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1. Thesis summary

In my thesis, | address predator-prey interactionslving predatory aquatic insects and
their, mainly invertebrate, prey. | have carried anumber of laboratory experiments to
quantify prey selectivity of predatory aquatic icseand mortality of prey exposed to
predators differing in body size and exhibiting asting foraging strategies. My approach
is mainly comparative. Thus, | have focused onalatg patterns in selective predation of a
wide spectre of predators feeding on multiple egcies.

Main questions | addressed were:
o What predator and prey traits determine prey selecbf predators and differential
mortality of prey?
o Does habitat structural complexity modify predgpoey interactions in freshwater
food webs?

| attempted to answer these questions in two exyssrial projects carried out since 2007.
The results are presented in the form of three saipts (drafts of papers to be modified
for publication) accompanied by a joint list ofeednces.

0 Manuscripts | and Il are based on a series of &boy experiments with regionally
dominant species of predatory aquatic insects dllsfishless water bodies and
their selected prey. The role of predator and praits as drivers of selective
predation was of major interest.

o0 Manuscript Il presents results of a series of expents which is a part of a larger
project focused on the assembly of invertebratensonities of small water bodies.
These laboratory experiments were focused on thstiqun of importance of habitat
structural complexity for predator-prey interacgon

My results confirm that body size is a key facttieeting predation in aquatic insects, but
other predator and prey traits also play a sigaificcole and modify the general predator-
prey body size allometries. The effect of habitatcture on predator-prey interactions was
strongly dependent on behaviour of predators amy.pk argue that future studies of
freshwater food web structure and dynamics shouldsider multiple species traits,

including body size and foraging and anti-preddiehaviour, to explain the processes
structuring aquatic food webs.



2. Manuscript |

Predation by aquatic insects: is body size the onlyait that matters?



Predation by aquatic insects: is body size the onlyait that matters?

Abstract

1.

Selective predation is a key process shaping thectate and dynamics of natural
communities. | tested the relationship of consuamptiate and prey selectivity to predator
body size and behavioural traits using aquaticatssas a model group of predators in
simple laboratory experiments.

. All of the 13 predators (adult and larval Coleopteadult Heteroptera and larval Odonata)

displayed significant prey selectivity towards sowiethe seven prey species offered.
Preferred prey species varied among predators atogi@netic changes of diet composition
were observed in Coleoptera and larval Odonata.

Total prey killing rate (killed prey biomass/prediabody weight) allometrically decreased
with predator body weight suggesting size-specdémands on energy uptake per unit body
mass in accordance with general scaling of metstmolith body weight. The mass-
specific killing rate of prey was ca. three timegher in sucking predators (larval
Coleoptera and Heteroptera) than chewing preddsoiglt Coleptera and larval Odonata).
Sucking predators thus may have more profound teféec the abundance of prey
populations than equally sized chewing predators.

Key predator traits determining diet overlap weoglyoweight and foraging microhabitat,
whereas foraging mode (ambush/searching) was ifisgmt. Mean individual prey body
weight consumed by a predator allometrically inseshwith predator body weight but
chewing predators ate significantly larger preynteacking predators.

Body size seems to be a key factor affecting predah aquatic insects, but the results
clearly show that other predator traits (detail$oséging behaviour) also play a significant
role and modify the general allometries. Futureligts of food web structure and dynamics
of freshwater invertebrates thus should not coma@ntsolely on body size but should
consider also other species traits to increase Hieiogical realism and to move towards
more plausible mechanistic explanations of fielthda



Introduction

Body size is considered as a key trait determitinegrole of species in community through
size-selective predation (Warren & Lawton 1987, €obt al. 1993, Woodward & Hildrew 2002a,
Cohen et al. 2003, Woodward et al. 2005, Woodward/&ren 2007) and allometric scaling of
metabolic rate and life-history parameters with yosize (Woodward et al. 2005, Brown et al.
2004, Brown et al. 2007, Atkinson & Hirst 2007). gincal data generally show that the larger the
predator, the larger the prey it consumes. For @k@nClaessen et al. (2000) showed that there is a
clear positive relationship between the body lergtieannibal and its victim in perch. Empirical
data on size-dependent cannibalism led to the dpwe#nt of a number of theoretical models
exploring the population dynamical consequencesiz#-dependent cannibalism (e.g. Claessen et
al. 2000, 2004). Similarly, the importance of baie in predator-prey interactions in aquatic food
webs was recently recognized in empirical studiegi¢wed in Woodward et al. 2005, Hildrew et
al. 2007). Various food web models incorporatinglyosize of interacting species are developed.
Recently, Petchey et al. (2008) build an optimaha@ing model with body size allometries which
successfully predicted up to 65% of food web limkseal food webs, depending on the type of
food web examined. At present, based on both eocapiaind theoretical studies, it seems that the
relationship of predator and prey body size isyafketor shaping aquatic food webs.

Aquatic insects are among the most diverse grofiimals of especially small water
bodies. Although diving beetles, bugs and dragolaityae are usually top predators and thus may
greatly affect the structure and dynamics of theletfood web, their prey selectivity is poorly
known. Aquatic insects have been traditionally cd&r®d as generalist predators (e.g. Cummins
1973, Peckarsky 1982). Experimental studies ofrtpeey selectivity are scarce, but prey size
selectivity of a predator was tested a few timeg.,BPastorok (1981) found th@haoborus midge
larvae feed mostly on medium-sizBdphnia as a result of a trade-off between prey encouatey
which rises with increasing prey size, and attagicess rate, which decreases with increasing prey
size. Cannibalism of larg@&lotonecta undulata on smaller nymphs is shaped by the same
mechanisms (Streams 1994). Experiments with stpnlefivae from temperate streams also
revealed size-selective predation — large storlaflyae prefer larger prey than small larvae (Allan
et al. 1987a, Allan et al. 1987b). Foraging modmkiash/searching) is also believed to be
responsible for diet composition of predatory aguiaisects (e.g. Allan et al. 1987b, Woodward &
Hildrew 2002a), but available data still do not\pde solid grounds for establishing a general
framework describing patterns and mechanisms etingredation in aquatic food webs.

Despite the prevalent recognition of size-spe@fiedation as a major process driving food
web dynamics, experimental data allowing us to gfyathe importance of body size for prey
choice by a predator are rare irrespective of tpme tof habitat and organisms in question.
Moreover, behavioural observations of differentdaters foraging on various prey types have
shown that the activity and foraging behaviour oédators may also be important factors
responsible for prey choice (e.g. Allan et al. 1§8Downes 2002). The logical thought that the
body size does not tell the whole story was repiatexpressed in studies of food webs (e.g.
Woodward & Hildrew 2002a, Hildrew et al. 2007, Retg et al. 2008, Ings et al. 2009), but so far,
contribution of other factors has not been quainigly evaluated. | performed a series of
laboratory experiments using aquatic insects a®adeingroup of predators to resolve the relative
importance of body size and other predator traitstie prey selectivity and consumption rates of
predators.



Methods
Laboratory experiments

| performed multiple choice predation experimenithwl3 species of predatory aquatic
insects and seven prey species. Regionally comrpenies dominating communities of small
fishless water bodies were collected at variouslibes in South Bohemia (Czech Republic).
Experiments were carried out in late spring iniaate room with constant temperature (20°C) and
photoperiod (L:D=18:6 h). Experiments were perfadnretransparent plastic boxes filled with 2.5
| of ca. 8 cm deep aged tap water without any satesion the bottom and equipped with four
stripes of plastic mesh hanging in the water columprovide simple supporting structure for the
animals. Experimental vessels were surrounded egtshof brown paper to prevent disturbance of
animals during experiments.

Animals collected in the field were acclimated e tlimate room for two to five days prior
to experiments. Predators were kept individuallymmall containers (0.25-0.7 |) and fed daily ad
libitum with prey of a type not used in experime(sainly larvae of Trichoptera). All predators
were starved for 24 hours prior to experimentsdodardize their hunger level. In the beginning of
an experiment, a mixture of all prey species wadsased (six individuals dRana tadpoles, six
Lymnaea, 10 Chironomus, 10 Cloeon, 10 Culex, 10 Asdllus and 30Daphnia) and after several
minutes one predator was added. After 24 hoursuadlaten prey were counted. Five to nine
replicates were done with each predator specidsalbindividual predators were used only once.
Qualitative observations of predator behaviour apdtial distribution within the experimental
vessels were done during experiments to collatplsiiassification of predator species according
to their microhabitat occupation and feeding bebwawi Four control trials were performed to
evaluate natural mortality of prey. To accounttfos mortality in predation trials, mean number of
prey specimens which died during control trials veakkled to the number of prey individuals
surviving each predation trial when calculating thueber of prey individuals eaten by a predator.

After experiments, all predators and 20 randomlgseim individuals of all prey species
were conserved in 80% ethanol and weighed on acall#cales to the nearest 0.001 mg after 72 h
of drying at 50°C.

Data analyses

All data analyses were carried out and figures made 2.9.2 (R Core Development Team
2009) unless otherwise stated. The selectivityndividual predators was evaluated using Manly’s
a selectivity index (Manly 1974, Chesson 1983):

q. = |n((ni0 _ri)/nio) i=1,2....m

Zln((njO -1,)In;,
=1

wherenjo is the initial number of prey items of typer; is the number of prey items of type
consumed by the predator amds the number of prey types in the experiment.

This selectivity indexd;) expresses the selectivity of a predator as divelaontribution of
individual diet items to the predator's diet if aliet items were equally abundant in the
environment. It corrects for prey depletion ocaugrin experiments, which lowers the density of a
given prey. In several experiments with four predapecies, all individuals of the most selected
prey species were consumed. To calculate Manlyiis these cases, the formula was modified by
adding one prey individual of the completely degieprey type to correspondimg andnj in the




above equation. This correction is based on thenagson that if another individual of the prey in
guestion were present, it would survive. The cqoesling estimate af; is slightly conservative.

Statistical properties of Manly's are well known and hypothesis testing is stramftard
(Manly 1995). For a predator individual, values are not independent. Valuesxpfor the set of
individuals of a given predator species follow altmariate normal distribution with each prey
species representing one variable (Manly 1995)u&&abfa; for individual prey species were thus
compared with values expected for no selectivitpgiseparate t-tests as recommended by Manly
(1995). For better graphical presentation, the eslofa; were converted into an electivity index
ranging from -1 to 1 with a value of O for unseieetfeeding, following Chesson (1983).

For each predator species, mean dry weight of kitesd during experiment per unit body
weight of a predator was calculated and the killnage among different groups of predators
(Coleoptera adults/larvae, Heteroptera and Odonates) compared using a generalized linear
model (GLM) with Gamma distribution and log linknfction. In a separate analysis | tested
similarly the effect of predator body weight anddeng mode (sucking vs. chewing) on killing rate.

| calculated the diet overlap for all pairs of pwemt species using Pinka’s overlap index
(Pianka 1973) in Ecosim 7.72 (Goteli & Entsming802). This index estimates the similarity of
resource use (in this case diet composition) fopairs of (predator) species on the scale from 0
(completely different) to 1 (identical). Piankaisdex was calculated using Manlydsas estimates
of diet composition for individual predator specibscause they are independent on total
consumption rates and prey depletion during exparisy | tested the effect of similarity in
individual traits of predators on the diet overleging partial Mantel test performed on dissimilarit
matrices with 1000 permutationseoodist 1.1.4 package for R (Goslee & Urban 2007).

| further tested which predator traits are respalasior its prey size selectivity. For each
predator, | calculated mean body weight of consupreg and associated coefficient of variation
(CV) as a measure of prey size range utilized Ipyeglator. The dependence of mean prey body
weight on predator body weight and on traits déstgi predator’s foraging behaviour was tested
using GLM with Gamma distribution and log link fuimn. The dependence of CV on predator
body weight was tested using GLM with normal disition; second-order polynomial was used to
fit this clearly nonlinear relationship.



Results

Dry body weight of predators ranged from 2.74 t8.83 mg (Table 1). Prey dry body
weight ranged from 0.04 to 8.22 mg (Table 2). Pilmdavere classified in two groups according to
foraging mode (nine ambush and four searching poesla feeding mode (eight chewing and five
sucking predators) and foraging microhabitat (sxthic and seven nektonic) (Table 1). Natural
mortality of prey was very low in control trials égiinas negligible effect on the reliability of the
results (Table 2).

Prey selectivity pattern

All predator species exhibited distinct selectiiBig. 1). Most species consumed three or
four prey species at least proportionally to thelative abundance in experiments. The most
selective was the diving beetldydaticus seminiger, which avoided all prey species except
Chironomus. On the other handAnax imperator dragonfly larvae avoided onlpaphnia and
Lymnaea snails. | also observed ontogenetic shifts in melgctivity in the diving beetles from the
generaAcilius and Dytiscus and inLibellula dragonflies, where prey selectivity of two or thre
developmental stages were tested (Fig. 1).

The effects of predator traits on killing rate and prey selectivity

Total biomass of prey killed during the experimerpressed as a prgcjoortion of predator
body weight ranged from 3.5% in adults@ytiscus marginalis to 241.5% in 2" instar larvae of
Acilius canaliculatus and differed significantly among predator groupgy( 2; GLM, F=16.99,
P=0.0005). The only predators killing more preyntiiaeir own body weight werd@and 3 instar
larvae ofAcilius canaliculatus (Fig. 2). Biomass of prey killed per unit predategight decreased
with predator weight (Fig. 2; GLM, F=110.74, P<®@A) and was significantly (2.9 times,
SE=0.58) higher for sucking predators comparedh@®wmng predators (Fig. 2; GLM, F=27.70,
P=0.0004). These two predator traits explainedttmyed2.1% of deviance of mass-specific killing
rates. Total biomass of prey killed per unit predateight declined allometrically with predator
weight with exponent -0.52 (SE=0.06).

Analysis of diet overlaps using partial Mantel testealed positive dependence of diet
overlap on similarity in predator body weight amahiarity in foraging microhabitat (Table 3).

| detected a tight positive relationship betweeedator weight and prey mean body weight
(F=57.43, P<0.0001; Fig. 3). It was accompaniedaldyighly significant effect of feeding mode
(sucking/chewing): sucking predators consumedifinég (SE=0.23) larger prey than equally sized
chewing predators (F=11.78, P=0.0064). These tweolgior traits explained together 84.55% of
deviance in mean prey body weight. No other predagits (foraging microhabitat and foraging
mode) had significant effect (GLM, P>0.05). Coa#fit of prey body weight variance (CV)
significantly increased with predator weight (F=28.P<0.0001, explained deviance=62.4%; Fig.
3) indicating that larger predators utilize broagesy size spectre.



Discussion
How selective are predatory aquatic insects?

Predatory insects in standing and running watergn@ beetles, bugs, dragonfly larvae,
damselfly larvae and stonefly larvae) have beeditiomally considered as generalist predators
(Cummins 1973, Peckarsky 1982) although prey seigcexperiments have been rarely carried
out to verify this claim. The most thorough experits focused on stonefly larvae inhabiting
streams and rivers and concluded that stoneflyatafeed selectively (e.g. Allan et al. 1987a, Allan
et al. 1987b, Tikkanen et al. 1997). The few praugdtudies testing prey selectivity in predatory
insects of standing waters focused on a narrowtispet prey species — e.g., different zooplankton
(Cooper et al. 1985) or different size classesnaf prey species consumed by one predator species
(Pastorok 1981). Gut content analyses showed peeific diet variation in larval dragonflies
(Blois 1985) but the interpretation of such fieidtdlata is difficult.

Predatory insects of standing waters probably rofteh subjected to predation experiments
in the past werdlotonecta bugs, but they were used mostly in experimentsded on other aspects
of predation, e.g. functional responses (Fox & Muetd1978) and tests of optimal diet models with
one prey type (Cook & Cockrell 1978, Giller 198@ata on diet choice among several prey
species are rare; the limitations of experimenggighs and range of prey tested in earlier studies
was criticized by Giller (1986). Taken togethere\pous studies have provided little data on prey
selectivity of predatory aquatic insects of stagdwaters, which in turn have been labelled as
generalists. My results clearly show that this itradal view has to be reconsidered, given that |
have tested species of all major orders of pregatwects living in standing waters. All tested
predators are clearly selective (Fig. 1). Evenallpselated species or species with similar body
size and foraging behaviour differ in their preyesavity, e.g., adultAcilius diving beetles vs.
adultHydaticus diving beetles vs. adultyocoris bugs.

Diving beetle larvae had the highest prey killiages, while the lowest prey killing rate had
adult diving beetles. This might reflect elevateétabolic requirements of the fast-developing
beetle larvae. Moreover, interesting patterns sstygg major ontogenetic niche shifts occurred in
the diving beetles from the genekalius andDytiscus and inLibellula dragonfly larvae. This may
reflect changes in body size and, in the divingtlbsgforaging microhabitat or behaviour (Table
1). Change of prey selectivity during individualtogeny could be an effective mechanism to
reduce intraspecific competition.

One question left untouched in my experiments igtivbr the observed prey selectivity
exhibited by a predator is a result of active pcbpice or whether it is only passive. Detailed
behavioural observations of predation by stonefizvde have shown that their prey selection
involves both passive mechanisms (different enayuiattes and capture success) and active choice
(Allan et al. 1987a, Allan et al. 1987b, Tikkandrak 1997). No comparable data are available for
other orders of predatory aquatic insects (exdepstudy of cannibalism iNotonecta by Streams
1994). Behavioural observations are time consunaimgj can be successfully accomplished only
with a small number of predators — the stoneflydigtsi mentioned above used only 1-3 predator
species. Thus, | did not attempt to disentangle niechanisms of prey selectivity in my
experiments, whose goal was comparison acrossaa lbamge of predators.



Predation and predator traits

Body size clearly stands out as an important poedaait determining prey consumption
and size of consumed prey. Total amount of pregdkiper 24 hours and unit of predator biomass
decreased with predator weight (Fig. 2). It is weditablished that mass-specific metabolism
decreases with body mass and larger animals thed loever energy uptake per unit biomass (e.g.,
Brown et al. 2004). My results are in qualitativgreement with the theoretically proposed
allometry of metabolism, although the observed nadltsic exponent -0.52 deviates from the
expected value of -0.25. This may be an artefausex by relatively low food availability for
larger predators in the experiments or by usingldeay biomass as a proxy for energy intake.
More interestingly, the amount of prey killed parituof predator mass not only decreased with
predator weight but also significantly differed Wween chewing predators and sucking predators;
the latter killed more prey. This may be partly tomsequence of sucking predators not consuming
most of the indigestible prey remains unlike cheimedators or incomplete sucking of the prey,
which occurs under high food supply in water bugedk & Cockrell 1978, Giller 1980, Bailey
1986). Whatever the cause, sucking predators kdleabst three times more prey than equally
sized chewing predators. They may thus have mafeynd effect on prey abundance in the field.

The importance of predator's microhabitat use foet ccomposition even in simple
environment of the experimental vessels was eviffem the results of Mantel test. Body size
similarity and similarity in foraging microhabitgointly determined the diet overlap among
predators (Table 3). The significant effect of @ foraging microhabitat is intriguing given that
the experimental vessel had only 2.5 | of wates,Water column was only 8 cm high and there was
no bottom substrate (see Methods). This observatipports the findings that food webs may be
highly compartmentalized (e.g. Krause et al. 20@)ch compartmentalization of aquatic food
webs has been described in lakes and other latg&ats where distinct microhabitats are spatially
isolated due to large distance from bottom to tivéase. My experimental results suggest that such
compartmentalization may hold even for very smaditav bodies, where the distance between
bottom and water surface is small and spatial rdistn between faunas of bottom and water
column is much less apparent.

As expected, | detected a highly significant pesitielationship between predator and prey
body weight (Fig. 3, Table 4). However, body weigkds again not the only significant factor.
Feeding mode (sucking/chewing) had significantaféa the mean body weight of prey killed by a
predator (Fig. 3, Table 4). Taken together withrégults on the killing rates, feeding mode appears
to have the potential to greatly modify the impagiredator has on the prey assemblage. Similarly,
predators differing in their foraging mode (ambgslafching) may have different impacts on food
web structure (Woodward & Hildrew 2002c).

Conclusions

These experiments demonstrate that body size iyadctor for understanding the prey
selectivity of predatory aquatic insects but ihi the only trait that matters. Foraging behaviour
i.e., the way a predator uses different microh&bitand attacks and processes prey, significantly
affect prey selectivity including its preferredesian the light of these results, the use of badg s
as a single predictor of species’ role in a foodoveeems oversimplified. As noted earlier by
Petchey et al. (2008) and Ings et al. (2009), &utstudies should attempt to include additional
traits; foraging behaviour seems to be an imporsapplement of body size which could increase
the realism of predictions of food web structurd dgnamics.



Tables and figures

Table 1. Predator species used in the experiments and ttfadtis. In Coleptera, L2 denote&?2
instar and L3, 4 instar larvae. In Odonata, L-2 denotes the sebafdre the last instar larvae and
L-O denotes last instar larvae.

Body weight (mQ)

Foraging Foraging Feeding
Species Mean SD microhabitat mode mode
Coleoptera
Acilius canaliculatus adult 61.74 9.339 bottom searching chewing
Acilius canaliculatus L2 2.74 0.655 water column ambush sucking
Acilius canaliculatus L3 14.66 4.697 water column ambush sucking
Dytiscus marginalis adult 528.43 50.881 bottom searching chewing
Dytiscus marginalis L3 176.43 76.123 water column ambush sucking
Hydaticus seminiger 64.94 8.417 bottom searching chewing
Hemiptera
llyocoris cimicoides adult 34.43 6.847 bottom searching sucking
Notonecta glauca adult 39.43 8.080 water column ambush sucking
Odonata
Anax imperator L-0 267.00 54.415 water column ambush chewing
Coenagrion puella L-0 4.80 0.989 water column ambush chewing
Libellula depressa L-0 58.41 19.507 bottom ambush chewing
Libellula depressa L-2 20.94 5.573 bottom ambush chewing
Sympetrum sanguineum L-0 20.82 4.493 water column ambush chewing

Table 2.Prey species used in the experiments with bodghteind mortality in control trials.

Body weight (mg)

Mortality in
Species Mean SD control trials % Taxon (order)
Asellus aquaticus 1.77 0.523 0.0 Isopoda
Cloeon dipterum 0.99 0.187 3.3 Ephemeroptera
Culex sp. 0.56 0.144 3.3 Diptera
Daphnia sp. 0.04 0.032 6.1 Cladocera
Chironomus sp. 0.34 0.074 11.7 Diptera
Lymnaea stagnalis* 8.22 2.630 0.0 Pulmonata
Rana arvalis tadpoles 3.07 0.448 0.0 Anura

t weighed without shell

Table 3. Results of partial Mantel test of effects of semitly in individual predator traits on diet
overlap. Partial effects for the two significantiales and conditional effects after their inotursi
into the model for the other variables are presknte

Explanatory variable Mantel r P-value
Body weight 0.39 0.009
Foraging microhabitat 0.39 0.014
Foraging mode 0.16 0.202
Feeding mode 0.12 0.276
Taxon (order) 0.02 0.851

10



COLEOPTERA

Dytiscus marginalis

adult

Dytiscus marginalis

L3

Acilius canaliculatus

adult

Acilius canaliculatus

L3

Acilius canaliculatus

L2

*&

*HOH
0

*IA

I euey
L eaBUWAT

I ejuydeq

L xand

KO- U0S0[D

I snwouoliyd

L snjjesy

* 0
*HOH
*0

*Q

L euey

oL eseUWA]

*x@ euydeqg

L xenD
L uos0|D
L snwouoliyD
L snjjesy

*0

*HOH

* KA

*

*HOH

I euey
oL eeBUWAT

I ejuydeq

L xand

@ | uos0|D

I snwouoliyd

L snjjesy

*0

H KA

*0

*HOH

o euey
oL eseuWA]

I ejuydeq

L xand

- uo920|D

I snwouoliyd

L snjjesy

*01

HO—

*HoH

L euey

58

L eaBUWAT
I ejuydeq
L xand
- uo920|D

%04 | shwouoliyDd

L snjjesy

I
0l

I I
g0 00 g0

ST

I
0'}-

HETEROPTERA
llyocoris cimicoides

adult

Notonecta glauca

adult

Hydaticus seminiger

adult

*HH

*D

*H01

HHH

*HOH

- euey
I eseuwA]

I eluydeq
Tie)

- uos0|

- shwououyd
- shjesy

*0
*0

* KA

*D

- euey
I eseuwA]

I eluydeq
Tie)

- uos0|D

- shwououyd

L snjlesy

I
0l

§0 00 g0 O~

ST

Ko

*+HoH

*HOH
*0

*HOH

- euey

I eseuwA]

I eluydeq
Tie)

- uos0|D

- shwououyd
- shjesy

I
0l

§0 00 g0 O~

ST

ODONATA

Anax imperator

L-0

Sympetrum sanguineum Coenagrion puella

L-0

Libellula depressa

L-0

Libellula depressa

L-2

L-0

*@

*o

*Q
*I0!

- euey

I eaBUWAT

I ejuydeq

L xa|no

- uoa20|D

I snwouollyd

L snjjesy

*HH
*IA

- euey

I eaBUWAT

I ejuydeq

L xa|no

- uos0|D

I snwouollyd

L snjjesy

*I01

*HoH

*HA

- euey

I eaBUWAT

I ejuydeq

L xa|no

- uoa20|D

I snwouollyd

L snjjesy

HICH

HISH

*HOH

*HH

*Ho—

- euey

I eaBUWAT

I ejuydeq

L xa|no

- uoa20|D

I snwouollyd

L snjjesy

*IA

*

*H0H

- euey

I eaBUWAT

I ejuydeq

L xa|no

- uoa20|D

I snwouollyd

L snjjesy

0} G0 00 g0 O

ST

Fig. 1. Prey selectivity of predatory aquatic insects. Mealues + SE of electivity index are
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different from zero (P<0.05) are marked by an #&sket2 and L3 denote"2and ¥ instar larvae

of diving beetles. L-0 and L-2 denote the lastansind the second instar before the last of

dragonfly and damselfly larvae.
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predators (a) and its dependence on predator wdiyrdand feeding mode (c). Raw data (a) and
partial residuals from GLM (b and c) are plottedxBand-whiskers plot shows medians (horizontal
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(horizontal lines), interquartile ranges (boxes) anmplete ranges (vertical lines).
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Interactions of predator and prey traits determineprey mortality

Abstract

1.

Predator-prey interactions are strongly size-depehdHowever, it appears that body size is
not the only trait that matters. | experimentalhywestigated how the mortality of prey
caused by predation by aquatic insects (adult anall Coleoptera, adult Heteroptera and
larval Odonata) depends on interactions betweetapoe and prey traits.

In this manuscript, | present an alternative apgmo@ the analysis of the same data as in
Manuscript I. Here, | tried to integrate the pectpes of predators and prey and focused on
the analysis of prey mortality. Main conclusiongort and broaden those of Manuscript .
Although the mortality varied among prey speciedidinot detect any prey trait that would
characterize a “universal loser” suffering high @hemortality from the whole assemblage
of predators.

The combination of predator and prey body size masmportant factor responsible for
prey mortality, but the interaction of predatordging mode (ambush/searching) and prey
escape ability also had profound effect on preytafity. Prey with low ability of rapid
escape suffered high mortality from both ambush searching predators. Prey species
capable of rapid escape were vulnerable to ambrestaiors but suffered 2.2 times lower
mortality from searching predators when correctedobdy size. The anti-predator effect of
prey escape behaviour thus strongly depended aafmeforaging mode.

My results show that prey mortality is driven byeractions of several predator and prey
traits. Foraging behaviour of predators and argdptor behaviour of prey explained a large
amount of variability in prey mortality and shoulius accompany body size in analyses
aimed to achieve solid understanding of predateyprteractions in freshwater food webs.

14



Introduction

Almost every animal species can become a prey diverse set of predators but not all
predators pose the same danger for a given pregiespeMany factors affect the strength of
predator-prey relationships (Barbosa & Castella2@35). The degree of spatial and temporal co-
occurrence is of major importance and escape igesga.g. Sih 2005) or in time through life
history plasticity or evolutionary changes (Steag&nkoella 1986, Day et al. 2002) is an important
anti-predator defence mechanism. It seems that lsimly of predator and prey is a key to
understanding predator-prey interactions becauseapor and prey body sizes are positively
correlated across whole communities (e.g. Warrdmag&ton 1987, Cohen et al. 1993, Woodward
& Hildrew 2002a, Cohen et al. 2003, Woodward et28l05, Woodward & Warren 2007). Body
size is, however, not the only trait that mattbes;ause two co-occurring predators of the same size
may eat similarly sized prey individuals but difat prey species (see Manuscript | of this thesis).

Detailed studies on prey selectivity have usuatigused on one or a few species of
predators and several prey types differing in b&idg or mobility. Prey size selectivity (both aetiv
and passive) was detected in a wide range of pedakquatic invertebrates, a model group in my
study, are eminent in the experimental researgtredation. The classic study by Pastorok (1981)
found that larvae o€haoborus midges are passively size-selective predatorsurnimg Daphnia
of medium size. Stonefly larvae, probably the mib&iroughly investigated predatory aquatic
insects, are also known to be size selective (Adlaal. 1987a, Allan et al. 1987b). The narrow
taxonomic focus of these detailled behavioural erpmrts has unfortunately prevented
generalization.

On the other hand, comparative studies identifypngdator-prey body size relationships
across whole communities were based on gut comtesiiyses of field-collected specimens (e.g.
Warren & Lawton 1987, Cohen et al. 1993, WoodwardH8drew 2002a, Cohen et al. 2003,
Woodward et al. 2005, Woodward & Warren 2007). Theyuded wide range of taxa but focused
solely on the role of body size in predator-prdgtienships ignoring other species traits. To refin
these observations, | have examined the role @&fging behaviour and have shown that it can
significantly affect the observed predator-preyesielationship in predatory aquatic insects (see
Manuscript I).

Most studies emphasize the perspective of predd@tpr®cusing on their selectivity; the
importance of prey behaviour is overlooked in emplrresearch on food web interactions. On the
other hand, research of prey anti-predator responsaally focuses solely on prey and regard
predators as passive (Lima 2002, Lima et al. 2008g¢grating predator and prey perspectives in
empirical work on food web interactions is stilfeaand challenging but already proved to have
potential to change the way we think about predatey behavioural interactions (Lima 2002,
Lima et al. 2003). Considering predator and preitdr simultaneously thus can bring new
perspectives into the research of food webs.

Here, | asked what predator and prey traits determhe mortality of different prey
subjected to a diverse set of predators in an attéortreat predators and prey as equally important
participants in the predator-prey interactions. drswer this question, | carried out a series of
experiments with predatory aquatic insects difigrin body size, microhabitat occupation and
foraging behaviour and offered them a mixture dirttnatural prey. | hypothesized that prey
mortality is a result of complex interactions bedwerey traits and predator traits.
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Methods
Laboratory experiments

The experiments are described in Manuscript I. ffgpened multiple-choice predation
experiments with 13 species of predatory aquasedts and seven prey species in a climate room
with constant temperature (20°C) and photoperia®€l18:6 h). Experiments were performed in
transparent plastic boxes filled with 2.5 | of Bacm deep aged tap water without any substrate on
the bottom and equipped with four stripes of ptastiesh suspended from water surface to the
bottom to provide simple structure for attachmdrarimals. Predators were acclimated for two to
five days in the room and starved for 24 hoursrpttoexperiments to standardize their hunger
level. In the beginning of each experiment, | regzha mixture of all prey species (six individuals
of Rana tadpoles, sitymnaea, 10 Chironomus, 10 Cloeon, 10 Culex, 10 Asellus and 30Daphnia)
and after several minutes added one predator. Aftdrours, uneaten prey was calculated. Five to
nine replicates were done with each predator spebid individual predators were used only once.
| also qualitatively observed the behaviour of pteds and prey and their spatial distribution
within the experimental vessels during experimewotscollate a simple classification of their
microhabitat preferences and foraging/anti-predastraviour. After the experiments, all predators
and 20 randomly chosen individuals of all prey sgeavere conserved in 80% ethanol and
weighed on analytical scales to the nearest 0.09after 72 h of drying at 50°C.

Data analyses

All data analyses were carried out and figures made 2.9.2 (R Core Development Team
2009) unless otherwise stated. First, | tested hdrethe relative mortality of individual prey
species differed between predator species usingergerglized linear model (GLM) with
qguasibinomial distribution and logit link functioithen, | tested the effect of prey traits on the
overall mortality exerted by the whole set of pteds on individual prey species (GLM,
guasibinomial distribution and logit link functian)

| further calculated the similarity of predator esdblages for all pairs of prey species using
Pianka’s overlap index (Pianka 1973) in Ecosim AGateli & Entsminger 2005). This index is
routinely used for estimating the similarity of oesce use among species on the scale from 0
(completely different) to 1 (identical). The simitst of predator assemblages among prey species
could be easily assessed adopting this index, giham the values of mortality exerted by
individual species of predators were estimatedfigprey species. | tested the effect of similaitity
individual traits of prey on the similarity of prar assemblages using partial Mantel test
performed on dissimilarity matrices with 1000 petations in ecodist 1.1.4 package for R (Goslee
& Urban 2007).

The final analysis aimed to explain the mortalityeed by individual predators on
individual prey species by interactions of predadmd prey traits. Mean prey mortality was
calculated for each combination of predator ang gpecies. Prey mortality was then related to a
priori defined trait interactions (biologically m@agless interactions were not tested) using a
generalized additive model (GAM) with quasibinomdastribution and logit link function. An
interaction of predator and prey body weight wasletled as a smooth surface (tensor smooth);
GAM analysis was performed using mgcv 1.5-5 packag® (Wood 2006).
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Results

Differences in mortalities (numbers of prey indivads consumed during an experiment)
imposed by the selected set of predators wereyhgjghificant in each prey species (P<0.0001 in
all cases; Fig. 1). The highest mortality rate \wagected in medium-sized prey consumed by the
largest predators. Smaller predators consumed enaky and imposed generally lower mortality
(Fig. 2). The most vulnerable prey species wéne onomus and Culex; the least consumed was
Lymnaea, which was eaten only several timesAnax larvae andytiscus adults who caused only
ca. 10% mortality oLymnaea (Fig. 1). Overall prey mortality averaged acrdss whole range of
predators was not related to any of the evaluateg fpaits (P>0.3 in all cases, GLM).

The similarity of predation rates in different presas significantly related to prey body
weight similarity but not to similarity in any oth&ait (Mantel test, Table 3). More detailed GAM
analysis revealed a significant effect of inte@tctbetween predator size and prey size and a
significant interaction of predator foraging modempush/searching) and prey ability of rapid
escape (Fig. 2, Table 4). None of the remaininig itteeractions was significant.

Prey with low ability of rapid escape suffered higtortality from both ambush and
searching predators. Prey species capable of esgigpe were vulnerable to ambush predators but
suffered 2.2 times lower mortality from searchingdators after correction for body size (Fig. 2).
The interaction of predator and prey body weiglnal explained 38.7% of the deviance and the
interaction of predator foraging mode and prey pscability added another 12.7%; both
interactions together explained 51.4% of variapilit prey mortality.
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Discussion

The pattern of mortality of individual prey speciesied significantly. The most vulnerable
prey species wer€hironomus larvae andCulex larve. High vulnerability ofChironomus larvae
may be attributed to the absence of bottom sulestnathe experiments. Under natural conditions,
Chironomus larvae hide in the bottom substrate and may theiswbBll protected from most
predators. Without having a chance to hide, theseveasily accessible for most predators in my
experiments. In this way these experiments weradturally crude” but the effect of refuges on
prey mortality was not of interest. Low structucaimplexity of experimental vessels ensured that
prey mortality reflected mostly its size and bebavj i.e., the traits | wanted to expose in the
analyses. Another highly vulnerable prey wadlex larvae. They are capable of rapid escape
movements in danger, but these were apparently efigictive against most predators. It
corresponds well to the fact that the larvae dgvedpidly in temporary waters with low predator
numbers. On the contrarlyymnaea snails were not consumed by most predators dteakhuse of
their protective shell. Only adubytiscus beetles were capable of breaking the shell Anak
dragonfly larvae were able to drag the snail fresrshell and consume it. However even these two
predators caused only low mortalitylofmnaea snails in the experiments.

Overall prey mortality averaged across the whoilgeaof predators was not related to any
of the recorded species traits, confirming the Hapgéacificity of predation. That is, prey species no
consumed by one predator may be highly vulnerabénbther predator (Fig. 1).

Interacting traits of both prey and predators deiteed prey mortality. It is well established
that predator and prey body size plays an importaid¢ in predator-prey interactions (e.g.
Woodward et al. 2005, Woodward & Warren 2007) bioé timportance of other traits is
undervalued in empirical food web studies. My ekpents revealed a significant additional effect
of interaction of predator foraging mode and prbility of rapid escape on prey mortality. The
form of this relationship is intriguing but logicambush predators can feed effectively on all prey
species of suitable size irrespective of their pedaehaviour, but searching predators are equally
effective only in capturing prey with low escapeahility. Prey capable of rapid escape suffered
much lower mortality from searching predators thhe other prey. This result corresponds to
earlier experiments on stonefly larvae. E.g., Alidral. (1987b) and Tikkanen et al. (1997) found
that stonefly larvae, which belong to actively skarg predators, feed mostly on sedentary
blackfly larvae (Simuliidae) and consume low nunsbef mayfly larvae (Ephemeroptera) which
are able to actively escape predation. In theiregrpents, prey activity and escape ability were
tied, i.e., sedentary prey was not capable of ra@sichpe and active prey was capable of rapid
escape. In my experiments, prey activity and escdpigy were not tied which enabled me to
conclude that prey capability of rapid escape rathan its overall activity determined prey
vulnerability.

The results of my experiments could have been w@fieby the choice of experimental
species, but the prey and predator species useteforn diverse set covering (nearly) all major
functional groups of macroinvertebrates in smadinding waters in Central Europe. Similar
comparative experiments and more detailed, traetbaanalyses of field-collected diet data may
boost our understanding of predator-prey interastiand help to decrease the oversimplification of
current descriptions of food webs. It is unlikeiyat body size is the only trait describing a spgcie
role. The prospect that we could abstract from iggeidentity and describe food web processes
based on individual body size (Woodward & Warre@20ngs et al. 2009) is attractive but would
be justified only if body size would be the singley trait determining the role of an individual in
the community.

In food web models emphasizing the role of body $siz community structuring, there is
already a call for truly individual-based modelsemheach individual would be characterized by its
real body size rather than its “characteristichwmximum size (Ings et al. 2009) and where species
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are described by multiple functional traits (Rosgbet al. 2009). | believe that | have shown here
and in Manuscript | that predator-prey interacti@isaquatic invertebrates are complex and that
body size is good but not sufficient predictor bé tstrength of such interactions. It seems that
considering foraging behaviour of predators and@neidator behaviour of prey is a way towards

more powerful explanations of predator-prey intgoas forming the structure of food webs.
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Tables and figures

Table 1. Predator species used in the experiments with baaght and foraging traits. Predators
crawling on supporting plastic mesh are classifiedoraging in the water column.

Body weight (mg)

Foraging Foraging Feeding

Species Mean SD microhabitat mode mode
Coleoptera

Acilius canaliculatus imago 61.74 9.339 bottom searching chewing
Acilius canaliculatus L2 2.74 0.655  water column ambush sucking
Acilius canaliculatus L3 14.66 4.697  water column ambush sucking
Dytiscus marginalis imago 528.43 50.881 bottom searching chewing
Dytiscus marginalis L3 176.43  76.123  water column ambush sucking
Hydaticus seminiger 64.94 8.417 bottom searching chewing
Hemiptera

Ilyocoris cimicoides 34.43 6.847 bottom searching sucking
Notonecta glauca 39.43 8.080  water column ambush sucking
Odonata

Anax imperator L-0 267.00 54.415 water column ambush chewing
Coenagrion puella L-0 4.80 0.989  water column ambush chewing
Libellula depressa L-0 58.41 19.507 bottom ambush chewing
Libellula depressa L-2 20.94 5.573 bottom ambush chewing
Sympetrum sanguineum L-0 20.82 4.493  water column ambush chewing

Table 2. Prey species used in experiments with body weaglot selected traits. Almost no prey
individuals of any species used plastic mesh pexids a supporting structure. Only two
microhabitats were thus recognized.

Body weight (mg)

Microhabitat Activity  Ability of rapid

Species Mean SD occupation level escape Taxon (order)
Asellus aquaticus 1.77 0.523 bottom high no Isopoda
Cloeon dipterum 0.99 0.187 bottom low yes Ephemeroptera
Culex sp. 0.56 0.144 water column high yes Diptera
Daphnia sp. 0.04 0.032 water column high no Cladocera
Chironomus sp. 0.34 0.074 bottom low no Diptera
Lymnaea stagnalis® 8.22 2.630 water column low no Pulmonata
Rana arvalis tadpoles 3.07 0.448 bottom high yes Anura

! weighed without shell
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Table 3. Results of partial Mantel test of effects of samilly in individual prey traits on similarity
of their relative vulnerability to the predatorsedsin the experiments. Conditional effects after th
inclusion of the single significant variable intbet model are presented for non-significant
variables.

Explanatory variable Mantel r P-value
Body weight 0.58 0.003
Microhabitat 0.21 0.283
Taxon (order) 0.21 0.379
Activity -0.20 0.403
Ability of rapid escape 0.10 0.585

Table 4. The effects of a priori defined predator and pteyt interactions on prey mortality
(GAM). Total deviance explained by the final modeds 51.4%. The interaction of predator and
prey body weight was modelled as a smooth surface=5%.80) in GAM, other terms were
categorical (interactions of qualitative variables)

Prey mortality

Interacting predator and prey traits F P-value
Predator body weight x prey body weight 8.60 <0.0001
Predator foraging mode x prey ability of rapid escape 9.99 0.0022
Predator foraging mode x prey activity 2.12 0.1489
Predator feeding mode x prey ability of rapid escape 1.70 0.1968
Predator feeding mode x prey activity 0.53 0.4705
Predator microhabitat x prey microhabitat 0.01 0.9111
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Fig. 1. Mortality of individual prey species subjected tdfetent predators (mean + SE). Dotted
vertical lines represent the overall mean mortaditeraged across all combinations of prey and
predator species to provide a benchmark for corapari
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Vegetation alters predator-prey interactions of freshwater invertebrates by
providing perching sites for predators

Abstract

1. The structure and dynamics of food webs is driversdlective predation. | tested how is
the selectivity of predatory aquatic insects aHdcty the level of habitat structural
complexity. | performed multiple choice predatiotperiments under laboratory conditions
in vessels with and without artificial vegetatiadhgereby providing two levels of habitat
structural complexity.

2. The effect of habitat structure depended on midrdause of predators and prey. Larvae
of damselflies and some species of dragonflies tlsedegetation as a perching site. Only
in these predators was prey selectivity affectedhleypresence of artificial vegetation; they
consumed mor&mocephalus (daphnid prey) compared to experiments withoueveipn.
Vegetation acted mostly as a perching site foreglgedators providing them easier access
to planktonic prey. There was only a limited indica that vegetation at the same time
provided refuge forSmocephalus from other predators. Interactions involving benth
predators or prey were virtually unaffected by pnesence of vegetation.

3. It seems that habitat structural complexity maysicantly alter predator-prey interactions
in freshwaters. The observed effect of habitatcstme was species specific and can be
explained by modified behaviour of predators aneéyprMicrohabitat occupation of
predators and related changes in foraging behaulous seem to mediate predator-prey
interactions in freshwater food webs.

4. Habitat-mediated changes in the foraging efficienfypredators may greatly affect the
structure and dynamics of food webs. | am currendgting whether the results of
laboratory experiments presented here can be eXated to the level of natural
communities in an ongoing field experiment.
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Introduction

It has been recognized for a long time that preygan refuge from predation in complex
environment. During last decades a lot of evideaceumulated that foraging efficiency of
predators is usually impaired by the habitat stme{reviewed in Denno et al. 2005). The research
of effects of habitat structural complexity on tlsé¢rength of predator-prey interactions is
traditionally intense in terrestrial ecosystemsnlylatudies test how vegetation density or struttura
complexity affects top-down control of herbivoroasertebrates by their predators (reviewed in
Langelloto & Denno 2004, Denno et al. 2005, Saneéeral. 2008). Most of these studies support
the hypothesis that complex habitat structure plesirefuges for prey and lowers the searching
efficiency of predators. The effect of habitat sttwe on intraguild predation seems to be similar;
i.e. intraguild predation is less intense in habitaith higher structural complexity (reviewed in
Janssen et al. 2007).

However not all studies comply with the rule thagher complexity leads to lower predator
efficiency. One of the rare counterexamples isdfuely of Denno et al. (2002) who manipulated
vegetation structure in mesocosm and field expearisn test the effects of vegetation structure on
suppression of herbivorous planthoppers by wolflegs in intertidal marshes. In a mesocosm
experiment, in which dispersal was limited, theyrfd that spiders foraged more efficiently on
planthoppers in complex structured environment.

Vegetation density is an important factor affectitige composition of freshwater
invertebrate communities; species richness antldbtandance is usually positively correlated with
vegetation density (e.g. Crowder & Cooper 1982)stouctural complexity (Warfe & Barmuta
2006). The effect of vegetation is likely to be we&omplex. It affects water chemistry through
physiological processes. Plant tissues, periphgtowing on plants and plant decaying matter are
used as food by a number of aquatic animals. On¢heflittle understood roles of aquatic
vegetation is its contribution to habitat structurbere are some well-known examples of predator-
prey interactions where aquatic vegetation sergea gefuge for prey. It seems that in complex
habitats, the effect of predators on prey commesiis weaker than in simple habitats (e.g.
Crowder & Cooper 1982, Gilinsky 1984, Swisher et1#198). However, our knowledge is still
limited and some results suggest that weakeninggpoe-prey interactions in dense vegetation may
not be general but rather species-specific. Fomgka Lombardo (1997) found no effect of
vegetation architectural complexity (simple leawss complex leaves) on the predation rate of
Enallagma damselfly larvae on its prey. Warfe & Barmuta (@P@und only limited effect of
vegetation complexity on prey depletion by a fishying on aquatic invertebrates. Recently, Yee
(2010) showed that intraguild predation in larvdeliwing beetles in some species combinations
decreased in the presence of vegetation but inr athees remained unaltered or increased. The
author speculated that this may reflect contrastimudes of foraging behaviour exhibited by
different species.

| hypothesized that aquatic vegetation may sentenly as a refuge for prey but may also
provide perching sites for predatory aquatic insdcause many predatory aquatic insects crawl
on vegetation. They may search refuge from fiskigtien or predation by larger invertebrates, but
they may also use vegetation as a supporting sheitd gain easier access to planktonic food. The
aim of my study was to test in laboratory experitaemhether this “perching site hypothesis” is
more suitable for explaining the predation ratesaiiatic insects on several types of prey under
two levels of habitat structural complexity thae thaditional “refuge hypothesis”.
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Methods
Laboratory experiments

To test the effect of habitat structural complexaty predator-prey interactions in aquatic
invertebrates, | performed multiple choice predagaperiments in two series — in the first decade
of May 2009 (hereafter referred to as spring se@esl in the first decade of July 2009 (summer
series). | used nine species of predatory aquasiects in both series of experiments (Table 1).
They were offered four species of prey in springeseand five in summer series (Table 2).
Predators and prey were collected in small pools raclaimed sandpit near Suchdol nad LuZznici
(Trebaisko PLA, South Bouhemia, Czech Republic) and represl dominant species at the
locality. Experiments were performed in a climat®m with constant temperature (20°C) and
photoperiod (L:D=18:6 h) in transparent plastic &®Xilled with 4 | of ca. 11 cm deep aged tap
water and equipped with 0.5 cm deep layer of sartdeabottom. The selectivity of predators was
tested in experiments with and without artificiagigetation. The vegetation was made of 10 stripes
of green plastic mesh (20 cm long, 5 cm wide) jdii@o a bunch placed in the middle of the
experimental vessel. The “leaves” of the artifigients intersected the whole water column and
reached all sides of the experimental vessel.

Animals collected in the field were acclimated Ire troom for two to three days prior to
experiments. Predators were kept individually inaBnaontainers (0.25-0.7 1) and fed daily ad
libitum with a mixture of natural prey. Predatorsre starved for 24 hours prior to experiments to
standardize their hunger level. In the beginningmexperiment a mixture of all prey species was
released (six individuals oRana tadpoles, 12Cloeon larvae, 12Chironomus larvae and 30
Smocephalus in spring experiments and 10 small and 10 la@eronomus larvae, 10Sgara
larvae, 20 smalCloeon larvae and 3@mocephalus in July) and after several minutes one predator
was added. After 24 hours, uneaten prey was coulBedreplicates with vegetation and six
without vegetation were done with each predatorcigge but individual predators were never
reused. Spatial distribution of predators and pwéhin experimental vessels was recorded at the
end of each experiment to estimate the proportibmdividuals present or time spent at the
bottom, at the vegetation, in the water column a@ar water surface. Eight control trials (four with
and four without vegetation) were performed to eatd natural mortality of prey. To account for
this mortality in predation trials, mean numbermoéy specimens which died during control trials
was added to the number of prey individuals sungvweach predation trial when calculating the
number of prey individuals eaten by a predator.

Data analyses

Data analyses were carried out and figures made ;9.2 (R Core Development Team
2009). The selectivity of individual predators wesaluated using Manly’'st (Manly 1974,
Chesson 1983). This selectivity index expresses dilectivity of a predator as a relative
contribution of individual diet items to the predias diet if all diet items would be equally
abundant in the environment. | compared the seigctiof each predator species between
experiments with and without artificial vegetatidriested the difference in predatovsfor each
prey species in experiments with and without vegeiadby a t-test. Separate testing for each prey is
necessary because the values fur different prey species are not independenafgiven predator
individual (see Manly 1995 for information on sséittal properties ofx). For better graphical
presentation, the values afwere converted into an electivity index rangingnfr-1 to 1 with a
value of O for unselective feeding, following Chas$s(1983). However, the selectivity index,
Manly’s a, measures only the relative diet composition. rithfer tested the difference in prey
mortality among predator species and between axpets with and without vegetation for each
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prey species using a generalized linear model (Glgdasibinomial distribution, logit link
function).
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Results

Natural prey mortality in control trials was negfitg (< 3% in spring and summer trials in
most prey species) and thus had no effect on thdtse OnlySmocephalus had higher mortality in
the summer experiments (4.6%). It correspondednt® iadividual dying for other causes than
predation per experiment; this was accounted feulmsequent analyses (see Methods).

All predators seemed to feed selectively (Fig. The most preferred prey was
Smocephalus, which was selected for by all species of predat@ther prey preferred by most
predators was smaChironomus larvae. On the other hanRana tadpoles in spring experiments
and largeChironomus larvae in summer experiments were avoided by npostlators. Other
feeding links were more specific, e.g. adudttonecta and larvae oBympetrum selected for larvae
of Sgara (apart ofSmocephalus) in summer experiments.

The presence of artificial vegetation caused omlgy\dimited changes in the selectivity of
predators. The larvae of damselfli€oénagrion andPlatycnemis) and of the dragonfl@ympetrum
selected more strongly foBmocephalus and less forChironomus larvae in the presence of
vegetation in spring experiments, but this trend wat so clear in summer experiments (Fig. 1). In
Smocephalus, highly significant interaction of predator spexiand vegetation presence on its
mortality was detected (Fig. 2, GLM, F=6.58 and P01 for spring experiments and F=3.88 and
P=0.0006 for summer experiments). No effect of vegen on prey mortality was apparent in other
prey species (P>0.05 in all cases). Predators rogukigher mortality of Smocephalus in
experiments with vegetation were mostly those wtawiked on the vegetation (Fig. 2). The three
odonate larvae which spent most of their timergjtthn the vegetation caused together ca. 1.7 times
higher Smocephalus mortality in experiments with vegetation (ca. 5980mpared to experiments
without vegetation (ca. 36%) in the spring and tinGes in the summer (ca. 54% in experiments
with vegetation and ca. 35% in experiments withagetation). On the contrary, the predators not
sitting on vegetation caused ca. 1.3 times highenocephalus mortality in experiments without
vegetation (ca. 47%) than with vegetation in sprexgperiments (ca. 36%). However, in the
summer, overalSmocephalus mortality caused by these predators was virtudléy same in both
treatments (ca. 44%).
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Discussion

The presence of artificial vegetation significardlffected the selectivity of some predators
and their predation pressure on prey. The effechalfitat structure (artificial vegetation) was,
however, species specific. Habitat structural caxip} is usually viewed as a source of refuges for
prey and it was many times reported that complextaiastructure including dense vegetation
diminishes the foraging efficiency of predatorsviegved in Denno et al. 2005). However, not all
studies support this hypothesis. In freshwaterthts)i Warfe & Barmuta (2006) found a species
specific effect of vegetation complexity on suntivates of aquatic invertebrate prey exposed to a
fish predator as did Yee (2010) in the study afagtild predation in diving beetle larvae.

In my experiments, artificial vegetation providedrghing sites for damselfly and some
dragonfly larvae, which gain easier access to ptam& prey, Smocephalus. The presence of
vegetation altered to some degree the relative ositipn of their diet (Fig. 1) and increased their
predation pressure d@mocephalus (Fig. 2).

On the other hand, the presence of vegetation badlitle effect on the selectivity of the
other predators, which did not crawl on the vegetatTheir prey selectivity remained unaltered in
all cases (Fig. 1). There was an indication of V&g acting as a refuge f@mocephalus against
these predators in the spring experiments, buag mot supported by summer experiments (Fig. 2).
Most prey species in my experiments were dwellintha bottom and made little use of vegetation
(Table 2), which can explain why the vegetation wid serve as a refuge for theSmocephalus
was the only planktonic prey moving through the ewatolumn and one could suppose that it
would be more difficult to detect and capture amtmg leaves of artificial plants. However, the
evidence that vegetation hinders predatioi@omocephalus was very limited.

My results suggest that the effect of habitat $tmeéc on predator-prey interactions is
mediated by microhabitat occupation of both predatnd prey. This corresponds well to the
findings of Sanders et al. (2008) who found in edfiexperiment taxon specific changes in the
density of herbivorous insects after manipulatiohsabitat structure which could be attributed to
differences in prey refuge use and predator fogagighaviour. Similarly, Yee et al. (2010) argued
that different effect of vegetation complexity dretintensity of intraguild predation in different
combination of species of diving beetle larvae dmn explained by differences in foraging
behaviour of interacting species.

The laboratory experiments presented here aretafpararger project which involves field
manipulation of small pools in a reclaimed sandfite data from these laboratory experiments will
be used to generate hypotheses concerning thetwstuof natural communities of outdoor
experimental pools. It will enable me to test wieetresults of simple laboratory experiments on
predator-prey interactions in aquatic invertebrat@s be successfully extrapolated to the level of
whole communities of small water bodies.
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Tables and figures

Table 1. Predator species used in the experiments and #patial distribution within the
experimental vessels — the proportion of individuaithin each microhabitat at the end of the
experiment. In Odonata, L-O denotes last instar lai2d second before the last instar larvae, in
Laccophilus, L3 denotes "8 (last) instar larvae and Bhaoborus, L4 denotes % (last) instar larvae.

With vegetation Without vegetation
Water Water Water Water

Species Bottom Vegetation column surface Bottom column surface
SPRING
Odonata
Coenagrion puella L-0 0.00 1.00 0.00 0.00 1.00 0.00 0.00
Libellula depressa L-0 0.83 0.17 0.00 0.00 1.00 0.00 0.00
Libellula depressa L-2 0.83 0.17 0.00 0.00 1.00 0.00 0.00
Platycnemis pennipes L-2 0.00 0.83 0.17 0.00 1.00 0.00 0.00
Sympetrum sanguineum L-2 0.00 0.83 0.17 0.00 1.00 0.00 0.00
Heteroptera
Notonecta glauca L2 0.00 0.33 0.00 0.67 0.17 0.00 0.83
Coleoptera
Hydroglyphus geminus adult 0.66 0.17 0.17 0.00 0.66 0.17 0.17
Laccophilus minutus adult 0.66 0.17 0.17 0.00 1.00 0.00 0.00
Diptera
Chaoborus sp. L4 0.00 0.00 1.00 0.00 0.00 1.00 0.00
SUMMER
Odonata
Coenagrion puella L-0 0.00 1.00 0.00 0.00 1.00 0.00 0.00
Libellula depressa L-0 0.67 0.33 0.00 0.00 1.00 0.00 0.00
Platycnemis pennipes L-2 0.00 1.00 0.00 0.00 1.00 0.00 0.00
Sympetrum sanguineum L-0 0.17 0.83 0.00 0.00 1.00 0.00 0.00
Heteroptera
Notonecta glauca adult 0.00 0.33 0.00 0.67 0.33 0.00 0.67
Coleoptera
Laccophilus minutus adult 0.83 0.17 0.00 0.00 0.83 0.00 0.17
Laccophilus minutus L3 0.83 0.17 0.00 0.00 0.83 0.17 0.00
Potamonectes canaliculatus adult 1.00 0.00 0.00 0.00 1.00 0.00 0.00
Diptera
Chaoborus sp. L4 0.00 0.00 1.00 0.00 0.00 1.00 0.00

Table 2. Prey species used in the experiments and theiabgastribution within the experimental
vessels — mean proportion of individuals within leadicrohabitat at the end of experiments. In
Sgara, L2 denotes ¥ instar larvae.

With vegetation Without vegetation
Water Water Water Water

Species (order) Bottom  Vegetation column  surface Bottom column surface
SPRING
Chironomus sp. small (Diptera) 1.00 0.00 0.00 0.00 1.00 0.00 0.00
Cloeon dipterum (Ephemeroptera) 0.77 0.23 0.00 0.00 1.00 0.00 0.00
Rana arvalis tadpoles (Anura) 0.95 0.05 0.00 0.00 1.00 0.00 0.00
Simocephalus sp. (Cladocera) 0.00 0.00 0.99 0.01 0.00 0.92 0.08
SUMMER
Chironomus sp. large (Diptera) 0.98 0.02 0.00 0.00 1.00 0.00 0.00
Chironomus sp. small (Diptera) 1.00 0.00 0.00 0.00 1.00 0.00 0.00
Cloeon dipterum (Ephemeroptera) 0.94 0.06 0.00 0.00 1.00 0.00 0.00
Sigara sp. L2 (Heteroptera) 0.90 0.10 0.00 0.00 1.00 0.00 0.00
Simocephalus sp. (Cladocera) 0.00 0.00 0.98 0.02 0.00 0.98 0.02
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Fig. 1. Prey selectivity of individual species of predatan spring (A) and summer (B) series of
experiments. Mean electivity values + SE are diggda Asterisks denote significant difference of

electivity values between experiments with and eauithartificial vegetation for a particular prey

species (two sample t-test, P<0.05).
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A. Spring series B. Summer series
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Fig. 2. The mortality ofSmocephalus depends on the interaction between predator specid
vegetation presence in both spring (A) and sumrBdrsgries of experiments (GLM). Mean
mortality £ SE is plotted. Grey stripes display tbstimate of the proportion of time spent by
individual predators sitting on the vegetation ($aene scale as f&mocephalus mortality).
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