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Costs and benefits of Daphnia defense against
Chaoborus in nature

Wiebke J. Boeing, Bjorn Wissel, and Charles W. Ramcharan

Abstract: To estimate costs and benefits of antipredator defenses in the Chaoborus—Daphnia system, we employed
lake enclosures wherein controls (C) had no predators, the predation (P) treatment had freely swimming Chaoborus,
and the kairomone (K) treatment predators were sequestered in a mesh tube apart from the Daphnia. Population growth
(r) of two Daphnia pulex clones, one responsive (RC) and the other nonresponsive (NRC) to Chaoborus kairomone,
was estimated for each predator treatment. Cost of defense was calculated as rcrc) — Fkre)- Benefit was calculated as
Tire) — Tenre) Antipredator defenses of Daphnia towards Chaoborus kairomone led to a 32% reduction in population
growth in nature. The benefit of the defense, however, was a short-term 68% enhanced population growth by a respon-
sive over a nonresponsive clone in the presence of the actual predation threat. The benefit of the defense exceeded the
cost, but cost was nevertheless substantial. Our results verify that the in situ effects of Chaoborus on Daphnia involve
direct and indirect impacts.

Résumé : Afin d’évaluer les cofts et les bénéfices des défenses contre les prédateurs dans le systeme Chaoborus—
Daphnia, nous avons utilisé une série d’enclos lacustres: les enclos témoins (C) ne contenaient aucun prédateur, les
enclos de prédation (P) avaient des Chaoborus en nage libre et les enclos de kairomone (K) contenaient des Chaoborus
enfermés dans des tubes de grillage séparément des Daphnia. Nous avons mesuré la croissance de la population (r)
chez deux clones de Daphnia pulex, I’'un (RC) sensible et 1’autre insensible (NRC) a la kairomone de Chaoborus. Les
colts de la défense sont représentés par rcrc) — Ik, re) €t les bénéfices par rpre) — rpnre)- Les défenses contre les
prédateurs de Daphnia en réaction a la kairomne de Chaoborus entrainent une réduction de 32 % de la croissance de
la population en nature. Les bénéfices de la défense sont, par ailleurs, une croissance additionnelle a court terme de la
population de I’ordre de 68 % chez le clone sensible, par rapport au clone insensible, en présence d’une menace réelle
de prédation. Les bénéfices de la défense dépassent les colits, bien que ces derniers soient importants. Nos résultats
confirment que les effets in situ de Chaoborus sur Daphnia impliquent des impacts directs et indirects.

[Traduit par la Rédaction]

Introduction

Our concept of the processes that shape food webs is typi-
cally focused on direct predator consumption of prey (e.g.,
Carpenter et al. 1985; McQueen et al. 1989; Ramcharan et
al. 2001) and not on the indirect and ancillary costs of pre-
dation to prey populations. In some cases, this neglect is due
to a lack of estimates of these ancillary costs in nature. A
good example is the Chaoborus—Daphnia predator—prey sys-
tem. Although this system is very well studied, plays an im-
portant role in lake food webs, and the antipredator defenses
of the prey against the predator are well known, the costs
and benefits of the defenses have not been estimated in na-
ture, until now.

In the pelagic of lakes and ponds, Daphnia populations
suffer heavy losses to predation by the invertebrate predator

Chaoborus (Kajak and Rybak 1979; Hanazato 1990;
Liljendahl-Nurminen et al. 2003) and employ a variety of
defenses against this predator. The defenses include changes
in life history, the growth of protective spines, and the adop-
tion of antipredator behavior. Life history changes involve a
shift towards larger sized individuals at first reproduction
and production of fewer but bigger offspring (Spitze 1992;
Weber and Declerck 1997; Riessen 1999). This defense is
effective, as Chaoborus are mouth-gape limited and prefera-
bly prey on smaller individuals (Pastorok 1981). Protective
spines on the dorsal lower margin of the head (neck spines)
of juvenile instars have been shown to increase escape rate
from Chaoborus attacks by up to 60% (Krueger and Dodson
1981; Parejko 1991; Repka et al. 1995). The antipredator be-
havior seems designed to reduce spatial overlap between the
prey and predator. Since Chaoborus usually remains deep,
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in darker water during the daytime (Tjossem 1990; Voss and
Mumm 1999), Daphnia avoid this predator by migrating up-
wards (Dodson 1988; Ramcharan et al. 1992). The effective-
ness of this defense in unknown because of the practical
difficulties involved in studying larger scale pelagic pro-
cesses in the laboratory.

In nature, there are vertical gradients of temperature, ox-
ygen, light, UV radiation, and food quality and quantity
that can all have important effects on the vertical position
of Daphnia in the water column (Davidson et al. 1998;
Lampert et al. 2003; Winder et al. 2003). In fact, only re-
cently has it been demonstrated that the behavioral defense
of Daphnia against Chaoborus is anything but a laboratory
phenomenon and actually occurs under near-natural condi-
tions (Nesbitt et al. 1996). Since the behavioral defense
against Chaoborus is inducible, the defense should entail a
cost (Dodson 1974; Havel 1987; Schwartz 1991). Costs
have been estimated for the morphological and life history
defenses of Daphnia spp. to Chaoborus, at least in labora-
tory studies or theoretical models (reviewed by Tollrian and
Dodson 1999), and were found to range from no costs to a
58% decrease in fitness. However, like the benefit, the
costs of the behavioral defense against Chaoborus have
never been included in food web models because these
costs are difficult to estimate in the laboratory. As a result,
although the Chaoborus—Daphnia system is an important
trophic link in pelagic food webs and is also one of the
best-known examples of inducible defenses, neither the
benefits nor the costs of the combined defenses have ever
been estimated.

Here, we estimate the costs incurred when Daphnia
adopts behavioral and morphological defenses against
Chaoborus and also the benefits of those defenses, all in
terms of the intrinsic rate of population growth, ». Two as-
pects of the response of Daphnia to Chaoborus kairomone
make our approach possible. Since the strength of
antipredator behavior varies among clones, the benefit of the
defense can be estimated as the difference in r between a
protected and an unprotected clone when exposed to the
predator. And since the defense is inducible for the protected
clone, the cost of the defense can be estimated as the differ-
ence in r between population growth in controls and those
exposed to just Chaoborus kairomone.

We conducted an enclosure experiment to estimate the ef-
fects of the various defense mechanisms in terms of costs
and benefits in nature. We used two Daphnia pulex clones,
one that could employ antipredator defenses against
Chaoborus (responsive clone) and one that could not
(nonresponsive clone). Three different treatments were con-
ducted for each clone: predation (Daphnia together with the
Chaoborus predators), kairomone (Daphnia were only ex-
posed to predator kairomone), and control (Daphnia grew
without any influence of predators). The difference in popu-
lation growth between the control and kairomone treatment
for the responsive clone should represent only the cost of the
antipredator defenses, independent of the cost of predation
(Table 1). When comparing population growth rates of the
two clones in the predation treatments (normalized for the
respective controls to account for clonal differences in life
history parameters), the responsive clone is expected to have
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Table 1. Predicted growth rates of Daphnia clones according to
different treatments and calculation of costs and benefits.

Control Kairomone Predation
Responsive A C B
Nonresponsive D F E

Note: The responsive clone exhibits antipredator behavior. The
nonresponsive clone does not exhibit antipredator behavior. A, D, and F,
maximum population growth rate under given environmental conditions;
C, growth rate affected by antipredator behavior; B, growth rate affected
by both antipredator behavior and some predation; E, minimum growth
rate, full predation pressure, no costs of defense. Costs of predation = E —
D, costs of antipredator behavior = A — C, and benefits of antipredator be-
havior = (B — E) — (A — D). To calculate costs and benefits as a percent-
age, both A and D = 100%.

higher growth rates, which would be the benefit of the de-
fenses (Table 1).

Materials and methods

In a previous laboratory experiment, we evaluated 37
D. pulex clones, which were established as laboratory cul-
tures by isolating individual females from 13 different water
bodies, for their migration behavior, neck spine production,
and life history responses (population growth rate 7, neonate
size, and size at first reproduction) in response to Chaoborus
kairomone. Clones were determined to be genetically dis-
tinct by microsatellite analysis (Boeing 2002). Both clones
used for the field experiment were collected in New York
State, USA. One clone originated from a pond with a high
density of Chaoborus predators but no fish, while the other
clone came from Honeoye Fingerlake in which
planktivorous fish are the main predators for Daphnia. The
pond clone reacted strongly to Chaoborus kairomone by mi-
grating upward in the water column, producing neck spines,
and showing an increased population growth rate caused by
earlier age at maturity as well as larger clutch sizes. This
clone will hereafter be referred to as the responsive clone.
The other clone did not show any response to Chaoborus
and was designated the nonresponsive clone (Table 2).
Among all the clones examined, the one isolated from
Honeoye Fingerlake was one out of only three clones that
did not respond to Chaoborus kairomone in the laboratory.
We could not find two clones that differed fundamentally in
their response to Chaoborus kairomone within one lake. The
two clones were chosen based on their similarity in r, resis-
tance to handling stress, and extremes of response and
nonresponse to Chaoborus kairomone (Table 2) (Boeing
2002). Under ideal circumstances, multiple clones of each
type would have been preferred. Unfortunately, we did not
have the resources to run such an experiment in the field.
Using multiple clones in the same enclosure bag would have
created confounding competitive effects. Therefore, using
only one clone for each type was the necessary trade-off to
test our hypotheses. Both clones were grown to high densi-
ties in the laboratory before the beginning of the experiment.

Enclosure experiments

We estimated the costs and benefits of antipredator de-
fenses toward Chaoborus under near-natural conditions with
an enclosure study conducted during the summer of 1999.
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Table 2. Origin (pond or lake) and behavioral, morpholgical, and life history defenses of the responsive and nonresponsive Daphnia

clones in laboratory evaluations.

Responsive clone, pond

Nonresponsive clone, lake

Laboratory trait Control Kairomone n p Control Kairomone n )4

Depth selection behavior in 160-cm 61.95+2.6 9.23+3.8 4 0.0008 46.19+6.6 52.84+6.4 3 0.18
columns (cm below surface)

Neck spine production of juvenile 3.64x1.5 46.15+2.1 5 <0.0001 0«0 0+0 5 —
Daphnia (%)

Neonate size (LLm) 0.574+0.004 0.574+0.009 5 0.99 0.590+£0.006  0.608+0.010 5 0.07

Size at first reproduction (um) 1.556+0.029 1.511+£0.031 5 0.64 1.499+0.021 1.524+0.006 5 0.39

Clutch size (average third brood) 3.8+0.2 13+£3.1 5 0.01 4.0+0.7 3.7+0.4 5 0.42

Population growth (r) 0.218+0.004 0.260+0.003 5 0.01 0.229+£0.005  0.226+0.001 5 0.21

Note: Traits are listed as means = 1 SE. Bold numbers indicate a significant difference from the control (p < 0.05), and p values were obtained with

two-tailed Student’s ¢ tests. n is the sample size.

The treatments were the two Daphnia clones (responsive
and nonresponsive) and three predator regimes (control, pre-
dation, and kairomone) in a factorial design with four repli-
cates (24 enclosures in total). Enclosures consisted of
transparent, non-UV-coated polyethylene, had a diameter of
1 m, and enclosed 7.5 m of the water column (5800 L). Each
enclosure was suspended from a wooden frame, sealed at the
bottom, and tied with a rope to a stabilizing anchor.

The enclosures were placed in Costello Lake (78°19'W,
45°36’N, Algonquin Park, Ontario, Canada). Costello Lake
is a medium-sized (33.5 ha), oligotrophic (total phosphorus =
11.1 ug-L™"), moderately brown-stained lake (dissolved or-
ganic carbon varies around 4 mg-L~', Secchi depth about
3 m) of circumneutral pH. High densities of Chaoborus
trivittatus and Chaoborus flavicans as well as planktivorous
fish are present throughout the summer (W.J. Boeing, per-
sonal observation). The zooplankton community is domi-
nated by copepods but includes large cladocerans such as
Holopedium gibberum, Daphnia dubia, D. pulex, Daphnia
dentifera, and Daphnia longiremis (B. Wissel, unpublished
data). Costello Lake represents an average lake for the re-
gion that was also secluded and human disturbance was min-
imal.

The enclosures were filled with lake water drawn from the
upper metalimnion (2.5 m depth) to obtain intermediate nu-
trient, algae, and zooplankton values. The water was filtered
through a 202-um mesh, thereby removing large zooplank-
ton such as Daphnia and Chaoborus while allowing the
smaller natural zooplankton community to pass through. Af-
terwards, all enclosures were covered with screening (2-mm
mesh) to prevent Chaoborus oviposition. Two days after fill-
ing, approximately 500 individuals from one or the other
Daphnia clones were added to each of 24 randomly chosen
enclosures. We conducted vertical hauls with a plankton net
(30 cm in diameter, 130um mesh size) once a week to
check Daphnia densities and on 3 July, after 14 days of
growth, densities were adjusted to 1 individual-L™' by re-
moving extra Daphnia using plankton nets. A second,
smaller tube (30 cm in diameter, 7 m long, and 495-L vol-
ume) made of 250-um-mesh screening was then suspended
in the middle of each enclosure. The mesh tube was used to
sequester Chaoborus from Daphnia in the kairomone treat-
ments while allowing free exchange of water, algae, and

predator chemicals. On 4 July (day 1 of our experiment),
C. trivittatus was added at a density of 1.1 individuals-L™! to
the randomly assigned predation treatments and the same to-
tal number of predators were placed in each of the mesh
bags of the kairomone treatments. Chaoborus were caught
the previous night from nearby Walker Lake with a 2-mm-
mesh net. Costello Lake had high densities of Holopedium at
that time that we could not keep out of the net and would
have added undesired organic material to our enclosures.
Chaoborus inside the mesh bags were fed with Daphnia that
were removed from enclosures the previous day. No
Chaoborus were put into the control. We chose C. trivittatus
because it is the species in North America that remains in
the planktonic stage throughout most the summer and is also
a large species able to feed on even large Daphnia (e.g.,
Pastorok 1981). On 16 July (day 13) and again on 26 July (day
23), Chaoborus were added to densities of 1.2 individuals-L™!
and 0.9 individual-L™!, respectively. This assured that, de-
spite removal by sampling, predator density stayed above
0.7 individual'L™!, a moderate natural density for
Chaoborus.

We added moderate amounts of nutrients (10 ug P-L™! as
P,0s, 11 pg N-L7! as NH, and (NH,),CO, 9 ug K-L! as
K,0, 0.015 pg B-L!, 0.05 ug CuL™', 0.11 pg FelL™,
0.04 ug Mn-L7!, 3.6 x 10~ ug Mo-L™!, and 0.04 pg Zn-L™")
to each enclosure. The purpose was to maintain pelagic al-
gae productivity by replacing lost nutrients due to algae sed-
imentation and eliminate food limitation as a confounding
factor in Daphnia population growth.

Sampling

We sampled at 4-day intervals between 5 July (day 2) and
10 August (day 38). Zooplankton were collected with a clos-
ing net (30 cm in diameter, 130-um mesh size) from four
discrete depth intervals (0—1, 1-3, and 3-5 m and 5 m to the
bottom) and were preserved in 4% sugar-saturated formalde-
hyde (Haney and Hall 1973). Temperature and oxygen pro-
files were taken at 1-m intervals with a probe (model 50B;
YSI Incorporated, Yellow Springs, Ohio) lowered in the en-
closures 1 day before collection of zooplankton samples.

We determined day—night distribution of zooplankton on
days 10, 22, and 34. Daytime samples were typically taken
around noon, while night sampling began 3 h after sunset,
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around midnight. Chlorophyll a was determined from 0.5-L
samples pumped from 0-1, 1-3, and 3-7 m on days 6, 18,
and 30 for three randomly selected enclosures per treatment.
We could not sample all of the enclosures because of the
time needed for processing. Water samples for chlorophyll a
were kept in the dark and processed immediately upon re-
turn to the laboratory. We separated the algae into edible
(<30 wm) and inedible (>30 wm) fractions with a Nitex mesh
and filtered both fractions onto a GF/C filter (1.2um pore
size). Filters were frozen at —20 °C for up to 3 months. Fil-
ters were then sonicated and chlorophyll a extracted in
100% acetone at 7 °C overnight. Chlorophyll a concentra-
tion was measured with a fluorometer (model 10-005R;
Turner Designs Inc., Sunnyvale, California).

Sample enumeration and data analysis

Enumeration took place under a dissecting microscope
(model MZ8, Leica Microsystems Inc., Bannockburn, Illi-
nois) that allowed magnification up to 50-fold. Daphnia and
Chaoborus were counted for each sampling date. To esti-
mate population densities, we counted at least 100 Daphnia
for each depth (0-1, 1-3, and 3-5 m and 5 m to the bottom)
from each enclosure. If animal density was high, 10-mL
subsamples were enumerated. Daphnia were distinguished
by eye between adults (approximately >1.2 mm) and juve-
niles (approximately <1.2 mm). Chaoborus were counted as
either first and second instar (<1 cm) or third and fourth
instar (>1 cm).

Neck spine size of Daphnia was scored according to
Tollrian (1993), where a morphologically normal neck was
0%, a little bump on the neck was 30%, and a bump with
convex sides was 50% induction. Each separate spine ac-
counted for an additional 10%.

Population growth (r) was estimated using the equation

r = [In(N,) — In(N)]/At

where N, is the population density at time #, (later sampling
date), N, is the population density at time #, (earlier sam-
pling date), and At is the difference between time #; and time
t, in days.

For easier comparison, population growth rates are ex-
pressed as a percentage. To adjust for life history differences
between the clones, we normalized population growth values
for the controls. Control treatments of both clones were set
to 100% and the kairomone and predation treatments were
determined relative to the control of the same clone.

Statistical analysis

On 6 July (day 3), 2 days after adding the Chaoborus, a
storm destroyed some enclosures: two controls and one pre-
dation treatment for the responsive clone and one control for
the nonresponsive clone. An unbalanced analytical design
was the result of the loss of some replicates.

Statistical evaluation was conducted using SAS software
(version 8; SAS Institute Inc., Cary, North Carolina). We
used repeated-measures analysis of variance (ANOVA) with
depth as the repeated variable to compare temperature and
oxygen profiles among treatments. Variation in chlorophyll a
among treatments was assessed with a three-way ANOVA
using clones, predator treatment, and depth as independent
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variables. The effects of clone and predation regime on pop-
ulation growth rates, mean vertical distribution, and neck
spine development were determined in separate analyses
with two-way model III ANOVA (clones and predator treat-
ments were fixed effects). The p values were adjusted with
Tukey’s test, normality was tested using Shapiro—Wilk’s test,
and homogeneity of variances was assured by Bartlett’s test.

Results

Temperature and oxygen were consistent among treat-
ments and the lake (repeated-measures ANOVA, p > 0.05).
The epilimnion in both the lake and the enclosures was 3 m
thick and temperature ranged between 20 and 25 °C. The
temperature dropped quickly below 3 m and reached values
around 7 °C at the bottom of the enclosures. Oxygen levels
stayed between 6 and 8 mg-L™!. The edible fraction of chlo-
rophyll a (<30 um) on day 6 was lower in the enclosures
with the nonresponsive clone (20 ug-L™") than in those with
the responsive clone (35 ug-L™") (p = 0.001).

Neck spine induction differed between the two clones in
the field as it did in the laboratory. The responsive clone
produced neck spines only in the kairomone (36.62% =+
1.43% induction) and predation (37.95% + 4.28%) treat-
ments, while the nonresponsive clone failed to do so in all
treatments (two-way ANOVA, p < 0.0001).

Although in the laboratory, the population growth rate of
the responsive clone in the kairomone treatment was higher
than in the control owing to earlier maturation and larger
brood sizes (Table 2), we could not confirm any differences
in life history parameters in the field. We measured more
than 120 Daphnia from each enclosure on day 10. There was
no indication for increased body length of Daphnia owing to
Chaoborus kairomone or predation treatment for either
clone. We also did not find any evidence for a change in
number of eggs per ovigerous female among treatments.

Vertical distribution during daytime was stable for all
treatments in both clones for the first 14 days. Afterwards,
the mean distribution dropped in all enclosures. Since the
only night sample we have during that interval was on day
10, those are the data shown in the graph (Fig. 1). Predation
regime had different effects on the vertical distribution of the
two clones. Both clones preferred the epilimnion (0—3 m)
during daytime (Fig. 1). However, only the responsive clone
significantly decreased its mean vertical distribution by
1.11 m in response to predator kairomone (dashed lines in
Fig. 1) (two-way ANOVA, p = 0.0077). In the predation
treatment, the responsive clone was 1.17 m higher when
compared with the control (p = 0.0002). Chaoborus mainly
remained in the deepest sample layer (57 m) in all preda-
tion treatment enclosures. At night, both clones showed pat-
terns of reverse migration and moved to deeper water layers.
The responsive clone distributed itself evenly throughout the
water column in the control. The Daphnia in the kairomone
treatment remained on average 0.75 m and in the predation
treatment 1.53 m higher than in the control. The
nonresponsive clone stayed more clustered at intermediate
depths. The distributions of control and kairomone treat-
ments were almost identical, while in the predation treat-
ment, nonresponsive Daphnia were virtually absent in the
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Fig. 1. Boxplots of vertical depth distribution of Daphnia and Chaoborus on day 10 during the day and night in the controls (C),
kairomone treatments (K), and predation treatments (P) for the (a and b) responsive clone and (¢ and d) nonresponsive clone. The
solid horizontal line is the median and the broken line is the mean. The box includes the second and third quartiles, and the deviation
bars represent the 10th and 90th percentiles and the dots the 5th and 95th percentiles. Figures la and 1c are the day samples, and

Figs. 1b and 1d are the night samples.

L L L L

(a) C K P Chaoborus
0

Chaoborus
0 1 1 1 1

Depth (m)

2 T
L ]
4 .
6 1 J _l_ —

bottom of the enclosure bags, which led to a 1 m shallower
distribution. Chaoborus showed no vertical migration pat-
tern and remained at the bottom of the enclosures even at
night.

On day 14, all treatments were at or past their peak of
Daphnia population density. Therefore, we only present data
for that time period, as this is relevant for the calculation of
costs and benefits of Daphnia antipredator defense and den-
sity-dependent factors probably drive the declines of the
populations. Population trajectories reveal that both clones
had positive growth rates from day O to day 10 in the con-
trols, after which the populations started to decrease (Fig. 2).
For the responsive clone, population growth in the
kairomone enclosures slowed for 9 days after addition of
predators into the mesh bags. This caused a delay in the
population peak of about 4 days. Similar to kairomone treat-
ments, growth of the Daphnia population exposed to preda-
tion also slowed for 9 days after predator addition and
peaked on day 14. The nonresponsive clone maintained
higher overall densities than the responsive clone. Control
and kairomone treatment of the nonresponsive clone did not
differ from each other, and dynamics were comparable with
the controls of the responsive clone. In the predation treat-
ment, the nonresponsive clone showed a strong decrease
shortly after predator addition and then grew to a maximum

(b) C K P Chaoborus
0

L L L L

Chaoborus
O 1 1 1 1

on day 14, 4 days after the control and kairomone enclosures
had reached their maxima.

The time period of positive population growth (day O to
day 10) of the control was used to calculate population
growth rate for Daphnia in both the control and kairomone
enclosures, and the differences in growth rates between dif-
ferent treatments were used to estimate the costs and bene-
fits of defense between successive sampling dates (see
Materials and methods) (Table 3). Both costs and benefits
varied quite alot. Costs ranged from a low of —48.4%, indi-
cating that Daphnia populations actually grew faster with
predator kairomone, to a high of 153.3%, indicating a strong
cost of prey defense. The value for cost of the defense calcu-
lated over the entire period from day O to day 10 was 32.3%.
Although we did not observe a change in numbers of eggs
per ovigerous female, by day 10, the percentage of adult fe-
males that were ovigerous was significantly lower in the
kairomone and predation treatments of the responsive clone
than in the control (two-way ANOVA, p = 0.034). Similarly,
the benefit of the defense varied from a low of —146.8%, in-
dicating that predation somehow benefited Daphnia, to a
high value of 68.4%, indicating a strong advantage of the
defense. This latter value was estimated from day 2 to day 6,
the only period when Daphnia suffered clear losses to
Chaoborus predation; thus, we believe that the value of
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Fig. 2. Population dynamics (mean + SE) of Daphnia clones be-
tween days O and 14. The arrows indicates Chaoborus addition
on day 1. (a) Responsive clone; (b) nonresponsive clone. Shaded
symbols, control; open symbols, kairomone; solid symbols, pre-
dation.

71 (a)

Chaoborus

Daphnia- L

71 (b

Days

68.4% is the best estimate of the benefit of antipredator de-
fenses.

Discussion

To summarize the results, the environmental conditions
within the enclosures closely matched each other and the
lake and were also well within the ranges of tolerance for
both Daphnia and Chaoborus. Oxygen concentration was al-
ways above 6 mg-L~!', which would not have been stressful
for any of the species in our experiments (Davidson et al.
1998; Sell 1998). Besides Daphnia, there were also up to 20
Bosmina-L™" and 2 copepods-L~!, which could have served
Chaoborus as prey. Levels of chlorophyll a were a little
higher in the treatments with the nonresponsive than in those
with the responsive clone.

In terms of antipredator responses, the field results
matched our expectations based on the laboratory bioassay
(Boeing 2002) fairly well. Neck spines were produced in the
kairomone and predation treatments but only by the juve-
niles of the responsive clone. However, in response to either
Chaoborus kairomone or real predation, there was no evi-
dence in the clones of a life history response (increase or de-
crease in egg production or changes in body size). Estimates
of population growth rate showed slightly higher values of r
for the nonresponsive clone compared with the responsive
clone. The two clones exhibited some differences in vertical
distribution in the control enclosures. The nonresponsive
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clone had a tendency to stay up higher in the water column
during the day and was not as evenly distributed as the re-
sponsive clone at night. The one unexpected result was that
not just the responsive clone but also the nonresponsive one
exhibited a reverse diurnal migration pattern, migrating
down at night. However, as seen in the laboratory bioassays,
only the responsive clone reacted to the kairomone treatment
with a higher vertical position. In contrast, the non-
responsive clone had the same behavior in the kairomone
treatment as in the controls. Including Nesbitt et al. (1996),
this is now only the second time that the behavioral response
to Chaoborus has been induced in nature. For the responsive
clone, maintaining a high vertical position in the kairomone
treatments relative to the controls during both day and night
was a good defensive strategy, as Chaoborus remained at
depth. In the predation enclosures, both clones remained
highest in the water column among all of their treatments
but, as with the kairomone treatments, the responsive clone
again showed the stronger avoidance response (change in
position relative to the controls). The absolute vertical posi-
tion of the nonresponsive clone in the predation treatment
was shallower than that of the control or kairomone treat-
ment, which might have been due to predation losses to
Chaoborus in deeper water layers rather than a behavioral
response.

We found that defending against Chaoborus caused a re-
duction of 32.3% in Daphnia population growth, and we es-
timated the benefits to be 68.4% enhanced population
growth, exceeding the costs by 36%. This was the first time
that benefits for Daphnia antipredator defense were esti-
mated and it was also the first time that costs were measured
in nature and included the behavioral migration response.
The reduction in population growth was probably due to the
decreased percentage of ovigerous females in the kairomone
treatments.

The calculation of the cost of antipredator defense was
fairly straightforward, as the differences in population
growth between control and kairomone enclosures were
compared within the same clone (responsive). We estimated
the cost of antipredator defenses to be a 32% reduction in
population growth in the kairomone compared with the con-
trol treatments. The populations in the controls had a higher
population growth rate and reached maximum population
densities faster than those exposed to kairomone. The reduc-
tion of population growth in the kairomone treatment can
only be explained by induced antipredator defenses.

Several different mechanisms could have accounted for
the cost of the antipredator defense. We observed both neck
spine production and upward migration in the responsive
clone. The neck spine production itself probably did not
contribute to lower population growth. This clone did not
experience a reduced fertility rate owing to Chaoborus
kairomone exposure in previous laboratory experiments in
which neck spine production exceeded the induction ob-
served in the field (Boeing 2002). However, the behavioral
upward migration probably did cause the observed cost. Ac-
cording to traditional belief (Bottrell 1975; Stich and
Lampert 1984), Daphnia in the kairomone treatments expe-
rienced warmer temperatures than in the control treatments,
which should enhance population growth in the kairomone
treatment by 10% compared with the control treatments
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Table 3. Population growth rates (r) of responsive and nonresponsive Daphnia clones for different time intervals and calculation of

costs and benefits for different time intervals.

Responsive clone r

Nonresponsive clone r

Control Kairomone Predation Control Kairomone Predation Costs Benefits
Days (n=2) (n=4) (n=3) (n=3) (n=4) (n=4) (%) (%)
0-2 0.30+0.02 0.45+0.06 0.32+0.02 0.35+0.04 0.43+0.02 0.23+0.01 -48.37 39.55
2-6 0.07+0.00 0.05+0.00 -0.01+0.00 0.07+0.01 0.09+0.01 -0.06+0.01 26.58 68.41
6-10 0.10+0.00 -0.06+0.01 0.01x0.00 0.1x0.01 0.06+0.01 0.16+0.01 153.27 -146.77
0-10 0.13+0.01 0.09+0.01 0.07+0.01 0.14+0.02 0.16+0.01 0.09+0.01 32.25 -11.78

Note: Values represent mean + SE, and »n is the sample size.

(considering that the average metalimnion temperature was
10 °C below the epilimnion temperature and 20% more
Daphnia stayed below the thermocline in the controls than
in the kairomone treatment). However, recent research is
suggesting that temperature can have negative effects on
large body sized Daphnia as energy becomes limiting (de-
creased assimilation — metabolism relationship) (Weetman
and Atkinson 2004). Another likely cost is increased compe-
tition for food owing to crowding. As daphnids migrate up-
wards, they use a smaller volume of the water column and
would compete more strongly for the available food. Steiner
(2003) demonstrated that effects of competition can out-
weigh actual Chaoborus predation. Moreover, feeding rate
may itself be reduced in the presence of Chaoborus
kairomone (Ramcharan et al. 1992) or crowding chemical
(Lurling et al. 2003), which may further reduce somatic
growth rates. Although the number of eggs produced per
ovigerous female was the same among treatments for the re-
sponsive clone, there was a significant decrease in the per-
centage of females producing eggs, which might be
explained by competition or crowding. Ebert (1993) found a
reduction in the number of eggs owing to food limitation in
Daphnia magna, while Lynch (1989) and Boersma (1995)
also observed reduction in egg size of D. pulex and Daphnia
galeata, respectively. We did not measure egg size and
could find no reference to reduction in the percentage of
ovigerous females owing to resource limitation. Exposure to
UV radiation might have also contributed to the cost of
antipredator defense (Williamson 1996). Harmful radiation
can penetrate down to about 1 m in lakes with a dissolved
organic carbon content comparable with that of Costello
Lake (Leech and Williamson 2000). Migrating upwards in
the daytime as a response to Chaoborus kairomone may
have negatively affected Daphnia survival and reproduction
(Grad et al. 2001).

Our estimate of 32.3% reduction in r is a higher value for
Daphnia’s defense against Chaoborus than has been esti-
mated in the laboratory. Exposure to Chaoborus kairomone
in the laboratory has had negative effects on Daphnia popu-
lation growth that varied widely between 0% and 28%
(Havel 1987; Riessen and Sprules 1990; Walls et al. 1991).
The variation can be partly explained by differences among
experiments in exposure time to predator kairomone
(Riessen 1999) as well as genetic variance. However, all of
these laboratory estimates could consider only morphologi-
cal and life history costs. Only in nature could the cost of
behavioral defenses be properly estimated, and in our study,
it is likely that enhanced competition for food and exposure

to UV radiation reduced Daphnia r more than the cost of the
morphological and life history defenses.

We calculated the benefits of antipredator defense as the
difference in predation impact (difference in r) between the
responsive and nonresponsive clones. This approach is effi-
cient but can be confounded by differences in r between the
clones in the controls. In the laboratory bioassays, the two
clones had similar r values. However, in the field, the
nonresponsive clone had a higher r and reached a higher
maximum density than the responsive clone. Also, slight dif-
ferences in vertical distribution in the control treatments be-
tween the clones could potentially interfere with the results.
As the estimate for the benefit was adjusted for differences
in r of the controls, the effects of different population
growth rates were minimized. The higher density of the
nonresponsive clone was likely the reason why levels of
chlorophyll a were reduced in the enclosures with this clone.

The behavior of the predator also affected our estimates of
the benefits of the defense. Chaoborus failed to show a
strong upward migration at night that is typically found in
nature (Tjossem 1990; McQueen et al. 1999). This might be
due to a shock response. Dawidowicz (1993) observed in his
experiment that after introduction into 1-m experimental
tubes, Chaoborus initially failed to migrate, and only after
about 3 weeks did approximately 50% of the population rise
to the epilimnion at night. Similarly, Chaoborus in other en-
closure experiments showed only a very subtle upward mi-
gration during nighttime (Nesbitt et al. 1996; Young 2002;
B. Wissel, unpublished data). Without upward migration,
overlap between predator and prey would have been low,
thereby reducing predation impact. Calculations of an over-
lap index (Williamson and Stoeckel 1990) between the re-
sponsive and nonresponsive clones in our experiment
revealed negatively correlated prey and predator distributions
in both clones during day and night. Certainly, a predator
has to encounter its prey for predation to occur. In our exper-
iments, we know only that on day 10, there was little overlap
between Chaoborus and Daphnia, yet on previous days,
there was a clear predation effect. It is possible that early in
the experiment, the predator had a day—night vertical distri-
bution that caused higher overlap with the prey. It is also
possible that Chaoborus stayed in the lower water layers
from the start to the end of the experiment but that this de-
gree of overlap was sufficient to reduce prey numbers when
prey populations were low. As the prey increased,
Chaoborus could not show a numerical response, and the
proportion of prey lost to predation would fall. The reduc-
tion in population growth rate between days 2 and 6 for both
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clones as well as the shallower distribution in the predation
treatments can only be explained by actual predation on
Daphnia by Chaoborus, which allowed us to estimate a ben-
efit to Daphnia’s defense.

Our estimate of a 68% reduced mortality rate owing to
antipredator defenses is higher than laboratory estimates for
the benefits of other defenses. Neck spines alone increase
escape rate from Chaoborus attacks by up to 60% (Krueger
and Dodson 1981; Parejko 1991; Liining 1995). The high es-
timate in our study might be due to a simultaneous benefit of
behavioral and morphological defenses.

In summary, ours is the first attempt to measure the costs
and benefits of Daphnia’s antipredator defenses against
Chaoborus in nature. In this first approximation, we found a
reduction in population growth of 32% owing to antipredator
defenses, probably as a result of decreased energy efficiency
of Daphnia owing to higher temperature exposure, detrimen-
tal effects of UV radiation, crowding, and competition for
limited food resources in the upper water layer. The esti-
mated benefits of the antipredator defenses of 68% outweigh
the costs, as would be expected (Sih 1982; Dill and Fraser
1984; Kohler and McPeek 1989). Over the course of a grow-
ing season, with benefits exceeding costs by 36%, the advan-
tage of an invulnerable over a vulnerable clone can be
considerable, even if Chaoborus predation is limited to short
periods of time. Although Daphnia are an ideal study organ-
ism to measure costs and benefits of inducible defenses,
clonal variety is large and different combinations of behav-
ioral, morphological, and life history defenses occur. There-
fore, costs and benefits of Daphnia antipredator defense to
Chaoborus will vary depending on clonal strength of the
various defenses as well as the habitat. Nevertheless, this is
the first time that the costs and benefits associated with these
defenses were measured in nature according to our knowl-
edge. We provide a reference point for costs and benefits in-
volved in inducible defenses of Daphnia pulex. The nature
of costs owing to upward migration (increased metabolism,
competition, and UV radiation) will have to be explored in
future.
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