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LIFE HISTORY AND MULTIPLE ANTIPREDATOR DEFENSES OF AN
INVERTEBRATE PELAGIC PREDATOR, BYTHOTREPHES LONGIMANUS

DIETMAR STRAILE! AND ASTRID HALBICH

Limnological Institute, University of Konstanz, P.O. Box 5560, D-78457 Konstanz, Germany

Abstract. Multiple antipredator defense strategies and their interactions were examined
in a field study of the predatory planktonic waterflea Bythotrephes longimanus in Lake
Constance, at the northern fringe of the European Alps. Because of its large body size and
conspicuousness, Bythotrephesis a preferred prey of freshwater fish. We observed seasonal
changes in life history and morphology and diel vertical migration, all best understood as
aresponse to fish predation. Bythotrephes population dynamics were characterized by pro-
nounced population growth in late spring, maximum abundances in June, and a steady
decline toward the end of the season. In late spring, high population growth rates were
achieved by means of large clutches, low investment in individual offspring, and small size
at first reproduction. While the population was still increasing, a marked life history shift
occurred. The reproductive strategy of females switched toward high per-offspring allo-
cation at the expense of clutch size. This change in reproductive behavior resulted in an
increase in the size of neonates and was accompanied by an increase in the size at first
reproduction. Such alife history shift is typically observed in the presence of gape-limited
predators, which points to the importance of juvenile fish as the principal vertebrate plank-
tivoresin Lake Constance. The length of Bythotrephes defensive spinaincreased throughout
the season, reflecting increasing predation pressure, probably owing to seasonally increasing
mouth gape size of juvenile fish. In contrast to the predictions of the predator-avoidance
theory, the migration amplitude of large and conspicuous Bythotrephes was small as com-
pared to other zooplankton species. We argue that theory and data can be reconciled if the
migration behavior of Bythotrephes is considered as a result of an interaction of predator
defenses in the presence of predominantly juvenile, gape-limited fish. As Bythotrephes
achieved protection because of its life history and spina, the costs of large diel migrations
may outweigh the benefits.

Key words: alternative antipredator defenses; Bythotrephes; diel vertical migration; gape-limited
predation; juvenile fish; Lake Constance, European Alps; life history; morphological defense; offspring

allocation; reproductive investment.

INTRODUCTION

Predation is known to influence the biology of prey
species in numerous respects, including their mor-
phology (Harvell 1984, Bronmark and Miner 1992,
Tollrian 1995), behavior (Limaand Dill 1990, Lampert
1993, Sih 1994), and life history traits (Crowl and Cov-
ich 1990, Wellborn 1994). The intensity of a predator—
prey interaction, the direction of the selection pressure
imposed on the prey population, and the suitability of
a certain defensive trait depend on the type of predator
(Polis 1988, Wilbur 1988, Persson et al. 1996). Non-
gape-limited predators (NGLPs) whose prey size win-
dows encompass the size spectra of a prey population
generally select the largest individuals of a population
(Brooks and Dodson 1965, Wellborn 1994). Feasible
defensive responses to NGLPs include life history
shifts (Wellborn 1994, Rodd and Reznick 1997) and
behavioral defenses (Lampert 1993, Endler 1995, Pers-
son et al. 1996). The prey size window of a gape-
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limited predator (GLP) does not include the large in-
dividuals of a prey population (Huangh and Sih 1991,
Wellborn 1994). In responseto GLPs' life history shifts
(Crowl and Covich 1990, Tollrian 1995), behavioral
defenses (Kvam and Cleiven 1995) and morphological
defenses are common (Stemberger and Gilbert 1987,
Wicklow 1988, Bronmark and Miner 1992, Tollrian
1995). Some species are known to exhibit several de-
fensive traits. For example, daphnids may react to in-
creased predation pressure with life history shifts (Tay-
lor and Gabriel 1992, Tollrian 1995) and changes in
behavior (Lampert 1993, Kvam and Cleiven 1995) and
morphology (Tollrian 1995, Swaffar and O’'Brien
1996). Likewise, increased predation pressure on gup-
piesisassociated with changesin life history, behavior,
body form, and color (Endler 1995). While the pre-
dation effect on individual defensive traitsiswell stud-
ied, relatively little is known concerning the effects of
predation on the interactions between different traits
(Sparkes 1996, De Meester et al. 1995).

The freshwater onychopod cladoceran genus Bytho-
trephes longimanus (Cladocera, Cercopagidae) is na-
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tiveto lakes throughout the Palearctic (Berg and Garton
1994) and reproduces parthenogenetically during the
summer and gametogenically during autumn (Mordu-
khai-Boltovskaya 1957, Ketelaars et al. 1995). Because
of itslarge body size, Bythotrephesis highly positively
selected by adult fish, i.e., NGLPs, and thus is impor-
tant if not dominant in thediet of fish in many temperate
lakes, including Lake Constance (Giussani 1974, Nils-
son 1974, Langeland 1978, Fitzmaurice 1979, Becker
1992). However, not adult fish but juveniles are re-
garded as the most important planktivorous fish in
many lakes (Mehner and Winfield 1997). As mouth
gape size increases with growth, juvenile fish switch
progressively to larger prey items and finally start to
ingest Bythotrephes around midsummer (Hartmann
1983, Jachner 1991, Wang 1994) but remain GLPs in
respect to Bythotrephes (Barnhisel and Harvey 1995).
Hence, Bythotrephes is exposed at the same time to
GLPs and NGLPs, i.e., juvenile and adult fish. Many
studies focus on the effects of a single type of predator,
and relatively few have compared the effects of dif-
ferent types of predators on prey populations (Wilbur
and Fauth 1990, Kurzava and Morin 1998, Sih et al.
1998). The exposure of prey species to different size
classes, species, and types of predators is probably the
norm rather than the exception (Hall and Raffaelli
1991, Polis 1991) and may have effects that cannot be
predicted simply by summing the effects of single pred-
ator types (Sih et al. 1998).

The defensive repertoire of Bythotrephes consists of
morphological (spina formation), behavioral (diel ver-
tical migration [DVM]), and possibly life history de-
fenses. The spina of Bythotrephes is a potent defense
against young fish and may result in aversion to at-
tacking Bythotrephes after several unsuccessful at-
tempts by juvenile fish to ingest Bythotrephes (Barn-
hisel 1991a, b). DVM has been observed in some lakes
(Lehman 1987) but not in others (Lampert 1993, Yan
and Pawson 1997). Recently, differing sizes of Bytho-
trephes in the Laurentian Great Lakes were attributed
to a shift in life history in response to fish predation
(Bilkovic and Lehman 1997). So far, no study has ad-
dressed all potential defenses within a single popula-
tion of Bythotrephes, and few have examined inter-
action of defenses in other zooplankton species (De
Meester et al. 1995). As both Bythotrephes and white-
fish are native species in Lake Constance, a complex
array of evolved antipredator defenses of Bythotrephes
that facilitates its coexistence with NGLP and GLP can
be expected. In this study we examine the population
dynamics, life history, and morphological and behav-
ioral defenses of B. longimanus in deep and large Lake
Constance. We evaluate and interpret seasonal life his-
tory shifts in light of expectations derived from life
history theory and discuss the trade-off between the
three different types of defenses.
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Fic. 1. Adult Bythotrephes female with three paired
barbs. For each individual body size, brood sac length (BL)
and spina length were measured to the nearest 0.25 mm.

StubyY SITE AND METHODS

Large (472 km?), deep (Znen = 101 m) Lake Con-
stanceis situated at the northern fringe of the European
Alps. Productivity and population dynamics of various
planktonic taxa, as well as ecosystem properties, have
been studied in great detail during the last decades
(Bauerle and Gaedke 1998). The crustacean zooplank-
ton community consists of two Daphnia species, two
Bosmina species, Eudiaptomus gracilis, three cyclo-
poid copepod species, and the predatory cladocerans
Leptodora kindtii and Bythotrephes|ongimanus (Straile
and Geller, 1998). The pelagic fish community is dom-
inated by whitefish (Coregonus lavaretus).

Sampling sites for the present study were located
within the northwestern part of the lake, the fjordlike
Uberlinger See. B. longimanus was collected with a
Clarke-Bumpus Sampler (335 wm mesh size; Kahl Sci-
entific Instrument, El Cajon, California, USA) by ver-
tical hauls from the bottom of three sampling sites, i.e.,
140 m (site 1), 100 m (site 2), and 40 m (site 3). Sam-
pling was done from April until November twice a
week at site 1. Sites 2 and 3 were sampled once a week
when Bythotrephes occurred in high numbers, from late
June to November. If necessary, we took up to three
net hauls per site and day to obtain sufficient numbers
(~100 individuals) of Bythotrephes for reliable mea-
surements on life history parameters and body dimen-
sions. All samples were preserved in 4% sucrose-for-
malin. Profiles of water temperature and autofluores-
cence of chlorophyll a were recorded with a combined
temperature-fluorescence-turbidity sensor (Meeres-
technik, Trappenkamp, Germany) and transparency by
the use of a Secchi disk (30 cm diameter). Daphnids
were collected at site 1 with a Clarke-Bumpus Sampler
(140 pm mesh size).

From all individuals collected in each net tow, body
size, spina length, and the length of the brood pouch
(BL) were measured to the nearest 0.25 mm (Fig. 1).
Because Bythotrephes shrinks in sucrose formalin dur-
ing the first day of preservation (Yan and Pawson
1997), we report only length measurements done after
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this period. Age-specific morphological stages of the
animals were distinguished by the number of paired
barbs at the base of the spina: Neonates possess one
pair of barbs, and a new pair is added at each molt
(Yurista 1992). According to the number of paired
barbs, we refer below to neonates (instar 1), instar-Il,
and instar-111 females. Four stages of brood develop-
ment were identified: egg, embryos without pigmented
eyes, embryos in the red-eye stage, and embryosin the
black-eye stage. Additionally, resting eggs were dis-
tinguished. Clutch size within the egg and nonpig-
mented embryo stages is not easily observable, owing
to the small size and inconspicuousness of eggs and
embryos (Yurista 1992). Hence, we report clutch size
for the red-eye and black-eye stages, and for resting
eggs. The latter differ from parthenogenetic eggs in
color and shell thickness (Herzig 1985) and are ob-
servable within the brood pouch.

Reproductive investment of Bythotrephes was mea-
sured using females collected in June 1998 that varied
in clutch size and brood stage. They were narcotized
in soda water, and their body dimensions (body size,
BL, and spinalength) were measured to the nearest 0.1
mm. Embryos were removed from the brood pouch of
37 randomly selected females. Only large unpigmented
and pigmented embryos could be removed. Dry mass
(dm) of broods was determined after freezing and lyo-
philization of embryos (Berberovic and Pinto-Coelho
1989). From this, average embryo mass in each clutch
was calculated as: average embryo mass = brood mass/
clutch size.

The vertical distribution of Bythotrepheswas studied
from 4 to 5 July 1996. Triplicate samples were obtained
from six depth intervals (0-5 m, 5-10 m, 10-20 m,
20-30 m, 30-50 m, 50—140 m) with a Clarke-Bumpus
sampler (335 wm mesh size) at 1200, 2030, 2400, and
0400. Animals were grouped into three categories ac-
cording to their presumed susceptibility to visual
planktivory, i.e., neonates, adults, and adults with
brood sacks containing pigmented embryos (red-eye
and black-eye stage).

The analysis of relationships between parameters
sampled during a seasonal course is fraught with prob-
lems arising from autocorrelations. We addressed these
problems by using two approaches. First, we analyzed
rel ationships between various characteristics of Bytho-
trephes by using an ANCOVA approach, in which
““date’” was included as a classification variable into
the set of independent variables. This allowed us to
examine the relationships between various body di-
mensions of Bythotrephes, while holding constant any
effects of seasonal changes of the dependent parame-
ters. We did not transform data prior to these analyses,
because our sample sizes were large and the central
limit theorem applies (Kendall and Stuart 1977). Sec-
ond, covariation in seasonal trends of variables was
examined by computing Pearson correlation coeffi-
cientsfor averages of data at individual sampling dates.
These data were logtransformed to meet assumptions

of the models. For all analyses, we combined theresults
of all sampling sites, as no systematic differenceswere
found in respect to the objectives of the present study.
Statistical analyses were performed with SAS (SAS
1988).

REsuLTS

Surface water temperatures in Lake Constance ex-
hibited a pronounced seasonality, increasing from 4°C
in late winter to >20°C in summer (Fig. 2a). Chloro-
phyll a concentrations increased by one order of mag-
nitude and biomass of daphnids by three orders of mag-
nitude during spring (Fig. 2c, d). High biomasses of
daphnids resulted in a pronounced clear-water phase
throughout June (Fig. 2b). Bythotrephes was absent in
our samples until the beginning of May, and abun-
dances remained low until the end of May, when the
population started to increase. Maximum abundances
were obtained in June and followed by a steady decline
throughout the rest of the season (Fig. 3). The vast
majority of individuals sampled were neonates or in-
star-11 females. Only 50 out of >8000 individuals ob-
served possessed three paired barbs. Occurrence of in-
star-111 individuals was restricted to the time of max-
imum population abundance, i.e., in June (Fig. 4a). We
observed 9.4 * 3.4% of instar-Il females with pig-
mented embryos (red-eye and black-eye stage) at in-
dividual sampling days during summer (Fig. 4b). Very
few females carrying resting eggs were observed in
summer. Their contribution increased strongly from
September onwards (Fig. 4b), as did the share of males
(Fig. 4a).

The number of Bythotrephes offspring can only con-
fidently be counted when embryos reach the red-eye
stage. Because only ~10% of the fecund femal es were
found within this stage (Fig. 4b), the possibility for
obtaining life history data for this species is restricted.
To overcome this limitation, we investigated the suit-
ability of brood sac length as a proxy variable for re-
productive investment of females. Parthenogenetic
young of Bythotrephes do not develop from yolk-rich
eggs, as do other cladocerans. Instead, eggs are de-
posited into the brood sac without a shell or yolk and
are nourished by fluids surrounding them (Yurista
1992). This means that reproductive investment in em-
bryos is a continuous process, lasting from the depo-
sition of eggs until the release of embryos, and is not
already fixed at the initial deposition of eggs, as in
other cladocerans. As Bythotrephes embryos grow,
they greatly expand the brood sac (Yurista 1992). Con-
sequently, to serve as a proxy, BL should account for
changes in clutch size and developmental stage of
broods. BL was positively correlated with clutch size
(P < 0.0001, Fig. 5a), and it differed significantly
among all developmental stages considered (Tukey—
Kramers's procedure for multiple comparisons, all pair-
wise comparisons: P < 0.05, Fig. 5b). Brood sacs with
black-eye stage embryoswere on average twice aslarge
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Seasonal patterns (mean = 1 se) of (A) temperature, (B) Secchi depth, (C) chlorophyll a, and (D) Daphnia

abundance. Temperature and chlorophyll a represent average values of the upper 8 m of the water column. Sampling was
done at site 1 during the whole study period and at sites 2 and 3 from June to November. Daphnid abundance was only

recorded at site 1.

as brood sacs with parthenogenetic eggs (Fig. 5b). As
clutch size and BL exhibited strong seasonal patterns,
we further analyzed the relationship between these pa-
rameters, while accounting for seasonal effects using
date as a classification variable in ANCOVA. After
adjusting for date, BL and brood stage were still strong-
ly related to clutch size (Table 1a). Additionally, body
size contributed significantly to the model; i.e., larger
females had on average larger BL. The interaction be-
tween clutch size and brood stage did not contribute
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Fic. 3. Average abundance of Bythotrephes longimanus
(mean = 1 se) during the study period. Sampling at site 1
covered the whole study period; sites 2 and site 3 were sam-
pled additionally from June to November.

significantly to the model. We repeated this analysis
for alarger data set consisting of all femaleswith brood
pouches containing parthenogenetic eggs or embryos
(Table 1b). Within this data set, we could not test for
the effect of clutch size, because it was not observable
for females with unpigmented embryos. Brood stage
and body size were significantly related to BL also
within this data set (Table 1b).

The suitability of BL as a proxy of reproductive in-
vestment was further confirmed by analyzing the re-
lationship between BL and brood mass in June 1998.
Brood mass increased with increasing BL (Fig. 6a, P
< 0.0002). Clutch size and brood stage were only
weakly related to brood mass (P < 0.06 and P < 0.04,
respectively) because of an inverse relationship be-
tween average embryo mass and clutch size (Pearson
correlation coefficient: r = —0.71, P < 0.0001, Fig.
6b). The average dry mass of embryos from clutches
<4 was >200% the dry mass of embryos from large
clutches.

Average clutch size decreased sharply from >7 at
the beginning of June to 2 embryos/clutch from July
onwards, and increased again in October (Fig. 7a). Av-
erage BL of females with pigmented embryos, but also
average BL of females with parthenogenetic eggs and
unpigmented embryos, showed a similar seasonal pat-
tern. However, the <50% decrease in BL during June



154

Males
| I instar 11
D Instar Il

nstar |

A 1007

__ 80;

&L

o

£ 601

>

2

2

S 40+

3

@

£
20
0,

g 100,

801

60 -

401

20

Brood stage distribution (%)

Resting eggs

[~ ] Black-stage
embryos

I Red-stage

embryos

|| Umpigmented
embryos

[I1]] Parthenogenetic
eggs

J J A S

Month

FiG. 4.
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(Fig. 7b) was small compared to the ~75% decrease
in clutch size (Fig. 7a). Using the relationship between
brood mass and BL (brood mass = 19.54 + 91.35 X
BL, Fig. 6a), we can estimate the seasonal course of
brood mass from the seasonal course of the average
BL of females with pigmented embryos, i.e., with em-
bryos close to hatching. Brood mass, which is a mea-
sure of total investment in reproduction, decreased dur-
ing June and the first two weeks of July but remained
at a rather high level throughout the season (Fig. 8a).
In contrast, average embryo mass (=brood mass/clutch
size), which is a measure of per-offspring allocation,
was estimated as ~20 ng dm at the beginning of June
and increased ~300% towards summer (Fig. 8b).
Average body size of neonates and instar-11 females
increased from low values in June towards summer
(Fig. 9a, b). From July until the end of summer, neonate

O N

(A) Relative seasonal occurrence of neonates, instar-11, and instar-111 females and males. (B) Brood stage com-

body size stayed constant, while the body size of
instar-11 females continued to increase. This resulted
in an increasing difference between neonate and instar-
Il body size (Fig. 9c, Pearson correlation coefficient:
r = 0.76, P < 0.0001). Average body size of neonates
was negatively related to average clutch size (Pearson
correlation coefficient: r = —0.63, P < 0.0004), and
positively related to average embryo mass (r = 0.65,
P < 0.0002), which suggests that increased per-off-
spring allocation of females resulted in increased body
size of neonates. The seasonal increase in body size of
instar-11 females was accompanied by an increase in
the size at first reproduction, estimated as the size of
the smallest female carrying pigmented embryos at the
respective sampling dates (Fig. 10, Pearson correlation
coefficient between size at first reproduction and date:
r = 0.52, P < 0.003).
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Fic. 5. Relationship of brood sac length to (A) clutch size for adults with pigmented embryos (r2 = 0.34, P < 0.0001)
and (B) developmental stage of offspring for all adult females with brood pouches. Vertical linesindicate =1 sp. The number
of measured individuals is given below each line. Brood sac length differed significantly among all developmental stages (P

< 0.05, Tukey-Kramer procedure for multiple comparisons).

Body size of individual Bythotrepheswas only weak-
ly related to their spinalength (Table 2). An ANCOVA
with the independent variables date, instar, body size,
and their interactions could only explain 27% of the
variability in spina length. The significance of inter-
action terms suggests that the relationship between spi-
na length and body size was not constant throughout
the season and differed between instars. The slope of
the spina-length/body-size relationship was positive

TaBLE 1. ANCOVA for effects of date, brood stage, clutch
size, and body size on BL. (a) For females with pigmented
embryos, clutch size was determined and was included in
the set of independent parameters. The interaction between
clutch size and brood stage did not contribute significantly
to the model and was removed. (b) For all reproductive
females, clutch size was not always determinable and hence
could not serve as an independent parameter in this model.

Source df  Typelll ss F P
a) Females with pigmented embryos
Date 26 0.901 1.43 0.0816
Brood stage 1 0.152 6.28 0.0127
Clutch size 1 0.896 37.08 0.0001
Body size 1 0.941 38.92 0.0001

Error degrees of freedom = 333
Error sum of squares = 8.05

rz = 0.47

b) All reproductive females
Date 34 32.92 33.07 0.0001
Brood stage 3 115.34 1313.13 0.0001
Body size 1 11.78 402.33 0.0001

Error degrees of freedom = 2422
Error sum of squares = 70.9
rz=0.71

and highly significant for the first two sampling dates
in June (P < 0.001) and was not different or only
slightly different from zero during the rest of June and
inJuly (Fig. 11). From August onwards, we again found
positive relationships between the two variables. Spina
length of neonates increased strongly during June from
4.5 mm to >5 mm and remained at this level until the
end of October (Fig. 12a). Average spina length of
instar-11 females showed a steady increase throughout
the season (Fig. 12b). The difference in average spina
length between neonates and instar-1l females in-
creased continuously (Fig. 12c, Pearson correlation co-
efficient between differencein average spinalength and
date: r = 0.49, P < 0.0035). During June and July, the
difference in spina length was small, but from August
onwards instar-11 females had larger spines than neo-
nates.

Average spina length of both neonates and instar-I1
females was related to average body size of neonates
and instar-11 females (Pearson correlation coefficients:
r = 050, P < 0.0025 and r = 0.70, P < 0.0001,
respectively). However, the increase in spina length
was partially independent from the increase in body
size. For example, spinalength of instar-11 femaleswith
a body length of 1.8 mm increased from an average of
5 mm in June to an average of 5.4 mm in October.

The vertical distribution of Bythotrepheswas studied
for neonates, females carrying eggs or embryos with
unpigmented eyes, and females carrying embryos with
pigmented eyes. During the night all three groups
stayed within the upper 20 m (Fig. 13). During the day
they migrated to deeper water layers. This migration
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Fic. 7. Seasonal patterns of (A) clutch size and (B) brood
sac length (BL). The seasonal pattern of BL is shown for
females carrying eggs and nonpigmented embryos (circles),
and for females with pigmented embryos (triangles). Open
symbols represent observations based on <10 individuals;
solid symbols represent observations based on >10 individ-
uals.

was most pronounced for females carrying embryos
with pigmented eyes, intermediate for females with
eggs and unpigmented-eye embryos, and absent for ne-
onates. An analysis of variance (Table 3) revealed sig-
nificant diel changes in the distribution patterns of the
total population (time X depth interaction: P <
0.0001), and significant differences in depth distribu-
tion of stages (depth X stage interaction: P < 0.0001),
aswell asin stage specific DVM (depth X time X stage
interaction: P < 0.0001).

DiscussioN

The environment of zooplankton in temperate lakes
is characterized by large seasonal fluctuations. Abun-
dances of a preferred food species for Bythotrephes,
i.e., daphnids (Mordukhai-Boltovskaya 1958, Schulz
and Yurista 1995), increased by ~3 orders of magni-
tude from winter to late spring in Lake Constance. Be-
cause of high clutch sizes, increasing water tempera-
tures, and prey abundances, Bythotrephes achieved a
high net population increase during June. From mid-
June until October, Bythotrephes was the dominant diet
of adult planktivorous fish (mostly whitefish) in Lake
Constance (Becker 1992). Additionally, juvenile perch
and whitefish started to ingest Bythotrephes in Lake
Constance around July, but in contrast to adult fish,
they fed predominantly on smaller cladocerans during
their first summer (Hartmann 1983, Wang 1994). How-
ever, as young-of-the-year fish normally exceed their
older conspecifics strongly in numbers, it is unclear
whether it is the juvenile or the adult fish that exert
the dominant predation pressure on Bythotrephes in
Lake Constance.

Bythotrephes females sampled in June 1998 varied
in their reproductive strategies. Some females had high
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FiG. 8. Predicted seasonal pattern of (A) brood mass (total
maternal investment) and (B) embryo mass (per-offspring al-
location) of Bythotrephes females. Predictions (mean * 1 sg)
are based on the seasonal patterns of brood pouch length (BL)
of females with pigmented embryos and clutch size (see Fig.
7) and the relationship between BL and brood mass (see Fig.
6a).

clutch sizes with low-mass embryos, whereas others
had small clutches with embryos weighing on average
approximately twice as much as embryos of large
clutches. Thistradeoff between offspring size and num-
bers (Smith and Fretwell 1974) is well known in many
plant and animal species (Roff 1992). Because BL ac-
counts for these differences in reproductive strategy, it
is a more useful predictor of females’ reproductive in-
vestment than clutch size. Measurements of BL and
clutch size suggest a life history shift of the Bythotre-
phes population during early summer, which is addi-
tionally supported by increases in neonate size (Fig.
9a) and size at first reproduction (Fig. 10).

Thislife history shift seems not to be related to food
limitation and predation by adult fish, but is best un-
derstood as a response to increasing grazing pressure
of juvenile, gape-limited fish. A shift towards the pro-
duction of large offspring by zooplankton has been
observed as a result of food limitation. For instance,
Daphnia produced smaller clutches with larger eggs at
low food levels compared to high ones (Gliwicz and
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Fic. 9. Seasonal changes in (A) average body size of
neonates, (B) average body size of instar-1l females, and (C)
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solid symbols represent observations based on >10 individ-
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FiG. 10. Sizeat first reproduction of Bythotrephesfemales
estimated as the size of the smallest female carrying pig-
mented embryos on the respective sampling dates. Open sym-
bols represent observations based on <10 individuals; solid
symbols represent observations based on >10 individuals.
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TaBLE 2. ANCOVA for effects of date, body size, instar,
and their interaction on spina length.

Source df Typelll ss F P
Date 35 23.66 5.27 0.0001
Body size 1 221 17.22 0.0001
Instar 2 15.18 59.09 0.0001
Body size X date 34 29.52 6.76 0.0001
Instar X date 36 6.88 1.49 0.0304

Body size X instar 2 18.00 70.08 0.0001

Error degrees of freedom = 5771
Error sum of squares = 741
rz=.0.27

Guisande 1992). Larger eggs will give birth to larger
neonates, which are assumed to be more resistant to
food limitation than neonates hatched from smaller
eggs (Tessier and Consolatti 1989, Gliwicz and Guis-
ande 1992, Burns 1995). However, as the major life
history shift of Bythotrephes in Lake Constance oc-
curred during June, when the biomass of a preferred
prey (Daphnia) was still increasing, it was unlikely to
be caused by food limitation. Furthermore, production
of resting eggs that may indicate scarcity of prey (Yan
and Pawson 1998) did not start in reasonable numbers
until the end of August (Fig. 4b).

Predation by adult fish, i.e., NGLPs, can also most
probably be excluded as a reason for the observed life
history shift, because it selects for large clutch size,
small offspring size, and small size at first reproduction
(Taylor and Gabriel 1992, Vonder Brink and Vanni
1993, Wellborn 1994, Rodd and Reznick 1997). Fur-
thermore, as large planktivorous fish usually select the
largest prey items, a shift from producing many small
to few large offspring can be considered rather detri-
mental to the survival of offspring. The life history
shift of Bythotrephes matches, however, the response
expected in the presence of GLPs (Crowl and Covich
1990, Taylor and Gabriel 1992, Tollrian 1995), in this
case, juvenile fish. Larger neonates born also with a
large caudal spina could be more resistant to the pre-
dation of GLPs.

Plankton ecologists usually distinguish between the

effects of vertebrate and invertebrate predators on prey
life histories (Lampert and Sommer 1993). For most
predator-prey pairs, this taxonomic perspective is also
afunctional one, inthe sense that invertebrate predators
of planktonic prey can be considered as size-or gape-
limited predators, whereas vertebrate predators, e.g.,
fish, are NGLPs. Given the predator—prey interaction
between juvenile fish and Bythotrephes, the taxonomic
classification of predation regimes is misleading. This
might explain why previous studies neglected predation
pressure of juvenile fish as a potential cause for sea-
sonal changesin, e.g., Bythotrephes' body size, which
were observed in Lake Michigan (Burkhardt 1994),
Harp Lake (Yan and Pawson 1998), and the Biesbosch
Reservoirs (Ketelaars et al. 1995). However, predation
by juvenile fish could explain the observed patternsin
Lake Constance as well as in other lakes.

The seasonal variability of spina length further sug-
gests that juvenile fish impose an important selection
pressure on Bythotrephes. During the period of low
predation pressure by GLPs, i.e., before July, the spina
issmall. Asjuvenilefish increasein size, they are more
likely to consume Bythotrephes (Jachner 1991, Mills
et al. 1992, Barnhisel and Harvey 1995, Branstrator
and Lehman 1996). The probability of ingestion of By-
thotrephes by juvenile yellow perch decreases with in-
creasing spina length (Barnhisel 1991b). Hence, the
seasonal increase in spina length may result from in-
creasing predation pressure due to decreasing gape lim-
itation of juvenile fish.

The increase in spina length was partially due to an
increase in body size of Bythotrephes, which was ex-
pected from a first-order allometric relationship be-
tween body size and spina length across Bythotrephes
population in Europe (Fig. 14, datafrom Ischreyt 1930,
1934, 1939). However, spina length increased also in-
dependently during the season, indicating increased in-
vestment into spina increment. The lack of a relation-
ship between spina length and body size, along with
the lack of a difference in spina length between neo-
nates and instar-11 females during June and July, con-
trasts with the allometric relationship and with the on-

1.4+ ~06
[ ]

FiGc. 11. Seasonal changes in the body-size/
1.0 spina-length relationship indicated by the slope
g ® 04 (circles; left y-axis) and r? (needles; right y-axis)
O of regression models with spina length as the
8— 0.6 P © . dependent variable are indicated by half-solid
) ' o © circles; slopes and body size as the independent
g '..O b & 02 variable. Slopes that differ significantly from
0.2 b 0 © ' zero at P < 0.001 are indicated by solid circles,
' OO O and slopes differing significantly from zero at
o OO ' l ’ C’ ‘ H P < 0.05 as the dependent variable areindicated
02, QD - | | ‘ LA ‘ 0.0 by half-solid circles; slopes not differing sig-

! !
J J A S ) N

Month
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FiGc. 12. Seasonal changesin (A) average spinalength of
neonates, (B) average spina length of instar-Il females, and
(C) the difference in spina length between the two groups.
Open symbols represent observations based on <10 individ-
uals; solid symbols represent observations based on >10 in-
dividuals.

togenetic spina growth pattern. Ontogenetic growth of
the caudal spine of Bythotrephes occurs between molts,
when an additional pair of lateral spinesis added (Yu-
rista 1992). Hence, spina length of instar-Il females
should exceed spina length of neonates. Similar-sized
spines of neonates and instar-Il females may result
when selection pressure changes rapidly within one
generation. Instar-Il females observed during the end
of June and the beginning of July probably belonged
to the high clutch size/low embryo weight clutcheswith
small spines from the first part of June. Fecund them-
selves, they produced low clutch sizethigh embryo
mass clutches with obviously rather large-spined ne-
onates. If, additionally, instar-1l females had not in-
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Fic. 13. Depth distribution of neonates (triangles), adults
with nonpigmented embryos (squares), and adults with pig-
mented embryos (circles) shown by quartile depths. Symbols
refer to Q-50; lines extend to the interquartil range (Q25—

Q75).

vested much in spina increment during their first molt,
this would have resulted in the lack of a relationship
between spinalength and body size (Fig. 11) and small
differences in spina length between neonates and
instar-11 females during these months (Fig. 12c).

In contrast to our observations, spina length of B.
longimanus in the Biesbosch reservoirs was seasonally
invariant and small, at ~5 mm, i.e., the average spina
length of Bythotrephesin Lake Constance during June,
which was attributed to low predation pressure by fish
in the Biesbosch reservoirs (Ketelaarset al. 1995). This
supports the idea that Bythotrephes does not invest in
spinaincrement when predation pressure is low, which
was the case during June in Lake Constance. However,

TaBLE 3. Results of athree-way ANOV A on the time—depth
distribution of Bythotrephes. The dependent variable is By-
thotrephes abundance (no. individuals/L). Independent cat-
egorical variables were time, depth, group, and interaction
terms.

Type Il
Source df ss F P
Time 3 0.00157 6.04 0.0007
Depth 5 0.05234 121.05 0.0001
Depth X time 15 0.01520 11.72 0.0001
Stage 2 0.02525 145.99 0.0001
Time X stage 6 0.00142 2.74 0.0148
Depth X stage 10 0.01684 19.47 0.0001
Depth X time X stage 30 0.01316 5.07 0.0001

Error degrees of freedom = 144
Error sum of squares = 0.0125
rz =091

Notes: Individuals were categorized into three groups: (1)
juveniles and adults without brood sac, (2) adults with brood
sacs containing eggs or unpigmented embryos, and (3) adults
with pigmented embryos. The analysis was based on 216
samples and 2120 individuals. Data were not transformed
because N was large and the central limit theorem applies
(Kendall and Stuart 1977).
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Fic. 14. Relationship between average body size and av-
erage spina length within populations of Bythotrephes lon-
gimanus and Bythotrephes ceder stroemi (spinalength = 0.79
+ 2.24 X body size, r2 = 0.86, P < 0.0001). Populations
were sampled from 19 lakes across Europe, i.e., from north-
ern, eastern, and perialpine Europe in the first half of the 20th
century (Ischreyt 1930, 1934, 1939).

increasing predation pressure by juvenile fish probably
caused a selection towards larger spined Bythotrephes
as the season progressed.

The small migration amplitude of Bythotrephes
found in this study and in other lakes (Dokulil et al.
1990, Lampert 1993, Yan and Pawson 1997) does not
confirm at first sight to the predator avoidance theory
of DVM (Lampert 1993), which predicts large migra-
tion amplitudes for large and conspicuous organisms
such as Bythotrephes (Lampert 1993, Hays et al. 1994).
In contrast, less conspicuous Daphnia hyalina exhibits
a DVM in Lake Constance twice the amplitude of By-
thotrephes females carrying pigmented embryos and
six times the amplitude of the total Bythotrephes pop-
ulation (Einsle 1969, Geller 1986, Stich 1989). The
contradiction between current theory and data can be
reconciled if the degree of DVM performance of By-
thotrephes is viewed as resulting from an interaction
between different antipredator defenses, and if juvenile
fish are recognized as the dominant planktivorous fish
in these lakes. Generally, the amplitude of DVM results
from a tradeoff between benefits due to decreased pre-
dation rates by fish and costs caused by reduced growth
rates in cold hypolimnetic waters (Lampert 1993). If a
defensive trait reduces mortality, it will necessarily in-
fluence the trade-off associated with other traits (De
Meester et al. 1995, Sparkes 1996). Alternative anti-
predator defenses, such as spina formation and appro-
priate life history, reduce the mortality of Bythotrephes
caused by GLPs and hence reduce the benefits that
could be gained through DVM. This should result in a
smaller optimum migration amplitude of Bythotrephes
compared to daphnids, which are not protected other-
wise against juvenile fish.

Migration patterns of different development and/or

reproductive stages of Bythotrephes varied according
to the predictions of current DVM theory. Larger zoo-
plankton have been repeatedly observed to reside at
greater day depths than smaller individuals (Hays et
al. 1994, Leibold et al. 1994). The brood sac of By-
thotrephes with embryos is almost as large as the body
of Bythotrephesitself, and the colored eyes of embryos
enhance the conspicuousness of Bythotrephes females
further, as was demonstrated also for gravid females of
daphnids (Koufopanou and Bell 1984), copepods (Win-
field and Townsend 1983), and prawns (Berglund and
Rosenquist 1986). Hence, migration behavior of By-
thotrephes seems to contradict the predator-avoidance
theory at the large scale (overall amplitude was small
as compared to other zooplankton species) but is in
agreement with theory at the smaller scale; i.e., size
specific migration within the overall small migration
amplitude varied according to the predictions. This
suggests that DVM of gravid females might be under-
stood as a secondary response to the presence of large
fish, but would not pay off as a response to juvenile
fish, because some protection was already achieved.
However, as adult fish were probably less important
planktivores than juvenile fish, DVM amplitude of
gravid females was modest in comparison to other zoo-
plankton species in Lake Constance.

In the Laurentian Great Lakes (Lehman 1987, Sprules
et al. 1990) and inland lakes in the United States and
Canada (Yan et al. 1992), adult fish readily recognized
the recently invaded B. cederstoemi as a preferred prey
(Bur and Klarer 1991, Schneeberger 1991, Mills et al.
1992). Nevertheless, B. cederstoemi changed the bio-
mass and size structure of its zooplankton prey (Leh-
man and Céaceres 1993, Yan and Pawson 1997). Despite
its very recent invasion, Bythotrephes already exhibits
large morphological variability across lakes; e.g., in-
star-specific dry masses of the Lake Erie population
were ~50% of those in Lake Huron and Lake Michigan
(Garton and Berg 1990, Bilkovic and Lehman 1997),
which fits with the results of this study, suggesting that
Bythotrephes is able rapidly to respond to changes in,
e.g., predation pressure (Bilkovic and Lehman 1997).
However, our results al so suggest that extreme care has
to be taken if Bythotrephes populations from different
lakes where compared based on just one or two sam-
pling dates (Garton and Berg 1990, Bilkovic and Leh-
man 1997). If the large seasonal variability is taken
into account, measurements of Bythotrephes body di-
mensions might be useful indicators for the predation
pressure of juvenile fish. As the spina of Bythotrephes
is conserved in lake sediments (Keilty 1988, Nilssen
and Sandoy 1990, Hall and Yan 1997), it might even
be possible to use the information on spina length as
atool to investigate past predation pressures on plank-
tonic communities.

To apply our resultsto North American Bythotrephes
populations, it should be noted that even the small B.
cederstoemi from Lake Erie is larger than B. longi-



manus from Lake Constance. The difference in size
between B. cederstoemi and B. longimanus implies
that, other things being equal, B. cederstoemi might be
better protected against GLPs and more vulnerable in
respect to NGLPs. This might explain the rather large
migration amplitude of B. cederstoemi in Lake Mich-
igan (Lehman 1987) and give credence to the sugges-
tion of Bilkovic and Lehman (1997) that the small size
of B. cederstoemi in Lake Erie is due to a life history
shift in response to NGL Ps. However, thereis evidence
that juveniles of at least two fish species are able to
ingest B. cederstoemi in the Great Lakes (Branstator
and Lehman 1996). The seasonal increase of B. ced-
erstoemi body size in Lake Michigan (Burkhardt 1994)
and Harp Lake (Yan and Pawson 1998) suggests that
predation by GLP is an important selective force even
for B. cederstoemi populations. A thorough understand-
ing of the defensive traits of Bythotrephes, in respect
to both GLPs and NGLPs, will be necessary to predict
the further spread and subsequent impact of Bythotre-
phes on the food webs of North American lakes.
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