatively related and body height positively related to
clutch size. I conclude that the long antennule imposes a cost which reduces the reproductive capacity. The
hypothesis that carapace cyclomorphosis is driven by seasonally varying clutch sizes is rejected.

Key words: Zooplankton, cyclomorphosis, clutch size, cost

Ii -oduction

A great number of explanations for cyclomorphosis (the yearly cyclic changes in zooplankton
morphology) have been suggested in the last decades (see Jacobs, 1987 for a review). Today
most evidence points to predation as the ultimate cause (Dodson, 1974; Dodson, 1989b; De
Stasio et al., 1990). Because the strike and handling efficiencies of s¢ invertebrate
predators are strongly affected by small differences in prey morphology, enlargements of
certain morphological traits are selected for when these predators become abundant (Dodson,
1974). When predation pressure declines, costs, associated with the defensive structure select
for a reduction of the size of the trait (Kerfoot, 1977; Harvell, 1984; Reissen, 1984).

Some of the most spectacular examples of cyclomorphosis are found among subspecies
(or forms) of the cladoceran Bosmina (E.) coregoni. Whereas foremost antennule and mucro
show cyclomorphosis in Bosmina longirostris (Hutchinson, 1967; Kerfoot, 1975b; Black,
1980; Hanazato, 1992) and Bosmina (E.) longispina (Black and Hairston, 1983; De Stasio et
al., 1990), also the entire body profile varies seasonally in some forms of Bosmina coregoni,
e.g. gibbera and thersites (Hutchinson, 1967; Hellsten and Stenson, 1995). It has been shown
in experiments that the high carapace of these animals implies a cost in terms of increased
drag (Lagergren et al., 1997), but the benefit of the trait is not clear.

The form B. (E.) coregoni gibbera (hereafter referred to as gibbera) has experimentally
been found to survive significantly better than B. (E.) longispina, which have normal low
carapace, when exposed to the cladoceran predator Leptodora kindtii (Hellsten et al., 1999).
However, another discriminating trait, the long antennule, may have a greater impact on prey
vulnerability. This can be concluded since B. (E.) c. retro-extensa, a morph with equally long
antennule but no hump, survived equally well as gibbera during Leptodora predation
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(Hellsten et al., 1999). Lagergren and Stenson (2000) showed that the smell from Leprodora
induces the development of longer antennule as well as higher carapace but if the high
carapace also protects against invertebrate predators has not been shown.

Another possible benefit of a higher carapace is that the space of the brood chamber may
be enlarged. In cladocerans, brood chamber space can restrict clutch size, ~<pecially during
high food conditions (Kerfoot, 1974). Increased brood chamber volume mi t be a response
to good food conditions when clutch sizes are large or to high densitie« of invertebrate
predators when neonates are born big (Stibor, 1992) or with large morph )gical defences
(Kreuger and Dodson, 1981). For helmeted Daphnia species a reduced maximum clutch size
due to a reduced brood chamber volume has been proposed (Jacobs, 1967) and supported by
field data on D. retrocurva (Reissen 1984). However, no such cost could be found in D.
cucullata (Tollrian, 1991). If food conditions or the size of the neonates vary seasonally and
increased carapace height incurs costs, this might favour evolution of plastic variation in
c¢arapace height. This alternative hypotheses has not been tested.

On the other hand, costs for body height and antennule length may reduce reproductive
capacity. In B, longirostris, individuals with longer antennule has been shown to lay fewer
eggs (Kerfoot, 1977). If this is the case also for individuals with high carapace and long
antennule in gibbera has not been shown.

The aim of this study is to test if the seasonal variation in hei t of gibbera is correlated
with changes in clutch size, as predicted from the hypothesis that cyclomorphosis in carapace
height should be caused by varying demands of space in the brood chamber. This was done
by comparing the seasonal patterns of clutch size and morphology in field sampled animals.
The alternative hypothesis that great height and long antennule lead to reduced reproductive
capability was tested by regressions with brood size within each date and length class. I also
describe the cyclomorphosis in height and-antennule length by analysis of allometries.

BL I
I I — >
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Fig. 1. The summer form of E. c. gibbera showing measured features, body
length (BL), body height (BH), body thickness (BT) and antennule length
(AL).
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Methods .

The Bosmina population of Lake Ostersjon, SW Sweden (57° 93' N, 12° 79' E) was
investigated during two seasons, 1996 and 1999. The lake is described in more detail in
Hellsten and Stenson (1995). Samples were taken at four occasions in 1996 (13/5, 29/5, 10/6
and 25/6) and 1999 (10/5, 2/6, 18/7 and 20/8). Animals were collected by vertical hauls from
bottom to surface with a plankton net (diameter 40 cm, mesh size 200 um) and were kept
alive in 20 litre tanks. After two hours of transportation to the laboratory, the animals were
kept at 10 °C. Single individuals were picked out randomly and fixed in a droplet of 70 %
ethanol. This procedure was used to exclude the risk of egg dropping when animals were
conserved. Measurements of morphological traits, egg number and egg length and diameter
(of one randomly chosen egg in each clutch) were done in a binocular microscope on 20-52
pregnant females per date. The measured traits were body length (BL) body height (BH) and
antennule length (AL) (Figure 1). The precision in measurements was 3 um for body traits
and +1.5 pm for egg length and egg diameter. Eggs were divided in four developmental
stages. Stages one to four corresponds to stages 1, 2-4, 5-6 and 7-8 respectively according to
Green (1956). All eggs were counted within 36 hours after the animals were sampled from the
lake.

In 1999, five samples at each date were also taken with a small net (diameter 15 cm,
mesh 100 pm) for quantitative analysis of population sizes of Bosminid species and potential
invertebrate predators. These samples were concerved in Lugol's solution. From these
samples the traits BL,, AL, BH and body thickness (BT) were measured on about S0 randomly
selected individuals of gibbera to supplement the data set for allometric analysis. In May, too
few individuals of gibbera were found in these samples so allometric analysis were carried
out only on animals picked from the tanks aimed for clutch size analysis.

Animals were divided into size classes before statistical analysis. Cyclomorphic patterns
were analyses with animals divided into 25 pm intervals from 250 um and clutch size
analyses were done with pregnant animals divided into 25 pm intervals from 375 pm.

Allometry between BL and AL and BL and BH was calculated by regression on log
transformed data. In order not to bias the result because of the size distributions, which were
quite different at different dates, the means of body length, body height and antennule length
of each size class were used as points in the analysis. The regression had the form Y = k X%
where the exponent b is the relative growth of trait ¥ and X is body length.

As collinearity, i.e. strong correlation between x-varables (James and McCulloch 1990),
was a great problem with the data set, the test for costs in terms of lower clutch sizes
associated with the antipredator traits AL and BH was made in a somewhat unconventional
way. Animals were divided in 25 pm BL size class intervals and for each date and size class
the regression between AL/BL (or BH/BL) and clutch size was calculated. The null
hypothesis, that only chance decides if these regressions happen to be positive or negative,
was then tested by comparing the number of positive and negative slopes of the regression
lines by sign test. Some investigations have found indications that food conditions may affect
the extent of cost (Kerfoot, 1977). The data was therefore analysed for two periods 10/5-2/6
and 10/6-20/8 as well as the whole period. This separates the data after high and low clutch
sizes as well as negative and positive allometry of AL in the first and second groups
respectively.

Results
Cyclomorphosis

The seasonal variation in the traits AL and BH are shown in Fig. 2. Both traits vary seasonally
in all size classes (p<0.05, ANOVA, Bonferroni adjusted p-values (Sokal and Rohlf 1995)).
Generally, AL is shorter in May-June and longer in July-August while the differences are
small between May and June and between July and August. The BH is lowest in August for
the 300-350 and 350-400 size classes, but for larger size classes August BH is significantly
higher than in May to June and of the same height or higher than in July. The difference
between dates in the smallest size class was much greater and consistent for AL than for BH.
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Fig. 2. Seasonal variation of antennule length and body height in Lake Ostersjon 1999. Data was divided in 50
pm intervals and differences between dates were tested with one way ANOVA for each size class. Sample sizes

and the significance of the ANOVA tests (*=p<0.05; ***=p<0.001) are noted.
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Fig. 3. Seasonal changes in relative growth of AL Fig. 4. Seasonal changes of body thickness. Each point
and BH in Lake Ostersjon in 1999. The error bars represents the mean of BL and BT for one size class.
represents 95 % confidence intervals. The difference between regression lines is significant

(p<0.0001, ANCOVA).

Allometry
The allometry of AL is negative in the spring and beginning of June but then changes to
strong positive allometry (Fig. 3). The positive allometries show that carapace always grows
faster in height than in length, but the relative growth increases from 1.5 in May to about 2.0
in July and August. The third trait, body thickness, also varies between dates, the animals
being significantly thinner in July and August than in the beginning of June (p<0.0001,
ANCOVA) (in May to few animals were measured to be included) (Fig. 4).

Seasonal variation in clutch size
Clutch sizes did not follow the seasonal pattern of BH variation, which should be expected if
carapace height cyclomorphosis was caused by seasonally varying demand of brood chamber
volume. In fact, the two variables show a clear inverse relationship for all size classes (Fig. 5).
Egg sizes did not vary in concert with clutch sizes or cyclomorphic changes. Eggs were
smallest in the summer and larger in both spring and late summer (Fig. 6).

Costs

As shown in Table I, no sign of cost of longer AL could be detected in any of the three groups
in this analysis. High carapace, contrary to the cost hypothesis and the BH- clutch size
seasonal patterns, showed a significant positive relationship with clutch sizes (Table II). The
relationship was clearest in the late period (p=0.004) and only marginally significant in May
to early June (p=0.066). This positive relationship between BH and clutch sizes within dates
and size class, may reflect that brood chamber volume really is larger for a higher animal, if
compared to an individual with a lower carapace but of the same length. However, it is not
sure that these animals are of the same age or instar. If animals had to reduce their speed of
length growth if they grow high this pattern should be expected. The cyclomorphosis and
variation in BH/BL may rather be a change in proportions changing both BH and BL than just
variation in the height of the carapace, thus BL*BH (or if dimensions should be conserved
(BL*BH)Y2) may be a better measure of size than BL. If the AL/BL-clutch size examination
is reanalysed using animals divided in (BL*BH)!/2 size classes a significantly higher
proportion of regressions are negative than positive in the early period (p=0.040) indicating a
cost of long antennule (Table IIT). In the late period no such relationship existed.

Predators :
Quantitative sampling of predators were performed only in 1999. The dominating invertebrate
predator was the large cladoceran, Leptodora kindtii which showed a strong population
increase from May to July-August (Table IV). Both the abundance of Leptodora (p=0.047)
and temperature (p=0.029) significantly contributed to the variation in relative growth of AL

(R2=0.99, p=0.024, n=4, multiple regression).
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Fig. 6. Seasonal variation in egg volume for developmental stages 1 to 4. Egg volume was approximated to the
volume of a spheroid (7 EL ED%/6).

Table I. Regressions of clutch size as a function of AL/BL
separately calculated for each BL-size class and date. (Regressions
with lower p-value than 0.5 have been excluded.) The Hg-
hypothesis no relationship, equal probability of a negative as
positive slopes of regression lines, has been tested with two-tailed
sign test. A significant p-value means that the number of positive
and negative regressions are more unevenly distributed than

expected by chance.
] Number of regressions
Elglg;esssmn early period late period
alldates  (10/5-2/6) (10/6-20/8)
neg 12 8 4
pos 10 4 6

p>0.5 p=0.39 p>0.5
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Table II. Same as Table I but for regressions of clutch Table III. Same as Table I with size classes
size against BH/BL instead of AL/BL. divided in (BL*BH) /2 intervals.
Regres | Number of regressions Regres- Number of regressions
sion early period late period sion early period late period
slopes | all dates (10/5-72/6)  (10/6-20/8) slopes | all dates (10/5-2/6) (10/6-20/8)
neg 3 2 1 neg 12 8 4
pos 21 9 12 pos 6 1 5
p<0.001 p=0.066 p=0.004 p=0.24  p=0.040 p>0.5

Table I “--face water temperature and densitier ~“ ~otential invertebrate predators in Lake Ostersjon 1999.
Datum  Temp. Leptodora kindtii Chaoborus sp. Cycl. cop. >1.5mm Cal. cop. >1.5 mm

(°C) (ind/m3) (ind/m3) (ind/m3) findly3)
10/5 9 24 0 7.9 9.5
2/6 13.5 1.1 o . 0 . 0
18/7 22 11.0 0 0 0
20/8 19 28.3 5.0 14 9.9
Discussion

Cyclomorphosis and clutch size
The seasonal patterns of BH and clutch size clearly reject the hypothesis that cyclomorphosis
in carapace height is caused by a demand for larger volume of the brood chamber. The
increase in BH from late spring to summer was not associated with larger clutches (Figure 5).
In fact, in most size classes mean egg numbers were fewer in the summer. However, when the
regressions of clutch size as a function of relative body height were analvsed for each date
and size class separately, significantly more correlations were positive (T  le III). This result
could be taken to indicate a reproductive benefit of wearing a higher carapace. However, an
alternative explanation is that the alteration in proportions of the carapace leads to a shorter
BL at a given age or instar, for an individual with a high carapace. Thus "higher" animals may
also be older than "lower" animals of the same BL with which they are compared. The decline
in clutch sizes during summer may be due to poorer food conditions caused by competition
and/or selection from visually feeding fish. Fishes select against females with large clutches
which increase the pigmented area and thus the visual size of the female (Svensson 1995).
Egg sizes also showed seasonal variation (Fig. 6). Similar cyclic changes in egg size have
been observed in Bosmina longirostris and may be an adaptation to fish predation as neonates
of small size have an advantage during periods of intensive fish predation (Kerfoot, 1974).
Longer antennule were associated with significantly smaller clutch sizes in spring but not
in the summer (Table III). Individuals that invest much in predator defence may therefore pay
a cost in form of reduced reproduction. Higher costs at richer food conditions was suggested
in a theoretical model by Reissen (1992) but was not supported by laboratory studies
(Tollrian, 1995). The reason for costs to be more pronounced in the early period may be that
optimal clutch sizes are reduced during periods of high risk of fish predation. If animals
voluntarily reproduce below their maximum reproductive capacity costs should not be so
accentuated. During spring when the population increase is very quick, indivi  ils reproduce
at their maximum and reproductive rate may be crucial for fitness. It has been shown also in
Bosmina longirostris that individuals with long-featured morphology may be at a
disadvantage in a low-predation environment, since they have fewer eggs than individuals
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having a short featured morphology (Kerfoot, 1977). This cost may lead to the observed
decline in the trait when predator pressure declines (Kerfoot and Peterson, 1980; Kerfoot,
1987; Hellsten and Stenson, 1995).

The effects of morphological defence on reproductive costs have also been observed in
laboratory experiments: Daphnia that were exposed to predator smell develop  fensive neck
spines and reproduce at a lower rate (Reissen and Sprules, 1990; Black and 1*~dson, 1990).
However, the results can also be explained by life history changes induced = ectly by the
predator smell (Liining, 1994) and investigations that considered this effect tailed to detect
any reproductive costs (Tollrian, 1995). In my field study clutch sizes were compared
between animals of the same length and exposed to the same environment, so the result can
not be confounded with induced life history changes. Therefore, it s~~ms likely that clutch
size to some extent was directly affected by how much the individu: invested in predator
protection, i. e. the antennule.

Why should long antennules be costly? The reason may be that long-featured individuals
also lay eggs giving raise to neonates with long AL which may affect the size or nutrient
contents of the eggs (Kerfoot, 1977). Long antennule may also have maintenance costs, e.g. a
handicap in some way when gathering food.

Allometry

In this population of gibbera, both the BH and at times also AL show positive allometry
(Fig 3), which also has been shown in earlier studies of this species (Hutchinson, 1967).
However, this is not usually the case of most traits that have been explained as antipredator
defences in other cladoceran species, e.g. the mucro in B. longirostris (Hanazato, 1992) and
other Eubosmina species (De Stasio et al., 1990). Antennule length in B.longirostris
(Kerfoot, 1975a; Hanazato, 1992) and Eubosmina longispina (Lagergren, unpublished data),
neck teeth and tail spines in Daphnia pulex (e.g. Havel, 1985) show negative allometry.
Negative allometry may exist when a trait protects against small invertebrate predators and
the need for a defence is most pronounced in young instars. Positive allometry has often been
taken to indicate anoth function of the trait than anti-predator defence, as invertebrate
predators prefer small prey (Lampert and Wolf, 1986).

Examples of other potential functions is reproductive use and protection against fish
predation. It is possible that BH and AL in gibbera may be a defence against fish predation,
but this does not seem likely. The main objection is the small size of Eubosmina. The only
known species with a morphological defence working against fish predation, Daphnia
lumholtzi, is larger (body length 0.35 to 1.2 mm) than Eubosmine~ (BL 0.25 to 0.7 mm).
Extreme spine lengths are necessary and work only against the sm st fish fry (<50 mm)
(Kolar and Wahl, 1998).

A large cladoceran predator, Leptodora kindtii, was the most common invertebrate
predator in Lake Ostersjon during the season 1999 (Table IV). Temperature and abundance of
Leptodora mainly explain the variation in relative growth of AL. This result is in concordance
with earlier results. In Daphnia retrocurva, allometric growth of the helmet was positively
correlated to lake temperature (Brooks, 1946), and in D. pulicaria, temperature together with
Chaoborus densities better predicted neck teeth development than did predator density alone
(Leucke and Litt, 1987). With its large size and large "feeding basket", a Leprodora is
potentially effective on the smallest Eubosmina irrespective of their morphological defence
structures. Larger individuals, on the other hand, are closer to the maximum prey size of
Leptodora where morphological defences usually are more effective against invertebrate
predators (Swift, 1992). In a laboratory experiment, Leptodora kairomones has been shown to
affect AL of gibbera only in adult individuals (Lagergren and Stenson, 2000). The relative
size versus body length relationship of both AL and BH also speaks in favour of this theory.
Relative sizes increase in the beginning, in concordance with both the fish and large
invertebrate predation protection hypothesis, but then decrease after a maximum at about 575
um for BH/BL and 450 pm for AL/BL (Fig 7). This maximum relative size of defence
structures correlated to intermediate body size seems to be adaptive as morphological defence
against an invertebrate predator, like Leptodora, but probably not for a fish defence. A
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relationship similar to this one is also found for relative helmet size in D. cucullata, which
shows a clear maximum at intermediate body sizes (Lampert and Wolf, 199%),

If analysed in detail, several differences between the cyclomorphosis 1 AL and BH and
adults vs. juveniles appear in this population of gibbera. The relatively hign carapace on June
2 for the old juveniles (300-350 um) and small adults (350-400 pm) size classes (Figure 2)
may be caused by a life history shift towards lower size at maturity, as thi< is the period with
most intensive fish predation (Dodson 1989a). If high carapace is an ad'  character (which
seems likely as the brood chamber is a part of the high body), this resv!t means that these
animals achieve high carapace earlier in life than others. The low BH i these two size
classes in August may also be explained by this hypothesis. Fish predation is probably lower,
which is indicated by the higher mean body size (Table V), and Eubosi a should mature
earlier. Alternatively, August may be a period when the size of the trait 1s diminishing, and
the population consists of adult individuals with fully developed traits and young with low
BH.
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Fig. 7. Relative size of carapace height (BH) and antennule length (AL) in relation to body length (BL). Second
degree polynomial regressions are fitted to each data set.
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Table V. Population densities of the Bosmina populations and mean size of gibbera in Lake Oster-

sjén 1999.
Datum  gibbera  Eub. longispina  B.longirostris  mean BL gibbera
(ind/m3) ( ind/m3) “nd/m3) (um)
105 19 1.9 1.6 381
2/6 17.3 54.8 25 369
18/7 1306 916 16.5 362
20/8 169 1314 2.1 390
Conclusion

In summary, this analysis of allometry and clutch sizes in E. gibbera shows it costs and
benefits may differ between different cyclomorphic traits within a population. Carapace
height cyclomorphosis did not incur reproductive costs in this study and was not driven by
changing brood chamber volume. Longer antennule, however, which are an effective defence
against Leptodora predation (Hellsten er al., 1999), was associated with fewer eggs,
indicating a cost of antipredator defence for long antennule.
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