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Daphniids avoid Utricularia on a horizontal plane
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Abstract

Besides animal predators, carnivorous plants, such as the littoral bladderwort Utricularia
vulgaris, also strongly impact cladoceran communities by efficiently capturing passing
planktonic animals, including small daphniids, in their bladder traps. Therefore, we hypothesized
these animals should avoid direct contact with these carnivorous plants. We measured the
distance Ceriodaphnia and small-bodied Daphnia keep from plants in both a horizontal and a
vertical setup. Predatory plant Utricularia, non-predatory coontail Ceratophyllum, or an artificial
plant were placed in either bladderwort conditioned water or control medium. The measurements
performed in the horizontal setup showed that the studied daphniids stayed further away from
predatory bladderwort than from the non-predatory plant and further from an artificial plant in
bladderwort conditioned water than in control water. Thus, our results suggest that by this
behavioural avoidance cladocerans navigate through the even more complex than previously
thought landscape of fear - that of planktivorous fish, invertebrate predators, and now also

evidenced plant predators.
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Introduction

Predation provides a strong selective pressure across taxa, and antipredatory responses in
the face of threat occur even in unintuitive prey-predator systems (e.g. Grzesiuk et al., 2022; Lin
et al., 2025). While lifelong consequences are expected depending on the nuances of the system
(Gliwicz, 2003; Pietrzak et al., 2020), the fastest and most direct often takes the form of
immediate behavioural response, including changes in activity type, time allocation, and spatial
position (Gliwicz et al., 2006; Sysiak et al., 2023).

In lentic habitats, predator avoidance involves avoiding surface open waters at day, and
thus includes diel vertical migration (DVM) and diel horizontal migration (DHM) — the latter
being behaviour in which prey move into littoral macrophyte stands during the day to escape
visually-hunting fish (reviewed by Burks et al., 2002). Unlike DVM, where deep, dark
hypolimnion offers a well-defined refuge, DHM occurs in a structurally complex littoral habitat
that may simultaneously provide refuge and introduce new predation risks. This creates a
fundamental predator-refuge paradox: plankters seeking shelter among macrophytes avoid
pelagic fish, but may encounter abundant littoral invertebrate predators, habitat complexity, or
allelopathic plant exudates (Burks et al., 2002).

Cladocerans serve as a model system for studying predator-induced behaviour in lentic
habitats with well-documented responses to fish and invertebrate predators (e.g. Gliwicz and
Pijanowska, 1989; Tollrian and Harvell, 1999; Gliwicz, 2003). While diel vertical migration is
among the best-known predator-avoidance mechanisms (Gliwicz, 1986; Lampert, 1989;
Bandara et al., 2021), horizontal movements toward or away from plants play an equally
important role in shallow vegetated systems, where weak light gradients occur and habitats
physically structure predator distributions (Burks et al., 2002). Thus, in addition to the classic
epilimnion-hypolimnion refuge axis, cladocerans also navigate an inshore-offshore gradient of
predation risk, responding not only to fish but also to littoral predator assemblages and habitat
cues (Haney, 1988; Gliwicz and Rykowska, 1992). These responses may be mediated by
multiple sensory modalities, including both visual and chemical cues, which together inform the
detection and spatial assessment of predation risk (Burks et al., 2002; Hathaway and Dudycha,
2018; Weiss, 2019).

Cladoceran responses to plant predators receive little attention. Carnivorous plants of the
genus Utricularia (bladderworts) not only commonly form the littoral environment, but also
directly affect aquatic animals and reduce their densities (Harms, 2002; Kurbatova and Yershov,

2009). Bladderworts use submerged suction traps (bladders) known to be the fastest motile
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trapping devices in plants, triggered mechanically by prey and extremely effective in sucking in
a passing-by daphniid (Poppinga et al., 2017). These traps contain varied taxa, from
phytoplankton of different species, through rotifers to small annelids, insects and crustaceans,
including small cladocerans often in a high proportion (Alkhalaf et al., 2009; Kurbatova and
Yershov 2009). Yet still, hardly any studies have investigated cladoceran anti-Utricularia
responses (Havel and Dodson, 1985; Kruppert et al., 2022).

In the present study, we hypothesized small cladocerans evolved behavioural avoidance
of direct contact with carnivorous plants. As cladocerans may use vision to avoid shores
(Schwind 1999) and chemoreception plays a key role in assessing predator presence (Weiss,
2019), we considered these modalities as the most likely contributors to avoidance behaviour in
our system. By combining live plant exposure with exposure to Utricularia-conditioned water,
we examined whether cues associated with the presence of this predatory plant are linked with
spatial avoidance by daphniids. We predicted that daphniids would remain at greater distance
from Utricularia than from a non-predatory plant. Because general plant avoidance has been
recorded in some Daphnia species (Meerhoff et al., 2006), we tested this prediction using two
simplified, quasi-unidimensional systems in which avoidance could be expressed either

horizontally or vertically.

Methods
Experimental organisms
Sampling took place near Hydrobiological Field Station of University of Warsaw in Pilchy,
Masuria, Poland in July 2019. Depending on abundance, we collected experimental organisms
from one of two sites. We collected the cladocerans from among the emergent vegetation at the
shore and adjacent patches of open water on a swamp on Czarna Struga stream about 1 km up
from its inflow to lake Ro$ (53.690°N, 21.918°E). On the same dates, we collected common
bladderwort (Utricularia cf. vulgaris) and rigid hornwort (Ceratophyllum demersum) from lake
Ros$ littoral about 1 km from where Czarna Struga flows in (53.682°N, 21.894°E), from the edge
of disturbed Phragmites australis reed bed. The work took place outside protected areas, did not
include species under protection and therefore did not require permitting.

In the predation tests and in experiment 1, we used a mixture of small-bodied Daphniidae
(sensu Tessier et al., 2001), dominated by Ceriodaphnia sp. and small Daphnia sp. of longispina
group, which reflected the actual daphniid community present during early sampling and was
used for initial screening of behavioural responses. During later sampling, Ceriodaphnia

pulchella dominated. Because this species is more characteristically littoral and therefore likely
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to face higher predation risk from Utricularia, experiment 2 focused on this single species to test
avoidance in a more ecologically and taxonomically consistent manner. We kept sampled
animals in conditioned (150 pm mesh filtration and over 24 hours of aeration) lake Ro$ water in
100-500 mL containers for at least 24 hours before use in behavioural experiments (see predator
cue degradation issue discussed below).

Prior to the behavioural assays, we conducted a pilot test confirming that Utricularia
readily preyed upon the studied cladocerans under our laboratory conditions (Supplementary

Material).

Avoidance tests

To test daphniid avoidance of the predator, we measured the distance of the animals from plants
in two setups: horizontal and vertical, running in parallel, both in two subsequent experiments.
One week after experiment 1, we collected new organisms at the same locations and performed a
similar double (horizontal and vertical running in parallel) experiment 2, introducing a few
developments or refinements explained below (Fig. 1).

Overall, we used a partially crossed factorial design with two factors: medium (control vs
predator-conditioned) and plant type (live vs artificial). Because live plants inherently carried
their biological chemical signature, we tested live Ceratophyllum only in control medium,
whereas live Utricularia only in predator-conditioned medium. We tested artificial plants in both
media. The full 2x2 factorial combination was biologically impossible, resulting in an
incomplete but structured design.

We used two types of media, control versus predator-conditioned water, in both experiments. To
obtain control medium, we filtered lake Ro$ water through a mesh and aerated it for at least 36
hours, thus cleaning it from other animals and plants and allowing chemical cues of predation to
degrade to major extent (Van Buskirk et al., 2014). To obtain predator medium, i.e. Utricularia
conditioned water, we exposed delicately rinsed live bladderwort (about 140 g wet mass) in 5 L
of control aerated medium for at least 24 hours.

In horizontal and vertical experiment 1, we used only live plants, Ceratophyllum in
control, and Utricularia in predator medium (two treatments). In horizontal and vertical
experiment 2, we increased the number of levels of the plant type factor. In addition to
treatments with live plants, we used artificial ones in each medium (four treatments, Fig. 1). We
performed all experiments against white background and under fluorescent lamps providing even
lighting over the whole setup. Thus, the tested animals could see the plant as dark at each end of

the horizontal and on the upper end of the vertical setup.



137

138

139

140

141

142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169

The horizontal setup consisted of 16 small (50 x 2 x 0.8 cm) white plastic troughs
each with one type of plant added at both ends. The vertical setup used laboratory glass
tubes (15 cm x @ 1 cm), each with one type of plant floating under the surface (Fig. 1). The
width of the vessels corresponded to the width of vessels commonly used in laboratory
studies of DVM in Daphnia, so called “plankton organs” (e.g. Dawidowicz and Loose, 1992).

The length of the vessels, in relation to their width, and thus the width of the presented “littoral”,
allowed the animals to easily distance themselves from plants enough to lose them from sight
(given that e.g. Daphnia’s angular field of view is at least 22° (Hathaway & Dudycha, 2018), an
object 1.5 cm wide would subtend this angle at a distance of approximately 3.9 cm).

The tested animals differed between experiments 1 and 2. We used the same daphniid
mixture in horizontal 1 and vertical 1, whereas C. pulchella in horizontal 2 and vertical 2, as
explained above. Twenty four hours before each experiment, we distributed the animals
randomly between the two treatment media and exposed them in the focal medium before
testing, a standard cue-sensitisation in cladoceran research. Each time we placed five individuals
in each experimental vessel and at each measurement we considered their mean position as the
single data point. In all experiments, we used alternating order of treatment vessels and even
distribution among blocks to exclude position-dependent effects.

Horizontal experiment 1. We tested daphniids in one of two treatments, either in control
medium with live Ceratophyllum, or in predator medium with live Utricularia (Fig. 1). We
placed 12 cm long respective plant stems at both ends of each trough. Before testing, we pre-
exposed 80 daphniids in the focal medium , 40 individuals in each. For the test, we placed five
individuals in the middle of each trough, in accordance to their pre-exposure medium, and after
three-minute incubation we recorded their horizontal positions , i.e. the shorter distance to plants,
five times at three minute intervals (5 individuals x 8 replicate troughs x 2 treatments; 5 repeated
measurements).

Horizontal experiment 2. We performed the experiment as before with the following
modifications. (i) We used two medium treatments (control vs. predator) and two plant
treatments (live stem vs. green aquarium plastic plant) in a biologically constrained factorial
design producing four experimental treatments: control medium with live Ceratophyllum, control
medium with artificial plant, predator medium with live Utricularia, and predator medium with
artificial plant (Fig. 1). (i1) The micro-“littoral” was shorter in this experiment to allow more
space for zooplankton to move, and was about 3 cm on each side. (iii) We used 80 Ceriodaphnia

pulchella, one of the dominant species in experiment 1. Again, we distributed them randomly
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between the treatments and vessels, five into each. Five measurements were performed, as before
(5 individuals x 4 replicate troughs x 4 treatments; 5 repeated measurements).

As an additional test, this experiment was repeated after 24 hours with the same animals.
Between the repeated experiments, we kept the animals in groups of five individuals in plastic
containers filled with the same type of medium as used in the test.

Vertical experiment 1. We tested daphniids in one of two treatments, either in control
medium with live Ceratophyllum, or in predator medium with live Utricularia. We placed 3 cm
long respective live plant stems in each tube where they floated straight under the surface. This
experiment ran in triplicate. We pre-exposed 30 daphniids in the focal medium before testing, 15
individuals in each. For the test, we placed five individuals in the middle of each tube, in
accordance with their pre-exposure medium, and after three-minute incubation we recorded their
vertical positions five times at three minute intervals (5 individuals x 3 replicate tubes x 2
treatments; 5 repeated measurements).

Vertical experiment 2. The experiment was performed as before with the following
modifications. (i) Four treatments and (i1) 80 individuals of C. pulchella were used, as in the
horizontal experiment 2 (Fig. 1) (5 individuals x 4 replicate tubes x 4 treatments; 5 repeated

measurements).

Data analysis
We performed all calculations using the R language and environment, R version 4.5.1 (R Core
Team, 2025).

For the predation test, we compared the numbers of daphniids remaining in the control
and bladderwort paired cube containers using paired t-test.

For both horizontal and vertical setups, we analysed how treatment and time (repeated
observations) affected the distance to the plant. Because measurements taken on the same group
of five individuals were not independent, we used generalized least squares (GLS) models with
an appropriate repeated-measures correlation structure and allowance for unequal variances,
implemented in the nlme package (Pinheiro et al., 2025). Each GLS model included fixed effects
of treatment, time, and their interaction. We incorporated repeated measurements within each
vessel (and, in horizontal experiment 2, the two experimental rounds) directly into the error
structure. As the time % treatment interaction was non-significant in all experiments, we removed
only this interaction term from the GLS models, with all inference based on the GLS models
with the repeated-measures structure retained. We used type-II ANOVA tables (car package; Fox
& Weisberg, 2019) solely to report significance tests for the fixed effects in these GLS models,
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followed by Tukey post-hoc comparisons (Ismeans package) at a = 0.05. As the studied animals
and the length of plant stems resulting in length of space available for animals differed between

experiments, we did not compare their results with a formal analysis.

Results
In both horizontal experiments 1 and 2 treatment altered daphniids distance from plants
(ANOVA on GLS results, treatment effect, exp. 1: y2;=10.6, P =0.0011, exp. 2: y25=18.9, P=
0.0003). The animals stayed further from predatory bladderwort than from non-predatory
Ceratophyllum in both horizontal experiments, and further from artificial plants in bladderwort
conditioned water than in control water (Fig. 2). Animal position changed over time of the
repeated measurements only in experiment 2 (time effect, exp. 1: y2,=0.59, P = 0.44, exp. 2: y2,
=9.9, P=0.0017) and without a significant interaction (Tab. S1).

In neither of the vertical experiments was the effect of treatment on daphniids distance
from plants significant (P > 0.48; Tab. S1, Fig. 3). In vertical experiment 1, under control
conditions, the daphniids appeared to disperse through the depth of the water column more than

in the presence of bladderwort, yet, this effect was not seen for Ceriodaphnia in experiment 2.

Discussion

In our experiments, daphniids stayed further from bladderwort than from non-predatory
Ceratophyllum in the respective media, and further from artificial plants in bladderwort-
conditioned water than in control medium, in agreement with our expectations. Despite being
unable to chase its prey, predatory bladderwort may pose a considerable death risk to planktic
animals when it constitutes an important part of vegetated littoral, habitat that otherwise may be
used as a refuge from vertebrate predation (Burks et al., 2001; Gonzélez Sagrario et al., 2009).
To our knowledge, our results represent one of the few demonstrations that cladocerans may
exhibit behavioural avoidance in response to carnivorous plants, in contrast to earlier studies
reporting no behavioural response (e.g. Harms, 2002; Englund and Harms, 2001). Our study
possibly provides only the second report of aquatic animal behavioural avoidance of a predatory
plant at all (Kruppert et al., 2022).

Importantly, our experimental design does not allow us to mechanistically disentangle the
relative roles of visual and chemical cues in driving the observed avoidance behaviour. Rather,
our results indicate that cladocerans avoid Utricularia under conditions where both visual
structure and plant-associated chemical cues are present. Indeed, predator-induced responses in

cladocerans are often triggered by the presence of kairomones without requiring stable spatial
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gradients, with behavioural outcomes shaped by interactions between chemical cues and other
environmental signals such as light (Ringelberg, 1991; Dawidowicz and Loose, 1992; Weiss
2019).

Interestingly, we found avoidance on a horizontal, but not on a vertical plane. This might
reflect the structure of the littoral habitat and opportunities to find refuge therein. In the shallow
littoral depths, little heterogeneity exists along the vertical gradient of the water column, while
the habitat patchiness is pronounced in the horizontal plane. Distances in the orders of
centimetres or tens of centimetres away may signify a different macrophyte patch or a patch of
different plant densities. Thus, among vegetation, horizontal movements may play a greater role
for daphniids than vertical movements. Also, horizontal migrations between vegetation stands,
their edges and open water commonly occur in small-bodied Daphnia and Ceriodaphnia spp. on
a daily basis (Vetti Kvam and Kleiven, 1995; Rybak and Weglenska, 2003; Anton-Pardo et al.,
2021).

Another possible explanation for having evidenced here avoidance on a horizontal, but
not on a vertical plane, includes the nuances of the experimental setups used. Our horizontal
setup enabled movements between the same plant patches on both ends of a halftube, where the
shorter distance to plants was measured. Meanwhile, the vertical setup enabled movements
between plants floating under the surface and greater, yet still shallow, depths of the tubes (all of
uniform lighting and physical parameters, as in the horizontal setup). While chemical gradients
were possible in the live plant treatments - the presence and temporal dynamics of these
gradients being linked to the width and length of experimental vessels - uniform concentrations
of semiochemicals were expected in artificial plant treatment. Nevertheless, it is worth
emphasizing here that the results were consistent across experiments 1 and 2 performed on
different days and with different prey assemblage - mixture of small-bodied daphniids dominated
by Ceriodaphnia sp. and small Daphnia sp. of longispina group versus Ceriodaphnia pulchella,
respectively.

Our results are in line with those reported in the other study on daphniid plastic
responses to bladderwort (Kruppert et al., 2022). There, Ceriodaphnia dubia exposed to
Utricularia x neglecta showed changes in morphology and behaviour, which the authors
interpreted as adaptations improving survival, and in life history, which likely reflected defense
trade-offs. In that study, behavioural adjustment was most clearly reflected in reduced number of
movements and reduced velocity. Also, their results suggested movement away horizontally and
upward in Utricularia-conditioned medium, which corroborates our findings of no avoidance of

bladderwort through downward displacement below the plant. The two studies also agree in the



272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305

finding that chemical cues of Utricularia presence may contribute to behavioural avoidance of
the plant, be it bladderwort itself, harmless commonwort or a plastic aquarium plant. Taken
together, these findings point to the need for future studies that explicitly disentangle the visual
and chemical components of this response, for example by manipulating cue gradients

independently of plant structure and by comparing responses across a broader range of plant

types.

Conclusions

We present behavioural experimental data showing avoidance responses by Ceriodaphnia and
small-bodied Daphnia to bladderwort presence. To our knowledge, this study provides one of the
few empirical demonstrations of such an antipredator response by zooplankton to a carnivorous
plant. In line with the sole previous study reporting such a pattern, our findings add both
taxonomic and geographic breadth, suggesting this phenomenon may be more widespread than
previously recognized. These results indicate that cladocerans may experience a more complex
landscape of fear than previously acknowledged — one that includes not only planktivorous fish

and invertebrate predators, but also plant predators.
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Figure legends

Fig. 1 caption: Schematic diagram of the horizontal and vertical setups in experiment 1 and 2.
Green - control medium, orange - predator medium. Light colours, diamonds and triangles - live
plants, dark colours and circles - artificial plants. Numbers denote distances (cm) to plants in

space available to animals.

Alt text: Diagram illustrating horizontal and vertical experimental setups in two experiments
testing zooplankton response to predatory and non-predatory plants. Orange indicates predator-
conditioned water, green indicates control water. Light colours and angular symbols represent
live plants, dark colours and circles represent artificial ones. Numbers denote distances (cm) to

plants in space available to animals.

Fig. 2 Distance of daphniids from plants through the experiments in the horizontal setup. Green
boxes - control medium (cont), orange boxes - predator medium (pred). Light colours - live
plants (Cera - Ceratophyllum, Utri - Utricularia), dark colours - artificial plants (ART). Black
lines, boxes and whiskers mark medians, quartiles and extrema. Vertical lines mark

homogeneous groups.

Alt text: Boxplot showing the distance of daphniids from plants in horizontal setups in five

subsequent measurements and across experimental treatments.

Fig. 3 Distance of daphniids from plants through the experiments in the vertical setup. Labels as
in Fig. 2.

Alt text: Boxplot showing the distance of daphniids from plants in vertical setups in five

subsequent measurements and across experimental treatments.
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Supplementary Material

Predation tests

These tests were performed to simply confirm that the studied animals get preyed upon by
Utricularia. Importantly, as we did not test for the effects of prey density nor any other effects,
we did not force the plants to empty the bladders, nor count them. Yet, as the predation rate of
Utricularia may depend on prey density (Harms and Johansson, 2000), we used a range of
daphniid densities (not tested independent variable), not to miss out any predation effects. We
placed 2, 4, 8, 16, 24 or 32 daphniids were placed in each of 12 paired 12 mL plastic cube
containers filled with aerated lake water, either alone or with one about 1.5 cm long bladderwort
stem fragment with leaves and traps on them (2 treatments x 86 = 172 individuals in all). The
number of daphniids remaining in the water was checked after 12 and 36 hours.The numbers of
daphniids remaining in the control and bladderwort paired cube containers were compared using
paired t-test. The number of remaining daphniids was lower in the presence of bladderwort
relative to control (paired Student’s t-tests: t5 = 3.95, P=0.0108 and #5s = 4.0, P=0.0103, after 12
and 36 hours, respectively). Altogether, 1 in control and 17 animals in bladderwort containers
were missing at the test end.

Harms S and Johansson F (2000) The influence of prey behaviour on prey selection of the
carnivorous plant Utricularia vulgaris. Hydrobiologia 427, 113—120.

https://doi.org/10.1023/A:1003961614595
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Table S1

Tab. S1 Results of analysis of variance (car:: Anova) on the results of generalized least squares
model for models (nlme::gls) without and with interaction. Correlation of errors formula:

corAR1(form = ~ time | vessel) for horizontal 1 and both vertical experiments, and corAR1(form
=~ time | vessel / day) for horizontal 2 experiment.

experiment source df Chi® p
horizontal 1 distance ~ treatment + time (Anova, type II)
treatment 1 10.6 0.0011
time 1 0.591 0.442
distance ~ treatment * time (Anova, type Ill)
treatment 1 0.0017 0.97
time 1 2.80 0.094
treatment x time 1 3.1 0.078
horizontal 2 distance ~ treatment + time (Anova, type Il)
treatment 3 18.9 0.0003
time 1 9.9 0.0017
distance ~ treatment * time (Anova, type Ill)
treatment 3 12.8 0.0051
time 1 0.542 0.462
treatment x time 3 2.39 0.496
vertical 1 distance ~ treatment + time (Anova, type Il)

treatment

1 0.481

0.488

time

1 0.427

0.513

distance ~ treatment * time (Anova, type Ill)
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480

treatment 0.147 0.702
time 0.716 0.397
treatment x time 0.305 0.581

vertical 2

distance ~ treatment + time (Anova, type Il)

treatment 0.885 0.829
time 0.005 0.942
distance ~ treatment * time (Anova, type Ill)
treatment 1.231 0.746
time 0.034 0.854
treatment x time 1.164 0.762
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Data

Columns: dist — distance to plant in cm, rep — replicate, time — timing of measurement in
minutes after start of test, treat - treatment, trough — trough number

Treatment labels in experiment 1: k — control, p — Utricularia

Treatment labels in experiment 2: ROG — Ceratophyllum in control medium, KS — artificial
plant in control medium, P — Utricularia in predator medium, SS — artificial plant in predator

medium
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