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. Predation risk is a strong selective force shaping prey morphology, life history and behavior. Anti-
predator behaviors may be innate, learned or both but little is known about the transgenerational
behavioral effects of maternally experienced predation risk. We examined intraguild predation (IGP)
risk-induced maternal effects on offspring anti-predator behavior, including learning, in the predatory
mite Phytoseiulus persimilis. We exposed predatory mite mothers during egg production to presence
or absence of the 1G predator Amblyseius andersoni and assessed whether maternal stress affects

" the anti-predator behavior, including larval learning ability, of their offspring as protonymphs.

: Protonymphs emerging from stressed or unstressed mothers, and having experienced IGP risk as
larvae or not, were subjected to choice situations with and without IG predator traces. Predator-
experienced protonymphs from stressed mothers were the least active and acted the boldest in
site choice towards predator cues. We argue that the attenuated response of the protonymphs to
predator traces alone represents optimized risk management because no immediate risk existed.
Such behavioral adjustment could reduce the inherent fitness costs of anti-predator behaviors.

. Overall, our study suggests that P. persimilis mothers experiencing IGP risk may prime their offspring

. to behave more optimally in IGP environments.

: Predation risk is a strong selective force shaping prey morphology, life history and/or behavior'.
. Anti-predator behaviors enhance prey survival but are inevitably traded-off against other activities such
. as feeding, mating or egg production. Due to the inherent costs of any anti-predator activity, prey should
. be able to distinguish between different levels of predation risk and adjust their behavior accordingly?, as
. predicted by the threat-sensitive predator avoidance hypothesis>*.
During life, most prey individuals encounter multiple predator species, which compete for prey.
Predation among species competing for the same resources is called intraguild predation, IGP°. IGP
¢ differs from classical predation in that IG predators may not only obtain nutrients but at the same
: time eliminate potential predators and resource competitors. Mutual IGP is very common among
. plant-inhabiting predatory mites of the family Phytoseiidae, the focal animals of our study, but unbal-
- anced and life stage-specific®. Adult females are relatively invulnerable to IGP®. Larvae are the most vul-
nerable IG prey because of their limited mobility and limited defensive abilities. Larvae may themselves
- reduce the risk of IGP’, but predominantly their mothers decrease offspring IGP risk via selective egg
. placement and/or killing potential future offspring predators®. Mothers could also prepare the embryos
such to better cope with predation risk after birth. For example, stickleback mothers transfer information
about predation risk to their eggs, influencing the eggs’ nutritional and/or hormonal status and thereby
- offspring development and behavior’. Such effects are generally dubbed maternal effects and defined as
. phenotypic effects of mothers altering the offspring phenotype but not genotype!®!!. Typical environ-
. mental factors inducing maternal effects are food availability, social context and predation risk. Maternal
. predation risk can influence offspring anti-predator behaviors'?, morphologies" or development'!. For
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example, bird mothers have elevated stress hormone levels when predators are present', which may
negatively affect offspring body size as a whole yet positively affect wing growth rates'>. Accordingly, we
firstly hypothesized that offspring of predatory mite mothers encountering IG predators are better able
to respond towards predation risk than are offspring of unexperienced mothers.

Learning is a ubiquitous phenomenon in animals, allowing individuals to adjust their behaviors
to variable environments'®. Learning may affect every important life activity (such as foraging, mat-
ing, anti-predator behavior) but little is known about maternal effects, and here particularly those
induced by predation risk, on offspring learning ability. A pertinent study with sticklebacks showed
that maternal stress, caused by predator presence, may adversely affect offspring learning'’. Offspring
of predator-stressed mothers were less able to improve foraging by experience than were offspring of
unstressed mothers. However, alternative possibilities in such scenarios are that maternal stress renders
negligible learning by offspring, because they are already prenatally prepared, or, enhances learning by
offspring, because they are already prenatally sensitized. Accordingly, we secondly hypothesized that the
IGP risk experienced by predatory mite mothers affects, and may interact with, the learning ability of
their offspring in IGP environments.

We pursued our hypotheses in the predatory mite species Phytoseiulus persimilis, which is a highly
specialized predator of spider mites such as Tetranychus spp., as I1G prey, and Amblyseius andersoni,
which is a generalist predator of various mites and small insects®!8, as IG predator. A. andersoni is a
strong and aggressive IG predator of co-occurring predatory mites such as P persimilis®. In contrast,
P persimilis is a weak IG predator but often attacked as IG prey. In phytoseiid mites, gravid females
are themselves not at IGP risk, but their offspring, especially the larvae, are highly endangered. Thus,
presence of IG predators causes stress in ovipositing P. persimilis females on account of the future IGP
risk of their offspring”®. Juvenile development of phytoseiid mites proceeds from the egg through larva,
protonymyph, deutonymph to adult. The six-legged larvae have low mobility and are in most species,
including P. persimilis, non-feeding®. Protonymphs have eight legs and represent the first feeding stage of
P, persimilis. Protonymphal IGP risk decreases with increasing age and size®’. Under IGP risk, mothers
may either innately or after experience select suitable oviposition sites, to provide for a safe place for
hatching and development®'®. Additionally or alternatively, they could prenatally prepare their offspring,
for example via nutritional and/or hormonal and/or epigenetic effects, to better cope with IGP risk
after birth. Maternal effects influencing offspring anti-predator behavior and learning have rarely been
assessed (see'>!*!7 for birds and fish) and have never been looked at in arthropods such as predatory
mites.

We investigated whether P. persimilis mothers internally modify the nutritional and/or hormonal
and/or epigenetic status of their eggs under IGP risk posed by A. andersoni and thus induce phenotypic
behavioral changes in offspring, including their ability to learn about predators. To this end, we first gen-
erated IGP-stressed and unstressed mothers, let their offspring in the larval stage experience IG predators
or not, and then assessed their response as protonymphs towards IG predator traces in binary choice
situations composed of sites with and without such traces.

Methods

Rearing of mites. Phytoseiulus persimilis and Amblyseius andersoni were reared in the laboratory on
separate acrylic arenas. The laboratory populations were founded with specimens collected in Sicily®.
Each rearing arena consisted of an acrylic plate (14 x 14 x 0.2cm) placed on top of a water-saturated
foam cube in a plastic box (20 x 20 x 6cm) half-filled with tap water. Wet tissue paper was wrapped
around the edges to establish a border between the acrylic plate and the surrounding water, and to
prevent the predatory mites from escaping. Cotton wool fibers under coverslips served as shelters and
oviposition sites for the predatory mites, A. andersoni; prey spider mites T. urticae were brushed from
infested bean leaves onto the arena at two to three day intervals. T. urticae was reared on whole bean
plants at room temperature. For P. persimilis, spider mite-infested bean leaves were piled up on the arena
and new leaves added at two to three day intervals. The predatory mite rearing units were kept in envi-
ronmental chambers at 25+ 1°C, 60+ 5% RH, and 16:8h L:D.

Pre-experimental procedures. To test for maternal effects, ovipositing P. persimilis females were
either exposed to IG predators representing a future IGP risk for their offspring, and thus causing mater-
nal stress, (subsequently called “stressed”) or not exposed to IG predators (“unstressed”). IGP-stressed
and unstressed females produced eggs giving rise to the experimental individuals, which themselves
either experienced IG predators (subsequently called “predator-experienced”) or not (“predator-naive”).

To generate stressed and unstressed P. persimilis females, groups of 10 adult females, randomly taken
from the rearing unit, were placed on detached bean leaf arenas for 72h and provided with a predefined
number of T. urticae as prey. Each bean leaf arena (5 x 5cm) consisted of a trifoliate bean leaf placed
upside down on a water-saturated foam cube in a plastic box half-filled with tap water. Wet tissue paper
was wrapped around the edges of the leaves to prevent the predatory mites and their prey from escaping.
The number of T. urticae provided to the predators was determined in pilot experiments and repre-
sented enough prey for optimal oviposition of each P. persimilis®® and unlimited feeding by A. andersoni
(if present), and at the same time, warrant frequent encounters between P. persimilis and A. andersoni
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(if present)®. Stressed P. persimilis females were generated on arenas with A. andersoni: two gravid A.
andersoni females were added onto leaf arenas to establish an IGP environment that would be risky for
P. persimilis offspring and therefore stressful to their mothers. Unstressed P. persimilis females were held
on arenas without A. andersoni. Presence of co-occurring conspecific individuals does not represent a
stressor for ovipositing P. persmilis, as compared to presence of the IG predator A. andersoni®**2. After
72h, IGP-stressed and -unstressed P. persimilis females were placed singly in closed acrylic cages® for
12h to deposit eggs giving rise to experimental individuals. Most females laid only one egg during the
12h period. The empty acrylic cages represented inert environments that contained no cues whatso-
ever of the IG predators and thus warranted that the eggs were only influenced internally by maternal
provisioning.

To generate predator-experienced and -naive offspring, eggs from unstressed and stressed
P. persimilis females were taken out from the acrylic cages and placed in groups of ten on separate spider
mite-infested bean leaf arenas, either with or without two gravid A. andersoni females. The number of
T. urticae provided represented enough prey for optimal development of each juvenile P. persimilis?® and
unlimited feeding by the IG predator A. andersoni (if present) but at the same time warranted encounters
between P. persimilis and A. andersoni (if present)®. P. persimilis were left on these arenas until reaching
the late protonymphal stage, which occurred after ~3 to 4 days. Amblyseius andersoni killed ~10 to 15%
developing P. persimilis but the set-up provided for random IGP8. Maternal stress (yes/no) and offspring
predator experience (yes/no) resulted in four groups of experimental individuals: (1) naive offspring
from unstressed mothers, (2) naive offspring from stressed mothers, (3) experienced offspring from
unstressed mothers and (4) experienced offspring from stressed mothers.

Experimental procedure. In the choice experiment, we used acrylic cages®*. Each choice cage con-
sisted of two large cavities (@ 1.5cm) and a small cavity (@ 0.5cm), connected to each other with a
T-shaped corridor, closed at the bottom by a mesh and on the upper side by a microscope slide?. Each
experimental protonymph was offered a choice between the two large cavities each furnished with 20 T.
urticae eggs, and one with and the other without IG predator cues. Choice cages were prepared one day
before the experiment took place. Each of the two large cavities was loaded with 20 eggs of T. urticae
using a moistened brush. The corridor was blocked by an inert plastic piece and a single adult A. ander-
soni female was introduced to one cavity, and allowed to feed and leave metabolic waste products and,
possibly, chemical footprints for 16h. To make the cages ready for experimental use, the A. andersoni
female was removed, the number of T. urticae eggs was replenished to 20, and the corridor was opened
by removing the blocking plastic piece. To start the choice experiment, single late (~1 to 1.5 days after
molting) protonymphs from the four treatment groups were released in the small bottom cavity of the
“T”-shaped maze and thus given the choice between a site with only T. urticae eggs or a site with
T. urticae eggs and cues of the IG predator A. andersoni. The position of the protonymph (inside the
cavity with or without predator cues or somewhere else, considered the neutral zone) and their activity
(moving/stationary) were checked ten times, immediately after release and then every 20 min for three
hours in total. Additionally, the number of individuals observed feeding was noted. Each choice unit
and each experimental protonymph were used only once. Each treatment was replicated 20 to 22 times.

Using IBM SPSS 21 (IBM Corp., USA), the influence of maternal stress and larval predator experi-
ence on site choice and activity of the protonymphs (moving/stationary) was analyzed by generalized
linear models [GLM?; binomial distribution (counts of events in sequence of observations) with negative
log-log link for site choice and logit link for activity]. Model selection was based on Akaikes Information
Criterion (AIC). Before analyses, the repeated observations were aggregated into one value for each
individual.

Results

Both maternal stress (GLM: Wald x? =4.764, P=0.029) and IG predator-experience (Wald x?, = 10.583,
P < 0.001) as main factors and their interaction (Wald ?, = 4.840, P =0.028) influenced the site choice
of P. persimilis protonymphs (Fig. 1). Protonymphs from stressed mothers and predator-experienced pro-
tonymphs resided more frequently in the predator cue site than protonymphs from unstressed mothers
and predator-naive protonymphs, respectively. The difference between protonymphs from stressed and
unstressed mothers was more pronounced in predator-experienced than -naive protonymphs (Fig. 1).
Both maternal stress (GLM: Wald x?,=3.782, P=10.05) and predator experience (Wald y? = 19.453,
P <0.001) as main factors had an influence on the activity (moving/stationary) of the protonymphs
(Fig. 2). The lower activity of experienced than naive protonymphs was more pronounced in stressed
than unstressed mother, as indicated by the significant interaction (Wald x? = 8.209, P = 0.004). Feeding
incidences were generally rare, 4 to 6 individuals out of 20 to 22 per group were observed feeding, and
similar among treatments.

Discussion

Our study suggests that P. persimilis mothers experiencing IGP risk during internal egg formation prena-
tally influence the behavior of their offspring, including learning, in IGP environments. Both site choice
and activity of P. persimilis protonymphs were affected by maternal stress and individual IGP experience.
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Figure 1. Site preference of predator-naive and -experienced protonymphs originating from unstressed
and IGP-stressed mothers. Protonymphs were given a choice between two sites, one with and one without
cues of the IG predator A. andersoni. The broken horizontal line represents random residence. Both main
factors, maternal state (stressed/unstressed) and IG predator experience, and their interaction had significant
effects on site preference (GLM: P < 0.05).
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Figure 2. Activity (moving/stationary) of predator-naive and -experienced protonymphs originating
from unstressed or IGP-stressed mothers. Protonymphs were given a choice between two sites, one
with and one without cues of the IG predator A. andersoni. Both main factors, maternal state
(stressed/unstressed) and IG predator experience, and their interaction had significant effects on activity
(GLM: P < 0.05).

For both traits, site choice and activity, maternal stress during egg production interacted with individual
learning by offspring. Predator-experienced protonymphs from stressed mothers were the least active
and acted the boldest in site choice towards predator cues. It thus seems that protonymphs from stressed
mothers had improved learning abilities because they were better able to discriminate the immediate risk
previously associated with physical predator presence and the latent risk posed by predator traces alone.

During the learning phase, larvae and early protonymphs were exposed to high IGP risk (physical pres-
ence of predator females, their eggs and traces) whereas, in the choice situation, late protonymphs were
exposed to sites with and without predator traces, indicating latent risk. Since the predator-experienced
protonymphs acted bolder towards predator traces than the naive ones did, our experiment suggests that
learning allowed the protonymphs to distinguish between immediate and latent IGP risks"”*?6. Since
every anti-predator behavior has costs, misjudging the risks associated with a given predator or cue
would have negative consequences for prey. Thus, prey is expected to behave threat-sensitively in pred-
ator avoidance®* and this is exactly what the predator-experienced protonymphs from stressed mothers
did in our experiments. They avoided overreaction and saved energy by being less restless in presence
of predator traces alone. We argue that the observed behavioral changes represent optimized risk man-
agement, as has been shown for various animals including fish, salamanders and spider mites?*-%, i.e. an
attenuated response to alarm and/or predator traces following physical predator experience. We did not
test whether the changed behavior occurs, and is adaptive, under all IGP circumstances and transitions
between IGP risk levels, respectively, or not. For example, if the protonymphs would respond less to
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physically present predators, one could argue that the maternal effects compromised their sensitivity to
predator cues, as shown for sticklebacks®. However, while the predators in the stickleback study posed
an extremely high risk?, in our study the IG predators pose only a minor, if not negligible, risk to the
age-advanced P. persimilis protonymphs. Thus, we conclude that P, persimilis mothers experiencing IGP
risk adaptively influence their offspring to behave more optimally in IGP environments. Our study is a
key example for maternal effects in IGP and learning scenarios.

References
1. Lima, S. L. & Dill, L. M. Behavioral decisions made under the risk of predation - a review and prospectus. Can. J. Zool. 68,
619-640 (1990).
2. Dicke, M. & Grostal, P. Chemical detection of natural enemies by arthropods: An ecological perspective. Annu. Rev. Ecol. Syst.
32, 1-23 (2001).
3. Sih, A. Foraging strategies and the avoidance of predation by an aquatic insect. Notonecta hoffmanni. Ecology 63, 786-796 (1982).
4. Helfman, G. S. Threat-sensitive predator avoidance in damselfish-trumpetfish interactions. Behav. Ecol. Sociobiol. 24, 47-58
(1989).
5. Polis, G. A., Myers, C. A. & Holt, R. D. The ecology and evolution of intraguild predation: potential competitors that eat each
other. Annu. Rev. Ecol. Syst. 20, 297-330 (1989).
6. Schausberger, P. & Croft, B. A. Cannibalism and intraguild predation among phytoseiid mites: Are aggressiveness and prey
preference related to diet specialization? Exp. Appl. Acarol. 24, 709-725 (2000).
7. Walzer, A. & Schausberger, P. Phenotypic plasticity in anti-intraguild predator strategies: mite larvae adjust their behaviours
according to vulnerability and predation risk. Exp. Appl. Acarol. 60, 95-115 (2013).
8. Walzer, A. & Schausberger, P. Threat-sensitive anti-intraguild predation behaviour: maternal strategies to reduce offspring
predation risk in mites. Anim. Behav. 81, 177-184 (2011).
9. Giesing, E. R,, Suski, C. D., Warner, R. E. & Bell, A. M. Female sticklebacks transfer information via eggs: effects of maternal
experience with predators on offspring. Proc. R. Soc. B 278, 1753-1759 (2011).
10. Bernardo, J. Maternal effects in animal ecology. Am. Zool. 36, 83-105 (1996).
11. Mousseau, T. A. & Fox, C. W. The adaptive significance of maternal effects. Trends Ecol. Evol. 13, 403-407 (1998).
12. Storm, J. & Lima, S. L. Mothers forewarn offspring about predators: A transgenerational maternal effect on behavior. Am. Nat.
175, 382-390 (2010).
13. McCormick, M. I. Mothers matter: Crowding leads to stressed mothers and smaller offspring in marine fish. Ecology 87,
1104-1109 (2006).
14. Scheuerlein, A., Van't Hof, T. J. & Gwinner, E. Predators as stressors? Physiological and reproductive consequences of predation
risk in tropical stonechats (Saxicola torquata axillaris). Proc. R. Soc. B 268, 1575-1582 (2001).
15. Coslovsky, M. & Richner, H. Predation risk affects offspring growth via maternal effects. Funct. Ecol. 25, 878-888 (2011).
16. Papaj, D. R. & Lewis, A. C. Insect learning: ecological and evolutionary perspectives. New York: Chapman and Hall (1993).
17. Roche, D. P, McGhee, K. E. & Bell, A. M. Maternal predator-exposure has lifelong consequences for offspring learning in
threespined sticklebacks. Biol. Letters 8, 932-935 (2012).
18. McMurtry, J. A. & Croft, B. A. Life-styles of phytoseiid mites and their roles in biological control. Annu. Rev. Entomol. 42,
291-321 (1997).
19. Croft, B. A., Kim, S. S. & Kim, D. I. Intra- and interspecific predation on four life stage groups by the adult females of Metaseiulus
occidentalis, Typhlodromus pyri, Neoseiulus fallacis and Amblyseius andersoni. Exp. Appl. Acarol. 20, 435-444 (1996).
20. Vanas, V., Enigl, M., Walzer, A. & Schausberger, P. The predatory mite Phytoseiulus persimilis adjusts patch-leaving to own and
progeny prey needs. Exp. Appl. Acarol. 39, 1-11 (2006).
21. Walzer, A., Paulus, H. E. & Schausberger, P. Oviposition behavior of interacting predatory mites: response to the presence of
con- and heterospecific eggs. J. Insect Behav. 19, 305-320 (2006).
22. Strodl, M. A. & Schausberger, P. Social familiarity relaxes the constraints of limited attention and enhances reproduction of
group-living predatory mites. Oikos 122, 1217-1226 (2013).
23. Schausberger, P. Inter- and intraspecific predation on immatures by adult females in Euseius finlandicus, Typhlodromus pyri and
Kampimodromus aberrans (Acari: Phytoseiidae). Exp. Appl. Acarol. 21, 131-150 (1997).
24. Schausberger, P. & Hoffmann, D. Maternal manipulation of hatching asynchrony limits sibling cannibalism in the predatory mite
Phytoseiulus persimilis. ]. Anim. Ecol. 77, 1109-1114 (2008).
25. McCullagh, P. & Nelder, J. A. Generalized Linear Models. 2nd edition (Chapman & Hall, 1989).
26. Hackl, T. & Schausberger, P. Learned predation risk management by spider mites. Front. Ecol. Evol. 2, 58 (2014).
27. Jachner, A. Anti-predator behaviour of naive compared with experienced juvenile roach. J. Fish Biol. 59, 1313-1322 (2001).
28. Epp, K. J. Threat sensitivity in the San Marcos salamander: effects of predator diet and prey experience. Behaviour 150, 617-634
(2013).
29. McGhee, K. E,, Pintor, L. M., Suhr, E. L. & Bell, A. M. Maternal exposure to predation risk decreases offspring antipredator
behavior and survival in three-spined stickleback. Funct. Ecol. 26, 932-940 (2012).

Acknowledgments
We thank Inga Christiansen, Andreas Walzer, Demet Cekin, Marliza B. Reichert and Lena Dittmann for
comments on the manuscript and the Austrian Science Fund (FWF; P25876-B25) for funding.

Author Contributions
PS. conceived the study idea; M.S. performed the experiments; M.S. and P.S. designed the experiments,
analyzed the data, and wrote the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Seiter, M. and Schausberger, P. Maternal intraguild predation risk affects
offspring anti-predator behavior and learning in mites. Sci. Rep. 5, 15046; doi: 10.1038/srep15046
(2015).

SCIENTIFIC REPORTS | 5:15046 | DOI: 10.1038/srep15046 5



www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:15046 | DOI: 10.1038/srep15046 6


http://creativecommons.org/licenses/by/4.0/

	Maternal intraguild predation risk affects offspring anti-predator behavior and learning in mites

	Methods

	Rearing of mites. 
	Pre-experimental procedures. 
	Experimental procedure. 

	Results

	Discussion

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Site preference of predator-naïve and -experienced protonymphs originating from unstressed and IGP-stressed mothers.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Activity (moving/stationary) of predator-naïve and -experienced protonymphs originating from unstressed or IGP-stressed mothers.



 
    
       
          application/pdf
          
             
                Maternal intraguild predation risk affects offspring anti-predator behavior and learning in mites
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15046
            
         
          
             
                Michael Seiter
                Peter Schausberger
            
         
          doi:10.1038/srep15046
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep15046
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep15046
            
         
      
       
          
          
          
             
                doi:10.1038/srep15046
            
         
          
             
                srep ,  (2015). doi:10.1038/srep15046
            
         
          
          
      
       
       
          True
      
   




