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Abstract

Microcrustaceans of the genus Daphnia have evolved various inducible anti-predator defenses; however, it is
largely underexplored how the bottom-up factor food quality may affect the extent of these defenses. A well-studied
example of an inducible defense is the deployment of neckteeth in Daphnia pulex in response to infochemicals from
predatory larvae of Chaoborus, which prey on juvenile instars of Daphnia. In general, vulnerability depends on the
body size in the respective juvenile Daphnia instars in relation to the mouth gape diameter of Chaoborus larvae. We
hypothesized that algae that prolong the time in which juvenile animals remain in the vulnerable size also increase
the predation risk and therefore increase the extent of induced neckteeth. To test this, we supplied three D. pulex
genotypes with three food algae and quantified somatic growth rates, time in vulnerable instars, and neckteeth in
response to Chaoborus infochemicals. Food algal identity affected the extent of induced neckteeth by up to 66%.
However, this effect was not positively related to the time spent in vulnerable instars, indicating that the time that
juveniles remain in a vulnerable size is not used to assess predation risk. We demonstrate that food identity may sig-
nificantly affect the extent of induced neckteeth in D. pulex in a genotype-dependent way. This strongly suggests
that in nature, changing phytoplankton composition may affect the degree of morphological defense and thus con-
stitutes a bottom-up control of chemical predator—prey communication. This is another example of how environ-
mental factors modulate the temporal dynamics of phenotypic plasticity.

In aquatic environments information transfer strongly
relies on chemical cues, known as infochemicals (Pohnert
et al. 2007; von Elert 2012). These infochemicals play a crucial
role in conveying vital information about food sources, preda-
tors and potential mating partners and are particularly useful
for most invertebrate prey, which cannot form visual images.
Compared to visual cues, such infochemicals have the advan-
tages of being persistent for a longer time, of reaching further
in turbid aquatic environments, and of allowing prey to detect
predators with much larger action radius than their own. Con-
sequently, infochemicals form a network within aquatic food
webs, mediating significant interactions both within and
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between species (Bronmark and Hansson 2012). In particular,
the capability to remotely recognize predators enables the
induction of adaptive changes in behavior, life history, or
morphology in potential prey to reduce predation (Bronmark
and Hansson 2012). The presence of predators is detected via
kairomones, which are chemical substances emitted by the
predators and which provide a benefit to the prey and a disad-
vantage to the predator (von Elert 2012). As, in general, induc-
ible defenses are associated with costs, predators can strongly
influence prey populations not only directly by consumptive
but also indirectly by non-consumptive effects caused by
induced defenses (Preisser et al. 2005; Zhang et al. 2022). Such
non-consumptive effects are typically strong in aquatic food
webs and may even exceed direct consumptive effects (Preisser
et al. 2005; Zhang et al. 2022).

Microcrustaceans of the genus Daphnia play a key role in
lakes and ponds, as they not only are major grazers of plank-
tonic primary producers but also represent preferred prey of
invertebrates and fish (Ebert 2022). In response to kairomones,
various anti-predator defenses, such as changes in behavior
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(Ahlers et al. 2024), life history (von Elert and Stibor 2006)
and morphology (Hahn and von Elert 2022; Tollrian 1994) are
triggered in Daphnia. The strength of adaptive changes in
behavior, life history, and morphology increases with predator
abundance (Tollrian 1993; von Elert and Pohnert 2000; von
Elert and Stibor 2006) and hence with predation risk. The
respective kairomones have been identified in the case of
behavioral predator avoidance in response to fish (Hahn
et al. 2019; Ahlers et al. 2024) and in the case of induced mor-
phological defenses in response to larvae of Chaoborus (Weiss
et al. 2018) and fish (Hahn and von Elert 2022).

One intensively investigated model system for the induction
of morphological defenses is the larvae of Chaoborus sp. preying
on juvenile instars of Daphnia pulex. With increasing prey size,
the encounter probability with Chaoborus larvae increases because
larger prey swim faster, which leads to more encounters with this
ambush predator. The strike efficiency of the larvae decreases
with prey size (Pastorok 1981) because larger prey is more difficult
to manipulate and ingest, and at some point they will be impossi-
ble to ingest. As a result, the probability of a successful capture is
the highest for intermediate prey sizes, and with further instars,
juvenile D. pulex outgrow this vulnerable prey size. However,
D. pulex is able to reduce the rates of predation by deploying an
inducible morphological defense (Krueger and Dodson 1981;
Tollrian 1995). This morphological defense comprises the forma-
tion of small protuberances in the neck region of D. pulex, so-
called neckteeth. In general, the timing and the extent of induced
neckteeth across juvenile instars of Daphnia are related to the rela-
tive sizes of the Daphnia and Chaoborus species interacting
(Riessen and Trevett-Smith 2009). In the case of D. pulex and
Chaoborus flavicans, neckteeth are most pronounced during the
2" juvenile instar (Tollrian 1993). The extent of induced nec-
kteeth increases with the abundance of Chaoborus larvae and
hence with predation risk and shows a Michaelis-Menten-like sat-
uration curve (Tollrian 1993; Parejko and Dodson 1990). How-
ever, at a given predator abundance, the extent of induced
neckteeth may also be affected by temperature (Klintworth and
von Elert 2021a), UV (Eshun-Wilson et al. 2020) or food concen-
tration: Parejko and Dodson (1990) found highest values for
induced neckteeth at a low food concentration, and these find-
ings were corroborated by Riessen (1992) who argued, based on a
model, that for a given predator abundance, the extent of
induced neckteeth would increase at lower food concentrations.

The increased extent of induced neckteeth at lower food
concentrations might be because Daphnia grows more slowly
at low food concentrations than at high ones (Giebelhausen
and Lampert 2001; Lampert 2006). Such reduced somatic
growth would extend the time span that juvenile Daphnia
remain in the vulnerable size and thereby increase the risk of
predation by larvae of Chaoborus, so that the overall predation
risk would be higher for slow-growing Daphnia.

Except for the mid-season phytoplankton biomass mini-
mum (clearwater phase, Sommer et al. 2012), Daphnia growth
and reproduction are usually not limited by food quantity but
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rather by stoichiometric or biochemical food quality, which
varies with season (e.g., Hartwich et al. 2012; Wacker and von
Elert 2001). Here, we hypothesize that differences in algal iden-
tity would affect the time that D. pulex spends in vulnerable
instars, which would translate into a higher degree of neckteeth
formation in low-quality food algae. By this, food quality as
a bottom-up factor would modulate the degree of neckteeth
formation at a given predator abundance. As a basic test of
the concept, we provided three different algae (Acutodesmus
obliquus, Chlamydomonas klinobasis, and Cryptomonas sp.),
which are known to result in different somatic growth rates
(Ahlgren et al. 1990; Fink et al. 2011; Koch et al. 2012) as food
for D. pulex and which we expected to tolerate the treatment
with antibiotics according to Klintworth and von Elert (2021b).
We determined the extent of induced neckteeth by scoring the
neckteeth during the 2" juvenile instar and body size during
the juvenile instars. Furthermore, we investigated how the time
spent in vulnerable instars would be related to the extent of
induced neckteeth. We used three clones of D. pulex that dif-
fered in the extent of induced neckteeth to kairomones released
from Chaoborus larvae to generalize our results.

Materials and methods
Study species

Daphnia pulex clones Gerstel (Koch et al. 2009), clone TCO
(Colbourne et al. 2011), and clone SGus (pers. comm.
S. Gustafsson, Sweden) were cultured in aged and aerated tap
water at 20°C &+ 1°C and a 16: 8 light : dark cycle at a density
of 15 ind. L™'. The animals were transferred into fresh medium
containing at least 1 mg C L' of Chlamydomonas klinobasis
strain # 56 (Limnological Institute, University of Constance)
every 2" day.

Acutodesmus obliquus (formetly Scenedesmus obliquus) strain
SAG 276-3a (Culture Collection of Algae, Gottingen University),
C. klinobasis, and Cryptomonas sp. strain SAG 26.80 (Culture
Collection of Algae, Gottingen University) were grown in 5L
semi-continuous batch cultures. C. klinobasis and Cryptomonas
were grown in sterile cyanophycea medium (von Elert and
Juttner 1997) modified with vitamins, whereas A. obliquus was
grown in sterile Z/4 medium modified with vitamins (Zehnder
and Gorham 1960). One liter of the cultures was replaced every
other day with fresh medium. The food suspensions were
screened using a 30-um gauze, and the needed food suspension
volume was determined photometrically at a wavelength of
470 nm by using a respective calibration curve relating the carbon
content to the optical density. The algae A. obliquus, C. klinobasis,
and Cryptomonas sp. are subsequently referred to as Acutodesmus,
Chlamydomonas, and Cryptomonas, respectively.

Fatty acid analyses

Fatty acid measurements were performed according to
Klintworth and von Elert (2020). Briefly, filters loaded with
0.5 mg C of each food alga suspension were extracted with
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dichloromethane-methanol (2:1, v:v) after the addition of
5 ug of C23:0 methyl ester as an internal standard. Fatty acids
were then transesterified in 5 mL of methanolic HCIl, and
the fatty acid methyl esters were extracted with isohexane
and finally dissolved in 100 xL of isohexane. One microliter
per sample was injected splitlessly in a 6890-N gas chro-
matograph (GC) System (Agilent Technologies) equipped
with a DB-225 capillary column (27.5m, 0.25 mm i.d.,
0.25 ym film thickness, J&W Scientific). The GC conditions
were as follows: injector and flame ionization detector (FID)
temperatures 220°C; initial oven temperature 60°C for
1 min, followed by a 120°C min~' temperature ramp to
180°C, then a ramp of 50°C min~! to 200°C, followed by
10.5 min at 200°C, followed by a ramp of 120°C min~*' to
220°C; helium with a flow rate of 1.5 mL min~! was used as
a carrier gas. The fatty acid methyl esters were identified by
comparison of retention times with those of reference com-
pounds and quantified via the internal standard and previ-
ously established calibration curves.

Stoichiometric analyses

In order to determine particulate C and N, volumes of the
algal suspensions equivalent to 0.3 mg C were filtered on
precombusted glass fiber filters. The filters were dried at 60°C
for at least 24 h and wrapped up in tin capsules for the mea-
surements using a Flash EA 2000 elemental analyzer (Thermo
Fisher). In order to determine P contents, glass fiber filters
loaded with 0.5 mg C of the algal suspension were transferred
into a solution of potassium peroxodisulfate and 1.5% sodium
hydroxide, and autoclaved at 120°C for 1 h. Subsequently, the
concentration of soluble reactive phosphorus was determined
using the molybdate-ascorbic acid method and measured with
a spectrophotometer at 885 nm. For each food alga, triplicate
filters were prepared. The concentrations of the nutrients were
used to calculate molar C : N : P ratios.

Preparation of Chaoborus incubation water extract

The extract of Chaoborus incubation water was prepared
according to Klintworth and von Elert (2020). Approxi-
mately, 300-350 4™ instar larvae (ordered from inter-
aquaristik.de) of Chaoborus flavicans were fed with 1-2
neonates of D. pulex per larva. After 1-2 h of feeding, the lar-
vae were transferred into 1 L of fresh aged and aerated tap
water without food. After 24 h, the larvae were removed from
the water using a 250-um gauze, and the water was filtered
through a glass fiber filter (Whatman, MN 85/220, 0.4 ym).
Subsequently, the kairomone was enriched by solid phase
extraction (VARIAN, Bond Elut-C18, 10 g of sorbent, volume
60 mL, Agilent Technologies) according to Christjani et al.
(2016). All eluates were pooled and evaporated to dryness in
a rotary evaporator and a vacuum centrifuge. The pooled and
dried residues of 20 L were dissolved in 1 mL methanol and
stored at —20°C until use. In previous experiments, a control
extract, which was prepared the same way but without any
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animals in the water, did not induce neckteeth in D. pulex
(Klintworth and von Elert 2020).

Dose-response experiments

Dose-response experiments were performed to estimate the
concentration of Chaoborus incubation water extract needed
for the induction of 50% of maximum neckteeth (Concy smax)
across the three D. pulex clones. In order to ensure that the
resultant Concy smax would induce intermediate neckteeth on
all three algal foods, these dose-response experiments were
performed with Chlamydomonas, since, based on intermediate
polyunsaturated fatty acids (PUFAs) content (Supporting Infor-
mation Table S1), we expected intermediate somatic growth
on this food alga. Animals that had released their 3™ or 4"
clutch into the brood chamber were divided into the different
treatments containing 0, 0.2, 0.5, 1, 2, 3, 5, 6, or 7 uL. of
Chaoborus incubation water extract in 100 mL of aged and aer-
ated tap water. The treatments containing 0.2 and 6 uL of
Chaoborus incubation water extract were only prepared for
clone SGus; the treatment containing 7 uL of Chaoborus incu-
bation water extract was only prepared for clone Gerstel.
Chlamydomonas was provided at a concentration of 2 mg
CL™'. Animals were kept individually, and each treatment
was replicated threefold. The animals were transferred daily to
freshly prepared jars. After the neonates had hatched from the
brood chambers, the mothers and surplus neonates were
removed from the jars so that no more than six neonates
remained in the jars. The extent of induced neckteeth was
determined using the method developed by Tollrian (1993)
with the slight modification that no differentiation was made
between small and big teeth, and neckteeth scores were not
expressed as percentages. During their 2" juvenile instar, five
randomly chosen animals per jar were used for scoring, and
this slightly simplified scoring resulted in similar dose-
response curves (see Fig. 1) as the scoring in Tollrian (1993).

Dose-response curves were fitted as Michaelis-Menten
models on the data for each clone. From the model, the maxi-
mum induction and the concentration of Chaoborus incuba-
tion water extract needed for the induction of 50% of
maximum neckteeth (Concg smax) were derived for each clone.
During subsequent experiments, a volume slightly higher
than the volume of Concysmax Was used to ensure that both
increases and decreases in the extent of induced neckteeth
would be well detectable within each clone. For clone Gerstel,
TCO, and SGus, 1.1, 0.5, and 0.05 uL of the Chaoborus incuba-
tion water extract were used, respectively.

Extent of induced neckteeth and algal identity

In order to diminish any bacterial activity, the food algae
were treated with antibiotics prior to being fed to Daphnia. To
prepare the antibacterial medium, 500 mg of ampicillin and
50 mg of tetracycline were dissolved in 1L of cyanophycea
medium. A volume corresponding to 6-8mg C of
C. klinobasis, A. obliquus, or Cryptomonas sp. was centrifuged,
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Fig. 1. Neckteeth induction of Daphnia pulex clones Gerstel (yellow), SGus (blue), and TCO (green), growing on Chlamydomonas klinobasis as a function
of the volume of Chaoborus incubation water extract that was used in the respective treatments. The lines represent the results of Michael-Menten
models fitted to the respective data sets. Details on the models are presented in Table 1. Details on the statistical analysis are given in the text.

the supernatant was discarded, and the pellet was resuspended
in 100 mL of sterile cyanophycea medium in which 50 mg of
ampicillin and 5 mg of tetracycline had been dissolved, and
incubated in sterile Erlenmeyer flasks sealed with sterile plugs
for 22 h on a rotary shaker (120 rpm) at constant light. After
incubation, the suspensions were centrifuged, the pellets were
resuspended in fresh cyanophycea medium without any anti-
biotics, centrifuged again, and the pellets were resuspended in
100 mL of fresh cyanophycea medium.

Experimental mothers were synchronized with newborns
originating from 3™ clutches. When experimental mothers
had released their 1*" clutch into the brood chamber, they
were distributed among the different food treatments, which
consisted of 1 mg C of Acutodesmus, Chlamydomonas, or Cryp-
tomonas, which had been treated with antibiotics and then
had been suspended in 500 mL of water. These experimental
mothers were transferred into freshly prepared food suspen-
sions every other day until they released their 2™¢ clutch
into the brood chamber. Then, the experimental mothers
were placed individually into 100 mL of water, containing
the same antibiotic-treated food alga as before, in either the
control or the kairomone treatment. The kairomone

treatment of each clone contained the previously calculated
volume of the Chaoborus incubation water extract, that is,
1.1, 0.5, and 0.05 L for clones Gerstel, TCO, and SGus. The
control and kairomone treatments were replicated ninefold
for each clone.

Once the neonates of the 2™ clutch had hatched, six neo-
nates per replicate were transferred into freshly prepared glasses
containing 100 mL of the respective treatment. Any remaining
neonates were pooled, and their dry mass was measured in sub-
samples of three times 10 neonates per treatment. The six juve-
niles per treatment were transferred daily to freshly prepared
jars. Throughout instars 2, 3, and 4, and at 1°' reproduction,
pictures of the animals were taken using a camera attached to a
stereo microscope and with the software “ZEN” (Zeiss). The
extent of induced neckteeth in instar 2 was determined as
described above. Body sizes were recorded in instars 2, 3, and
4, and at 1* reproduction and size was measured from the top
of the head to the base of the tail spine as according to
Buikema (1973) and Riessen and Sprules (1990); all measure-
ments were taken using the software Image] 1.50. Upon 1°
reproduction, three individuals were taken at random for dry
weight (w) determination. The somatic growth rate (g) was
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Table 1. Maximum neckteeth induction and concentration of Chaoborus incubation water extract needed for induction of 50% of nec-
kteeth induction maximum (Concg smax)- Both parameters were derived from the fit of a Michaelis-Menten model to the data obtained
for Daphnia pulex clones Gerstel, SGus, and TCO (see Fig. 1). Presented are mean values + SE and the respective p-values of the model
fit. The values of the maximum neckteeth induction were not distinguishable among the clones while those for Concg smax Were.

Gerstel SGus TCO
Mean + SE p-value Mean + SE p-value Mean + SE p-value
Max. induction (AU) 103.7 £ 7.7 <0.001 93.0+1.9 <0.001 83.8+7.6 <0.001
CoNnco.smax (uL 100 mL™") 1.07+£0.3 <0.001 0.04 £ 0.0 0.011 0.50 £ 0.2 0.012

calculated according to the formula: g= M, with w;
being the individual weight at day t and w, being the individ-
ual weight at day O (Rothhaupt and Lampert 1992).

Statistics

All statistical analyses were performed using RStudio
(RStudio Team 2020). The analysis of similarities (ANOSIM)
on the fatty acid data was performed with 9999 permutations
using Bray-Curtis distance. For the analysis of the data derived
from the Michaelis-Menten models that were fitted to the
dose-response data of each clone, a one-way ANOVA type
2 followed by Tukey’s HSD test was performed. In the case of
a parameter being determined on more than one animal per
replicate, as was the case for the extent of induced neckteeth
and body size, the average of those values per replicate was
calculated and used for statistics. A Levene’s test was per-
formed on all measured data to test for homogeneity of vari-
ance. If given, an ANOVA followed by a Tukey’s honest
significance (HSD) test was performed. We were not interested
in the comparison of the extent of induced neckteeth across
clones, as different clones were exposed to different kairo-
mone concentrations to compensate for differences in sensi-
tivity. As a consequence, data analyses were performed for
each clone independently.

Results

Fatty acids in food algae

The shares of single fatty acids of the three algae
Acutodesmus, Chlamydomonas, and Cryptomonas can be found
in Supporting Information Table S1. Using the categories of
saturated fatty acids, monounsaturated fatty acids, and PUFAs
fatty acids, these fatty acid profiles were dissimilar (ANOSIM:
R =1; p=0.0035) with PUFAs being the most responsible for
the dissimilarity. The shares of saturated fatty acids, monoun-
saturated fatty acids, and PUFAs were all significantly different
among the three algae (Tukey’s HSD after one-way ANOVA;
for saturated fatty acids: F = 761.01, p < 0.001; for monounsat-
urated fatty acids: F = 2033, p < 0.001; for PUFAs: F = 1819.5,
p<0.001) with Acutodesmus showing the lowest share of
PUFAs (Supporting Information Table S1). The C: N : P ratios
of Acutodesmus, Chlamydomonas, and Cryptomonas were
298:25:1,54:11:1,and 119: 27 : 1, respectively.

Dose-response experiments

Dose-response experiments revealed that mean values of
maximum neckteeth among the D. pulex clones ranged from
84 in clone TCO over 93 in clone SGus to 104 in clone Gerstel
(Fig. 1, Table 1); however, the values for maximum neckteeth
did not differ (one-way ANOVA, F;,¢ = 2.47, p = 0.17) (Fig. 1).
The concentration of Chaoborus incubation water extract
needed for the induction of 50% of maximum neckteeth
ranged from 0.04 xL in clone SGus over 0.5 yL in clone TCO to
1.1 uL in clone Gerstel (Fig. 1, Table 1). Accordingly, the con-
centration of Chaoborus incubation water extract needed for the
induction of 50% of maximum neckteeth (Concg smax) differed
significantly (one-way ANOVA, F,c = 8.28, p = 0.02) (Fig. 1):
For clone SGus, a significantly lower concentration than for
clone Gerstel was needed (Tukey’s HSD test, SGus vs. Gerstel,
p = 0.016) while Concg smax for clone TCO was not significantly
different from either of the other clones (Tukey’s HSD test, TCO
vs. Gerstel, p = 0.14, TCO vs. SGus, p = 0.24). The comparisons
with clone Gerstel should be treated with caution because the
Michaelis-Menten model did not produce a good fit of the data.

Extent of induced neckteeth and algal identity

The extent of induced neckteeth in the Chaoborus treat-
ments on the different food algae ranged from 19 to 82 for all
clones (Fig. 2). No neckteeth were observed in the control
treatments. We wanted to test if food identity affects the
extent of induced neckteeth within a clone. Independent one-
way ANOVAs for each of the clones revealed that in two of
the clones (TCO, SGus) neckteeth scores were affected by the
type of food, but not in clone Gerstel (Fig. 2, Table 2).
The extent to which food identity reduced induced neckteeth
ranged from 56 down to 19 (—66%) in clone TCO to 82 down
to 62 (—24%) in clone SGus. In clone TCO, the highest values
for neckteeth occurred on Chlamydomonas and significantly
lower values on Cryptomonas as food, while in clone SGus, the
effects of Cryptomonas and Chlamydomonas were inverse.

Time remaining in vulnerable body size and somatic
growth rate

Animals have outgrown the vulnerable size when their size
exceeds 1.25 mm (Shei et al. 1988), which, except for one
case, was the case from instar 4 on in all clones (Supporting
Information Fig. S1). We therefore considered the time spent
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Fig. 2. Mean (& SE, n=9) neckteeth scores in Daphnia pulex clones
Gerstel (yellow), SGus (blue), and TCO (green) exposed to Chaoborus kai-
romone, growing either on Acutodesmus, Chlamydomonas, or Cryptomonas
as a food source. Different letters (same color) indicate significant differ-
ences between different food sources within one D. pulex clone (p < 0.05,
one-way ANOVA and Tukey’s HSD test for each clone).

in instars 1-3 as the time spent in a vulnerable stage. The
exception was clone SGus growing on Acutodesmus, of which
the 4™ instar size (1.16 + 0.007 mm, mean + SE) was below
1.25 mm; here we considered the time spent in instars 1-4 as
the time spent in a vulnerable stage. The mean time spent
in vulnerable instars ranged from 71 to 172 h across all
clones (Fig. 3) exposed to Chaoborus Kkairomone.

Food affects Daphnia inducible defenses

Independent one-way ANOVAs for each of the clones rev-
ealed that in all clones the time spent in vulnerable instars
was affected by food identity (Table 3) with Acutodesmus
causing significantly longer times to outgrow the vulnerable
size in all three clones (Fig. 3).

It is reasonable to assume that the effects of food identity
on developmental time are related to differences in somatic
growth rates. Across all clones, somatic growth rates ranged
from 0.17 to 0.66 d~' (Supporting Information Fig. S2). Food
identity affected juvenile somatic growth rates in all clones,
with Acutodesmus causing significantly lower growth rates in
all three clones, while higher growth on Cryptomonas than on
the green alga Chlamydomonas was not observed across all
clones (Supporting Information Fig. S2; Table S2).

Within each D. pulex clone, different food identities
resulted in different extents of induced neckteeth and differ-
ent times spent in vulnerable body sizes. When the extent of
induced neckteeth was plotted against the time remaining in
a vulnerable body size, for clones SGus and Gerstel no signifi-
cant linear relation was detected, while for clone TCO a signif-
icantly negative relation was observed (Fig. 4).

Discussion

Our aim was to affect the growth of juvenile D. pulex such
that the time that juveniles remain within the vulnerable
body size for being preyed upon by larvae of Chaoborus would
be affected. To achieve this, we supplied three D. pulex geno-
types with three different food algae.

By creating dose-response curves and fitting a model to
these curves, we could show that the three D. pulex genotypes
did not differ in their possible maximum induced neckteeth,
but differed in their sensitivity to Chaoborus kairomone. Such
clonal variability in response to the Chaoborus kairomone is
well known (Boeing et al. 2006; Hammill et al. 2008; Christjani
et al. 2016). In order to account for these different sensitivities,
each D. pulex genotype was exposed to a different kairomone
concentration in the subsequent experiments testing the

Table 2. One-way ANOVA results on testing the effect of algal food identity on neckteeth induction scores (AU) in each of the three

Daphnia pulex clones exposed to Chaoborus kairomone.

Daphnia clone TCO df Sums of squares Mean squares F-value p-value
Food 2 5773 2886.4 13.22 0.000192
Residuals 21 4584 218.3

Daphnia clone Gerstel df Sums of squares Mean squares F-value p-value
Food 2 81.8 40.92 1.803 0.186
Residuals 24 544.6 22.69

Daphnia clone SGus df Sums of squares Mean squares F-value p-value
Food 2 1518 759.1 4.324 0.0261
Residuals 22 3862 175.5

1114

85UB01 SUOLULIOD AIEBID) 3[Ged1idde au) A peussnob a1 oIl WO ‘98N J0 S9N 10§ AXRIq1T 8UIIUO B]1M L0 (SUO1HIPUOD-PUE-SULBIWI0D" A8 | W ATe1q1[Bu [Uo/Sd 1Y) SUONIPUOD PUE SLLLB | 81 39S *[9202/T0/9Z] Uo AXIq1 8UIIUO AB1IM ‘UI03 NZ TeISBAIIN 8P *[Q1g Ad 8TO0L OUI/Z00T OT/I0p/wW0d" A1 ATeiq1jputjuo'sandose//saiy WwoJj popeojumod ‘G ‘G202 ‘06GS656T



Arcos et al.

180 1

Daphnia clones
— +b B Gerstel
= A SGus
%) @ TCO
S
17}
£ 1501
Q
o
©
)
£
>
>
£ 1201
=
c
o
o
7
[0}
£ ?
|_
90 1 é0 Ao
a
. ok
éa ®:
Acutodlesmus Chlamycliomonas Cryptolmonas
Daphnia food

Fig. 3. Mean (+ SE, n = 9) time spent in the vulnerable instars of Daph-
nia pulex clones Gerstel (yellow), SGus (blue), and TCO (green), exposed
to Chaoborus kairomone and growing either on Acutodesmus,
Chlamydomonas, or Cryptomonas as a food source. Instars, in which body
size was < 1.25 mm, were regarded as vulnerable. Different letters (same
color) indicate significant differences between different food sources
within one Daphnia clone (p < 0.05, one-way ANOVA and Tukey’s HSD
test for each clone).

effects of algal identity on the extent of induced neckteeth.
This should guarantee that a higher extent of induced nec-
kteeth would also be possible in response to different food
algae. Since each D. pulex genotype was exposed to a different
kairomone concentration, we did not compare the extent of
induced neckteeth across genotypes.

Food affects Daphnia inducible defenses

Our fatty acid analyses corroborate earlier findings that the
algae differ in their fatty acid profiles (Ahlgren et al. 1990; von
Elert and Stampfl 2000; von Elert 2002). We can further
exclude any stoichiometric nutrient limitation as the C: N
and C:P ratios, which we have measured here, have been
shown to be non-limiting to Daphnia growth (Liirling and van
Donk 1997). Acutodesmus contained the lowest share of PUFAs
and resulted in significantly lower somatic growth than
Chlamydomonas and Cryptomonas in all three D. pulex clones,
which suggests that the different fatty acid compositions of the
food algae may have caused the differences in somatic growth.
However, we did not attempt to confirm this by PUFA supple-
mentation experiments, since we aimed to test the effect of
food identity on the extent of induced neckteeth more gener-
ally. Accordingly, our data demonstrate that algal identity
affects somatic growth in each of the three D. pulex clones
exposed to Chaoborus kairomone. The somatic growth rates that
we determined during this study are comparable with somatic
growth rates determined during other studies using the same
algal and Daphnia species (Fink et al. 2011; Koch et al. 2012;
Klintworth and von Elert 2020). Furthermore, the identity of
the D. pulex clone affected the somatic growth response to the
different food algae, which is in line with earlier reports of
clonal variability in response to biochemical food quality
(Brzezinski et al. 2010; Werner et al. 2021).

Here we assumed that juvenile D. pulex have outgrown the
vulnerable size when the size exceeds 1.25 mm (Shei et al. 1988).
However, this is only true for Chaoborus flavicans, as larger
Chaoborus species like C. americanus and C. trivittatus can ingest
D. pulex to at least 1.5 mm in body length, which expands the
time and the number of instars that D. pulex are vulnerable
(Riessen and Trevett-Smith 2009). Hence, our assumption of a
vulnerable body length of 1.25 mm (usually instars 1-3) can be
regarded as a decent approximation of the time spent in vulnera-
ble stages for the purpose of this present study.

Algal identity affected the time that D. pulex spent in the
vulnerable instars with the common pattern across all three

Table 3. One-way ANOVA results on testing the effect of algal food identity on time spent in vulnerable instars in each of the three

Daphnia pulex clones exposed to Chaoborus kairomone.

Daphnia cloneTCO df Sums of squares Mean squares F-value p-value
Food 2 1314 657 23.64 3.31E-06
Residuals 23 611.4 27.8

Daphnia clone Gerstel df Sums of squares Mean squares F-value p-value
Food 2 2178 1089.1 15.9 4.00E-05
Residuals 24 1644 68.5

Daphnia clone SGus df Sums of squares Mean squares F-value p-value
Food 2 42,039 21,019 188.9 5.31E-15
Residuals 23 2559 111
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D. pulex clones that Acutodesmus caused significantly longer
times of D. pulex remaining in the vulnerable size. In none of
the D. pulex genotypes a difference between Chlamydomonas
and Cryptomonas as food was detectable. In conclusion, the
fact that Acutodesmus caused the lowest somatic growth and
the longest time spent in vulnerable instars is consistent
across all three D. pulex clones.

Furthermore, food algal identity affected the extent of
induced neckteeth. Theoretically, such effects of algal iden-
tity may be caused by differences in kairomone degradation
that result from differences in bacteria accompanying dif-
ferent algae cultures. However, here we have pre-incubated
food algae with concentrations of two antibiotics that pre-
viously have been shown to significantly reduce bacterial
counts (Klintworth and von Elert 2021b) and thus mini-
mize the probability that accompanying bacteria differ
among algae; therefore, it seems reasonable to attribute the
reported effects on the extent of induced neckteeth within
a Daphnia genotype to algal identity. In this study, based
on three different food identities, we found up to 66% less
induced neckteeth. These results demonstrate that, for a
given kairomone concentration, algal identity affects the
extent of induced neckteeth, and it remains to be tested if

including further food algae taxa would lead to a similar or
even stronger reduction of induced neckteeth. The effects
of algal identity on neckteeth expression suggest that sea-
sonal variations of phytoplankton composition may func-
tion as a bottom-up factor that modulates the extent of
induced neckteeth of a D. pulex genotype in response to the
neckteeth-inducing kairomone.

However, these effects of algal identity on the extent of
induced neckteeth were not consistent across D. pulex clones:
there was no effect in clone Gerstel though algal identity had
affected growth and time spent in vulnerable instars. Already
from this it may be concluded that algal identity factors that
constrain somatic growth in D. pulex must be different from
those that constrain the extent of induced neckteeth. This rea-
soning is corroborated by the finding that Acutodesmus caused
the lowest somatic growth in all three clones (Supporting
Information Fig. S2), but neither caused consistently the
highest nor the lowest neckteeth across the clones (Fig. 2).

The respective alga, which allowed for maximum extent of
induced neckteeth, was different across the three D. pulex
clones, which demonstrates that the unknown factors that
constrained maximum induced neckteeth were different
across the three D. pulex clones. This suggests that during
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seasonal phytoplankton succession and for a given concentra-
tion of Chaoborus kairomone, these clones would deploy maxi-
mum neckteeth at different times of the succession.

The induction of more neckteeth and a larger neckteeth
pedestal in response to Chaoborus larvae has recently been
reported for Daphnia longispina (Maurone et al. 2018; Sperfeld
et al. 2020), and it remains to be tested if food identity has
comparably strong effects on these morphological changes in
D. longispina as reported here for D. pulex. A kairomone from
fish induces morphological defenses in Daphnia Ilumholtzi
(Hahn and von Elert 2022), which represents another case in
which the effect of algal identity on the extent of morphologi-
cal defenses remains to be investigated.

Studies on the morphological defense in D. pulex against
predation by Chaoborus larvae have largely focused on changes
in the number of neckteeth and in pedestal size. However, the
kairomone further induces changes in resource allocation
(Klintworth and von Elert 2020), and the whole-organism
response in shape and ultrastructure is more complex
(Laforsch et al. 2004; Paplauskas et al. 2024). It remains to be
tested if these accompanying effects of Chaoborus kairomone
are also affected by food algae identity.

In line with the fact that the extent of induced neckteeth
increases with predator abundance and hence with predation
risk (Parejko and Dodson 1990; Tollrian et al. 2015), we had
hypothesized that increased predation risk caused by extended
time spent in vulnerable instars would as well go along with a
higher extent of increased neckteeth. However, in none of the
three clones neckteeth scores increased with the time spent in
vulnerable instars, which demonstrates that the assessment of
predation risk in D. pulex does not seem to include differences in
developmental time. A remarkable exception was observed in
clone TCO, in which neckteeth decreased with time spent in
vulnerable instars. Among the three clones, TCO seems unique
in such that Acutodesmus caused the smallest increase in the time
spent in vulnerable instars (90 h) and the strongest negative
effects on somatic growth and on induced neckteeth. It is largely
these strong constraining effects on neckteeth that cause the sig-
nificantly negative correlation of neckteeth and time spent in
vulnerable instars. As somatic growth on Acutodesmus was fairly
high, the strong decrease of induced neckteeth in this treatment
indicates a specific constrain, perhaps a limitation by an
unknown compound fully absent or present in low concentra-
tions in Acutodesmus but essential for the deployment of nec-
kteeth. In TCO the same pronounced decrease in induced
neckteeth occurs on Cryptomonas which supports the reasoning
that clone TCO is unusually sensitive to a putative absence or
low availability of an unknown compound that is essential for
the deployment of neckteeth. These strong differences to the
two other D. pulex clones may be due to the fact that the latter
two originate from Furopean lakes, whereas TCO originated
from North America and belongs to the “Panarctic” clade of the
D. pulex species complex, which is distinct from the European
D. pulex s.s. (Taylor and Hebert 1993; Molinier et al. 2023).

Food affects Daphnia inducible defenses

Clone TCO originates from a natural population in Oregon with
a strongly reduced genetic diversity and is thus less heterozygous
than most other Daphnia c.f. pulex clones (Lynch et al. 2017).

Neckteeth induction in D. pulex is frequently accompanied by
other, apparently costlier, traits such as an elongated tail spine,
increased pedestal size, and increased carapace thickness,
strength, or stiffness (Laforsch et al. 2004; Riessen et al. 2012;
Rabus et al. 2013; Kruppert et al. 2017; Riessen and Gilbert 2018),
which cannot be experimentally separated from those for the
deployment of neckteeth. Here, for the first time, we demon-
strate that the induction of neckteeth may be constrained by
inadequate biochemical food quality with differences in clonal
sensitivity to a putative absence or low availability of an
unknown essential compound.

Because of the formation of neckteeth and of further addi-
tional allocation of material into other obvious morphological
changes, which accompany the deployment of neckteeth, costs
of neckteeth formation are to be expected. It follows from these
considerations that these costs for a particular juvenile stage
should be independent of how long this stage lasts, since no
additional material needs to be allocated into morphological
changes if, for example, instar two lasts longer. Still, in clone
TCO, the increased time spent in vulnerable instars, which is
due to an extended duration of instar two, goes along with a
decrease in neckteeth induction. This unexpected negative rela-
tion suggests that the maintenance of a changed phenotype
within a given instar is associated with costs due to a limitation
by an unknown compound. Clone TCO seems to be most sen-
sitive to a limitation by this unknown compound, which is cor-
roborated by the finding that this clone shows the lowest
maximum increase in time spent in vulnerable instars.

In an earlier study, we used increased shares of a non-toxic
cyanobacterium to create a food quality gradient for D. pulex.
Similar to the different food alga identities in the present study,
the gradient of increasing cyanobacterial shares affected devel-
opmental time in D. pulex, and developmental time was not
related to the extent of induced neckteeth (Klintworth and von
Elert 2021a). However, although this earlier study corroborates
the present study’s findings that differences in developmental
time do not affect the extent of induced neckteeth, it was based
on a single D. pulex clone and included one cyanobacterial
strain only, and we here generalize this observation by crossing
three D. pulex genotypes and three algal species.

We conclude that the predator—prey system of gape-limited
larvae of Chaoborus and D. pulex represents a system, in which
prey may outgrow vulnerable body size. Therefore, slower
developmental progression will elongate the time that
D. pulex remains within the vulnerable body size and increase
predation risk. However, differences in developmental time,
both those triggered by different algae (this study) and those
triggered by increasing proportions of a cyanobacterium
(Klintworth and von Elert 2021a), did not correlate with the
extent of induced neckteeth. This shows that in D. pulex
developmental progression is not included in the assessment
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of the predation risk by larvae of Chaoborus. However, the
extent of induced neckteeth was affected by algal identity and
different cyanobacterial shares in the diet, which demon-
strates pronounced dietary effects on the extent of induced
neckteeth in D. pulex in response to Chaoborus kairomone.

Other factors that may affect developmental time and thus
the time window of being vulnerable to predation by
Chaoborus larvae would be temperature or toxic cyanobacteria.
For increases in temperature, Klintworth and von Elert
(2021a) have found decreased neckteeth induction, which is
in favor of the idea that developmental speed affects the
degree of neckteeth induction. However, the authors urge cau-
tion when evaluating the results as their setup does not allow
to exclude indirect effects of temperature on bacterial degrada-
tion of the kairomone.

It further may be interesting to investigate if food qual-
ity constrains for one inducible defense may foster the
onset of another inducible defense. Such inverse coupling
of two inducible defenses has been demonstrated with
respect to diel vertical migration (DVM) and life history
changes (Effertz and von Elert 2014, 2017), but not yet for
morphological changes and DVM, as would be possible,
since D. pulex is known not only to deploy morphological
changes in response to Chaoborus larvae but also to per-
form DVM in response to fish (Beklioglu et al. 2008).

Since phytoplankton composition changes with season
(Sommer et al. 2012; Sommer 2023), such dietary bottom-up
effects in Daphnia will modulate the extent of induced nec-
kteeth in response to Chaoborus kairomone and by this
strongly affect chemical communication in this predator-prey
system. Brzezinski and von Elert (2015) have reported a con-
ceptually similar bottom-up effect modulating Daphnia’s
behavioral avoidance of fish where a diet low in polyunsatu-
rated fatty acids constrained the response by DVM to the
chemical presence of fish. These food quality constrains were
as well reported for D. longispina, a species which has recently
been reported to deploy, similar to D. pulex, morphological
changes in response to Chaoborus larvae (Sperfeld et al. 2020).
These findings that food identity strongly modulates both
behavioral and morphological inducible defenses in Daphnia
demonstrate that inducible defenses against predators may, to
varying degrees, be under top-down and bottom-up control.
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