CONTINGENCY OF PREDATION RISK-INDUCED TRAIT RESPONSES IN A MODEL
FISH-ZOOPLANKTON COMMUNITY

By

Alexandra V. Rafalski

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

Fisheries and Wildlife—Doctor of Philosophy
Ecology, Evolution, and Behavior—Dual Major

2020



ABSTRACT

CONTINGENCY OF PREDATION RISK-INDUCED TRAIT RESPONSES IN A MODEL
FISH-ZOOPLANKTON COMMUNITY

By
Alexandra V. Rafalski

Predators affect prey populations both through consumption and by inducing anti-
predator trait responses. In the mere presence of predators, many prey modify traits in order to
reduce their risk of being consumed. Predation risk-induced trait responses (hereafter ‘trait
responses’) are numerous and universal across ecosystems and across different taxa, from
protists to large mammals. Increasing attention is being given to the proposition that trait
responses can have large effects on prey fitness, with ensuing effects on prey population growth
and interacting species. A thorough understanding of the role of such predation risk effects is
important for the ecological theory of basic properties such as resilience and biodiversity, and for
ecological models used in natural resources management.

While there are many studies that demonstrate a variety of trait responses in different taxa
and examine the drivers of trait responses, it is still difficult to predict when trait responses will
translate to population and community-level effects. The majority of theories and studies of trait
responses have been conducted in simplified food webs such as predator-prey pairs. However, to
examine the contribution of predation risk effects in addressing ecological questions, there is a
need to understand how trait responses operate in larger food webs. To scale up from simplified
systems, fundamental properties of populations and communities need to be considered including
whether there is variation and contingency in trait responses among life history stages and
similar species of prey. While there is a theoretical basis for expecting variation, empirical

examples in a natural setting are lacking.



My dissertation research empirically examines the variation and contingency of
behavioral trait responses induced by a fish predator within a diverse assemblage of zooplankton
prey. Experiments were conducted in mesocosms with and without fish kairomone (produced by
caged fish); the effect of kairomone on the position of zooplankton is used as a measure of
behavioral response. Chapter 1 examines variation in behavioral responses among life history
stages of copepods. The responses were highly stage-dependent, with nauplii shifting in the
opposite direction than copepodites and adults. Chapters 2 and 3 examine variation in cladoceran
behavioral responses and assess if the expression and magnitude of responses is contingent on
differences in predation risk among taxa. In trying to understand the variation in trait responses
among prey, it might be expected that more vulnerable prey would exhibit larger trait responses.
Such positive relationships between trait responses and predation risk have been exhibited in
some systems. We compared the relationship between behavioral responses and metrics of
predation risk across cladocerans. Metrics included relative predation rate and net effect of the
predator on density on each taxon (measured from a treatment with uncaged fish) as well as
cladoceran body size and taxonomic identity (family). While cladocerans exhibited strong
variation in behavioral responses, we did not find larger trait responses in more vulnerable prey.

Taken together, the chapters within this dissertation demonstrate there can be
considerable variation in trait responses among prey and reinforces the complex nature of factors
underlying trait responses. Explicit consideration of variation in trait responses and trade-offs
that govern them can lead to better insight when scaling up the study of predation risk effects and

their incorporation into models.



To my husband and my parents for
their love and support always.



ACKNOWLEDGMENTS

| thank my advisor, Scott Peacor, for his effort and mentorship in conducting this
research, and most importantly to me, for his support and friendship as | navigated my graduate
program and life. | also thank my committee member Ace Sarnelle for all the time and guidance
he provided and my committee members Elena Litchman and Brian Roth for their guidance and
support. I am very appreciative of the effort and guidance Kevin Pangle provided to me
regarding data analysis. | thank Alex Wenner, Facilities Manager of the Edwin S. George
reserve, for all his assistance.

This research was only possible due to the help, hard work, and dedication of numerous
laboratory and field technicians. Whether our relationship lasted a summer, or we still Snapchat
every day, | thank them all for the fun times we had and for their enthusiasm, curiosity, and life
perspectives that enriched me. | also thank the former graduate students and postdocs of the

LimnoLab who supported me in my research and teaching, and for the good times.

Lastly, | thank my mom, dad, husband Jeff, and brothers Nick and Mark for their love

always.



PREFACE

This dissertation was prepared in manuscript format with each chapter to be submitted
separately to peer-reviewed journals. Therefore, ‘we’ is used in place of ‘I’ throughout to reflect
the contribution of co-authors of this work, including project conceptualization, data collection
and analyses, and feedback on manuscript drafts. Coauthors are: Chapter 1, Scott Peacor, Kevin

Pangle, and Clayton Cressler; Chapter 2, Scott Peacor; Chapter 3, Scott Peacor.

Vi



TABLE OF CONTENTS

LIST OF TABLES ... bbbttt bbbt e et IX
LIST OF FIGURES ..ottt sttt sttt n e sttt estenteeneene e X
INTRODUGCTION ...ttt ettt bbbt et bbbttt s et e ettt be b 1
Trait responses and IMPIICATIONS. ..........cuiiiiiiieice e 1
What 1eads 10 trait FESPONSES?.......civieieieeiteeie st este e se e e e e e e e e te e esbeebe s e e sraeaesreesreenrens 2
Contingency of trait reSPONSES AMONG PIEY .......ooverviruirierieeeeeereeste sttt sre e sbesre e enes 5
Current needs to understand contingency of trait reSPONSES.........cccvvevieiiereeie i 6
DiSSErtation RESEAICK .....cuiiiiiiiieiieie ettt sttt e st e e e sre e teeneesreenteeneeaneenns 8
EXPEIIMENTAL VENUE........e ettt st te et e s e sreenteenee e 9
(@8 T Vo) (=1 g @ 011 [ RSP TSR 10
REFERENGCES ..ottt sttt et st te et e baese et et e nnententenneene e 14
(08 1 e I SO SOPRPRR 19
N 0] - o TSRS P TP 19
T T (8 T4 AT ] o SRR RSR 19
IMIBENOUS ...t bbbt b bbbt R et b et b re b ne e 22
SEALISTICAI ANAIYSES ... bbb 25
LTS | OSSPSR 26
ComMMUNILY COMPOSITION. ......ciuiiiiiieie ettt re et e beereesreeneenee e 26
General location of COPEPOU SLAGES .....ccveceiiieeirecie et 28
Effect of Kairomone 0N POSITION .........c.ocviiiiiiiic e 29
Dol 011 (0] o USSR 33
ACKNOWIEAGEIMENTS.......eieiiee ettt sb e enes 37
APPENDICES ...ttt ettt ettt ettt e bt b et et ettt benreenes 38
APPENDIX A. COPepOd DENSITIES ......c.eiuiiiiieieiieitesie et 39
APPENDIX B. Cyclopoid position analysis with the exclusion of Acanthocyclops vernalis or
IMESOCYCIOPS BUBX ...ttt bbbttt bbbt 40
REFERENCES ...ttt et b et sttt st et e e nenbenbenbeene e 42
(08 1 S I = SRS 46
N 11 = To! RSP RTRT 46
T T L8 T4 A T o SRS 47
IMIBENOAS ...ttt sttt b et s et et ne e nbe et ene e 51
MESOCOSIM EXPEITIMIENT ...ttt bbb bbb e et ettt sb b eneas 52
Treatment ManiPUIATIONS .........oviiiieie e 54
Sampling and metrics of predator density effects and zooplankton position ....................... 56
Calculation of behavioral FESPONSE .........cveiiiiiieieiee e 59
STALISTICAI ANAIYSES ...t b e 59
LTS | SR 61

vii



Effect of fish Kairomone 0N POSITION ..........cccceiiiiieiice e 61

Relationship between trait responses and predator density effects...........cccccceviveiiiiciieenne 63
Relationship between trait responses and zooplankton Size ..........cccccceviveviivevicce e 64

D ol U1 (0] o USROS 66
ACKNOWIBAGEMENTS ...ttt 72
APPENDICES ...ttt bbbttt bbb bbbttt b bbb 73
APPENDIX A. Scapholeberis Sp. POSITION.......ccoiiiiiiiiiiiieeee e 74
APPENDIX B. Uncaged and control treatment densities............ccceovvevveieiiieie e e 76
REFERENGES ...ttt e e et e et e et e e et e e snbe e e anb e e e snbeeenneeeenees 78
CHAPTER 3 ..ottt bbbttt bbbt bbbt e st et et e b e nbenbesbenbeare s 83
N 011 = Tod USRS 83
T oo [0 Tod o] o TSR P PR 84
=] 10T T LRSS 86
Treatment ManiPUIALIONS ..........ooiiiiiieiec et nre e 88
Sampling of zooplankton POSIION ...........cceiiiiiiic e 90
Calculation of behavioral FESPONSE...........ccviiieiiiie e 91
SEALISTICAI ANAIYSES ... bbb 91
LTS | OSSPSR 93
General 10cation Of ClAOOCEIANS.........uiiiiiiie e 96
Effect of Kairomone 0N POSITION ........ccociiiiiiiiic e 97
Relationship between behavioral response and size and taxonomy ...........cccccecvevviiieieenne 98

D o011 [] o USSP 99
ACKNOWIEAGEMENTS. ...t sb et 104
APPENDICES ...ttt bbbttt ettt be st b e st s e s et et nbeebenrenre s 105
APPENDIX A. Kairomone X removal iNteraCtionS ...........cccevvreeiveriesieeneeiesieeseeseesreeseeeeens 106
APPENDIX B. Simocephalus Sp. POSITION ........cccueiiiiiiieiice e 110
REFERENGES ...ttt ettt e et e et e e et e e st e e st e e e ante e e nneeeenneeeennes 113

viii



LIST OF TABLES

Table 1. Statistical results of the Dirichlet regression of the effects of fish kairomone on each
stage including total N for all treatments, X (Chi) statistic, and significance values. Significance
of p-values are denoted for p < 0.05 with * and p <0.1 with - . To indicate the direction of
significant effects, grey-shaded cells in the vertical direction indicate taxa individuals were
located lower with the treatment effect while dark-outlined values indicate individuals were
located higher. For the horizontal position, grey-shaded values indicate more toward the center
With the treatment €FFECT. .......ooiiiiee e 31

Table 2. Mean densities + standard deviation (individuals L) for each stage in each treatment.
....................................................................................................................................................... 39

Table 3. Dirichlet p-values for effect of kairomone on the percentage high and side of cyclopoid
adults without Acanthocyclops vernalis or Mesocyclops edax using Dirichlet regression test. An
asterisk denotes P-Value < 0.05. .......cov i 40

Table 4. Statistical results of the Dirichlet regression of the effects of kairomone, removal, and
their interaction on the vertical and horizontal position of each taxa, including total N for all
treatments, Chi (X) statistic, and significance values. Significance of p-values are denoted for p <
0.05 with * and p < 0.1 with - . To indicate the direction of significant effects, grey-shaded cells
in the vertical direction indicate taxa individuals were located lower with the treatment effect
while dark-outlined values indicate individuals were located higher. For the horizontal position,
grey-shaded values indicate more toward the center with the treatment effect and dark-outlined
values indicate more toward the SIAE. .........cveiiiiei s 62

Table 5. Statistical results of the Dirichlet regression of the effects of kairomone, removal, and
their interaction on the vertical and horizontal position of each species or taxa, including total N
for all treatments, X (Chi) statistic, and significance values. Significance of p-values are denoted
for p <0.05 with * and p < 0.1 with - . To indicate the direction of significant effects, grey-
shaded cells in the vertical direction indicate taxa individuals were located lower with the
treatment effect while dark-outlined values indicate individuals were located higher. For the
horizontal position, grey-shaded values indicate more toward the center with the treatment effect.
....................................................................................................................................................... 95



LIST OF FIGURES

Figure 1. Modified from Peacor et al. (2013) to show how the value of the optimal trait response
varies as a function of increased cost of the trait response. Panels a through ¢ could represent a
species in different environments where cost is represented as steeper growth curves moving
from panel a to panel c. Growth curves, predation curves, and resultant fitness curves are
represented by solid, dashed, and dotted lines, respectively. The value of the trait response is
represented by a relative scale of 0-1 for simplicity. Fitness is defined as the difference between
growth rate and predation rate, with the fitness maximum corresponding to the optimal trait
change which is indicated by arrows and the predicted optimal trait value is labeled on the x-
axis. An assumption is that the trait response reduces the predation rate of the predator, so the
predation curve is depicted to decline as a function of trait resSponse. ..........ccccoceveeveiievecceennn, 4

Figure 2. Species composition of adult copepods in no kairomone and kairomone treatments for
a) cyclopoids and D) CAlANOIAS. ...........ecuiiieieie e e 28

Figure 3. Average location (+ SE) of stages in the no kairomone and kairomone treatments
where the x-axis represents distance from the wall towards the center of the mesocosm in cm and
where the y-axis represents the depth from the water’s surface to the bottom of the mesocosm
where the bottom is 0 cm and the water’s surface is the depth of the water (45 cm). The
horizontal position value (x-axis) was calculated as the average percentage of individuals in the
center strata multiplied by the radius of the mesocosms (84 cm). The vertical position value (y-
axis) was calculated by summing the product of the percentage of individuals in the high, middle
and low strata by 1, 0.5, and 0, respectively, and then multiplying the sum (range 0 to 1) by the
MESOCOSIM WALET AEPTN. ...ttt bbb 30

Figure 4. Percent (£ 1 SE) of copepod stages found in the six different positions in the no
kairomone (open squares) and kairomone (filled circles) mesocosms (e.g., high, middle, low
vertical strata at center or sides of mesocosms) for (a) nauplii, (b) cyclopoid copepodites, (c)
cyclopoid adults, (d) calanoid copepodites, and (e) calanoid adults. Positions: HC = high center,
MC = middle center, LC = low center, HS = high side, MS = middle side, LS = low side. ........ 32

Figure 5. Conceptual diagram demonstrating how the predicted trait response can vary as
function of predation risk experienced among prey. Lines A, B, and C represent three species
with different costs of responding where B has the lowest cost and C has the highest cost. Points
1, 2, and 3 represent these three prey species in a system with the same number of predators.
When species represented by points 1, 2, and 3 are present in a community, a negative
relationship between trait responses and predation risk would be expected (grey arrow). .......... 50



Figure 6. Behavioral response (+ SE) versus average Chesson’s a (+ SE) (metric of relative
predation rate) of fish across all cladoceran taxa. The behavioral response error bars are
truncated at 0 because the sum difference cannot be negative. The grey arrow is used to illustrate
the positive relationship that might be commonly expected between trait responses and predation
risk to show how our results deviate from this expectation. Taxa can be identified by their
Chesson’s a (listed lowest to highest): Alona sp., Chydorus sp., Bosmina sp., Diaphanosoma sp.,
Scapholeberis sp., Ceriodaphnia sp., D. pulicaria. The dotted line at x = 0.08 represents equal

dietary preference of taxa used to calculate Chesson’s a (all taxa consumed at same relative rate).
....................................................................................................................................................... 63

Figure 7. Behavioral response (+ SE) versus the ratio (£ SE) of average density in the uncaged
fish treatment to the control treatment (metric of net density effect) across all cladoceran taxa.
The behavioral response error bars are truncated at 0 because the sum difference cannot be
negative. The grey arrow is used to illustrate the relationship that might be commonly expected
between trait response and predation risk to show how our results deviate from this expectation.
In this figure, a negative trend between trait responses and net density effect would reflect the
common expectation of a positive relationship between trait response and predation risk. The
expectation line stops at density ratio = 1 because it is expected that a predator would only have
negative effects on prey density. Taxa can be identified by their net density effect (listed lowest
to highest): Diaphanosoma sp., D. pulicaria, Ceriodaphnia sp., Scapholeberis sp., Alona sp.,
Chydorus sp., and Bosmina sp. The dashed line at x = 1 represents no effect of the uncaged fish
(o] a0l ] o] 1] (T T (=T 0] | OSSR 65

Figure 8. Behavioral response versus the average size (measured as length in um) across all
taxa. The behavioral response error bars are truncated at 0 because the sum difference cannot be
negative. The grey arrow is used to illustrate the positive relationship that might be commonly
expected between trait responses and length to show how our results deviate from this
expectation. Taxa can be identified by their lengths (listed smallest to largest): Bosmina sp.,
Alona sp., Chydorus sp., Ceriodaphnia sp., Scapholeberis sp., Diaphanosoma sp., and D.

O8] [or> g - U ST TSSO PSP P PP PP 66

Figure 9. Proportion of Scapholeberis sp. individuals in the high, middle, low, and center
positions in each mesocosm in Control, Kairomone (K), Removal (R), and Removal-Kairomone
(R-K) treatments. The red diamond is the treatment average. The box shows the 25" percentile,
median, and 75™ percentile. Whiskers extend to the non-outlier minimum and maximum, outliers
L=l o] (014 1o I S 010 [ 1] TSSO 75

Figure 10. Average (+ 1 SE) densities (individual L-1, logarithmic scale) of cladocerans in
control (unfilled bars) and uncaged (filled bars) treatments. .........cccccoveviiiiieie i 76

Figure 11. Average proportion (+ 1 SE, averaged across removal treatments) of cladocerans
found in the six different positions in the no kairomone (open squares) and kairomone (filled
circles) mesocosms for (a) Bosmina sp., (b) Ceriodaphnia sp., (¢) Daphnia dentifera, (d)
Daphnia pulicaria, (e) Simocephalus sp., and (f) Diaphansomsoma sp. Positions: high side,
middle side, low side, high center, middle center, and oW CENtEr. ........cccvviverviieiiere e 97

Xi



Figure 12. Behavioral response (+ SE) versus the average length (um) across all taxa. Taxa can
be identified by their lengths (listed smallest to largest): Bosmina sp., Ceriodaphnia sp.
Diaphanosoma sp., D. dentifera, Simocephalus sp., and D. pulicaria. The behavioral responses
of Diaphanosoma sp., D. dentifera., and Simocephalus sp. were significant in the vertical and/or
horizontal directions. Letters denote taxon families: B = Bosminidae, D = Daphniidae, S =

ST Lo [0 TSRS 99

Figure 13. Proportion of Alona sp. individuals in center, high, middle, and low positions in each
mesocosm in Control, Kairomone (K), Removal (R), and Removal-Kairomone (R-K) treatments.
The red diamond is the treatment average. The box shows the 25" percentile, median, and 75™
percentile. Whiskers extend to the non-outlier minimum and maximum, outliers are plotted as

00 [ 1] PSPPSR 107

Figure 14. Proportion of Chydorus sp. individuals in center, high, middle, and low positions in
each mesocosm in Control, Kairomone (K), Removal (R), and Removal-Kairomone (R-K)
treatments. The red diamond is the treatment average. The box shows the 25" percentile, median,
and 75" percentile. Whiskers extend to the non-outlier minimum and maximum, outliers are
PIOTEEA BS POINTS. ...ttt b bbbttt ettt bbb 108

Figure 15. Proportion of Scapholeberis sp. individuals in center, high, middle, and low positions
in each mesocosm in Control, Kairomone (K), Removal (R), and Removal-Kairomone (R-K)
treatments. The red diamond is the treatment average. The box shows the 25™ percentile, median,
and 75" percentile. Whiskers extend to the non-outlier minimum and maximum, outliers are

0] {0 1 C=T0 = TN 00 ) OSSR 109

Figure 16. Proportion of Simocephalus sp. individuals in center, high, middle, and low positions
in each mesocosm in Control, Kairomone (K), Removal (R), and Removal-Kairomone (R-K)
treatments. The red diamond is the treatment average. The box shows the 25th percentile,
median, and 75th percentile. Whiskers extend to the non-outlier minimum and maximum,
outliers are PlOtted @S POINTS. .....couiiiiiiiiieiei bbb 111

Xii



INTRODUCTION

Trait responses and implications

Predators affect prey populations both through consumption and by inducing anti-
predator trait responses. In the mere presence of predators, many prey modify traits in order to
reduce their risk of being consumed (reviewed in Chivers and Smith 1998, Kats and Dill 1998,
Lima and Dill 1990, Tollrian and Harvell 1999). Such predation risk-induced trait responses
(hereafter, ‘trait responses’) can be expressed for different traits including behavior (Resetarits
and Wilbur 1991), morphology (Dodson and Havel 1988), development (Peckarsky et al. 2002),
growth (McPeek et al. 2001, Trussell et al. 2006), and physiology (Creel et al. 2007, Sheriff and
Thaler 2014). Empirical examples of trait responses are numerous and universal across
ecosystems and across different taxa, from protists to large mammals (reviewed in Lima and Dill
1990, Tollrian and Harvell 1999, Agrawal 2001). Trait responses can alter components of prey
fitness including somatic growth rate, survival, and reproduction (McCauley et al. 2011,
Peckarsky et al. 1993, Sheriff et al 2009, Trussell 2000, Turner and Montgomery 2003, Werner
and Anholt, 1996, Zanette et al 2011), and affect prey population size. Trait responses and their
population-level consequences can alter the interactions of the prey with other species and
resources, translating to important implications of predation risk on community structure and
ecosystem function (Bolker 2003, Werner and Peacor 2003, Schmitz et al. 2008, Peckarsky et al.
2008). While there are many studies that demonstrate a variety of trait responses in different taxa
and examine the drivers of trait responses, it is still difficult to predict when trait responses will

translate to population and community-level effects (Sheriff et al. 2020).



What leads to trait responses?

Inducible traits instead of fixed traits are expected when 1) predation pressure is variable,
2) there are costs and benefits to the trait change, and 3) there are reliable cues for detecting
predators (Tollrian and Harvell 1999). Under these conditions, inducible traits instead likely
evolve because fixed traits would have significant costs when predators are absent (Schultz 1988,
Harvell 1990). Inducibility in some but not all traits arise because there can be high evolutionary
costs and/limits (DeWitt et al. 1998, Agrawal 2001, Pigliucci 2005). Potential costs include
maintenance, production, information acquisition, reproductive, and genetic costs (DeWitt et al.
1998, Agrawal 2001). Limits to inducibility include environmental mismatch or lag time
between perception of risk and ability to produce a response and developmental constraints
(DeWitt et al. 1998, Agrawal 2001). These costs and limits have ecological and evolutionary
implications that contribute to the differences observed in trait responses across taxa (DeWitt et
al. 1998, Pigliucci 2005).

The expression and magnitude of trait responses at any given time is dependent on the
tradeoff between the consequent costs to fitness and the benefit from the reduction in predation
rate due to the trait response (Abrams 1984, Werner and Anholt 1993, Lima and Dill 1990,
Peacor et al. 2013). There are different theoretical approaches as to what aspects of fitness
should be optimized as a function of trait response. Commonly, fitness may be expressed as the
difference between growth rate and predation rate to maximize species’ per capita growth rate
(e.g., Abrams 1984, Ives and Dodson 1987, Krivan 2007). However, other approaches include
minimizing the ratio of mortality to growth given specified relationships between the trait
response and mortality and growth rates (Werner and Anholt 1983, Gilliam and Fraser 1987,

Fraser and Gilliam 1992). In addition, there are theories that look explicitly at specific aspects of



growth and predation. For example, the asset protection principle (Clark 1994) predicts that the
expression or magnitude of trait responses should balance an individual’s need to reduce
predation rate while maintaining or increasing its reproductive fitness. Another theory is the risk
allocation hypothesis (Lima and Bednekoff 1999) which predicts that trait responses should be

based on variation in predation risk that may vary over time.

Fig. 1 provides a graphical framework to illustrate the costs and benefits of trait
responses and how fitness influences the optimal trait response. Fig. 1 is modified from Peacor et
al. (2013) to illustrate how different optimal trait responses are expected based on the shapes of a
species’ growth curve, predation curves, and resultant fitness curves. In Fig. 1, growth curves,
predation curves, and resultant fitness curves are represented by solid, dashed, and dotted lines,
respectively. Fitness is defined as the difference between growth rate and predation rate, with the
fitness maximum corresponding to the optimal trait response which is indicated by arrows. The
trait response reduces the predation rate of the predator, so the predation curve is depicted to
decline as a function of trait response. The value of the trait response is represented by a relative
scale of 0-1 for simplicity, though it represents traits that may increase (e.g., spine length) or

decrease (e.g., swimming speed) in response to predation risk.
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Figure 1. Modified from Peacor et al. (2013) to show how the value of the optimal trait response
varies as a function of increased cost of the trait response. Panels a through ¢ could represent a
species in different environments where cost is represented as steeper growth curves moving
from panel a to panel c. Growth curves, predation curves, and resultant fitness curves are
represented by solid, dashed, and dotted lines, respectively. The value of the trait response is
represented by a relative scale of 0-1 for simplicity. Fitness is defined as the difference between
growth rate and predation rate, with the fitness maximum corresponding to the optimal trait
change which is indicated by arrows and the predicted optimal trait value is labeled on the x-
axis. An assumption is that the trait response reduces the predation rate of the predator, so the

predation curve is depicted to decline as a function of trait response.

Different trait responses are adopted by a prey to balance costs and benefits of the trait
response. This can be illustrated by changing the steepness of the growth curve in Fig. 1. Steeper
growth curves represent a higher cost of a trait response. Moving from left to right in Fig. 1
(panel a to c), the growth curve becomes steeper while the predation curve is the same, resulting

in a lower optimal trait response values from a to c. As an example of a trait response illustrated



in Fig. 1, consider the behavioral response of refuge use, where higher trait response values
correspond with more time spent in the refuge. A steeper growth curve could represent a change
in the system that leads to reduced food levels in the refuge. Thus, compared to the growth curve
in panel a, panel ¢ represents more cost by spending time in the refuge, so the prey is predicted to
spend less time in the refuge to optimize fitness. The example of different food levels in a refuge

is just one example of factors that affect the costs of trait responses.

Any number of ecological and environmental factors can affect a species’ costs and
benefits of trait responses (reviewed by Lima and Dill 1990). These factors could be intrinsic or
extrinsic and be variable over space and time. Examples of intrinsic factors include individual
age, physiology, reproductive condition, experience, and ecology (reviewed in Lima and Dill
1990). Example extrinsic factors that affect these tradeoffs include predator type and density,
habitat characteristics, resource availability, and social context (McNamara and Houston 1987,

Bednekoff and Lima 2004, Higginson et al. 2012).

Contingency of trait responses among prey

The tradeoffs and factors that govern individual prey species’ trait responses Set an
expectation for differences or contingency in the expression and magnitude of trait responses
among similar prey species (Lima and Dill 1990, Randall et al. 1995, Peacor et al. 2013). Species
coexistence in communities is promoted in part by variation in how species interact with and
affect their environment (Chesson 2000, Leibold and McPeek 2006), and this variation leads to
different costs and benefits for species and affects the expression and magnitude of their trait
responses. Fig. 1 can be used to illustrate possible variation in trait responses among species
based on having larger costs of responding. Using the example of time spent in a refuge,
increased vulnerability of a species to a second predator as a result of responding or higher

5



metabolic needs of a species that limit the maximum amount of time that can be spent in a refuge
are costs that may be larger for one species compared to another. Costs also vary among life
history stages of a species. For example, time spent in a refuge may have to balance with time
spent searching for a mate. In this example, juvenile stages may have a shallower growth curve
(Fig. 1 a) and spend more time in a refuge compared to mature stages that would have steeper

growth curves (such as Fig. 1 c).

Current needs to understand contingency of trait responses

While there are many studies that demonstrate a variety of trait responses in different taxa
and examine the drivers of trait responses, it is still difficult to predict when trait responses will
translate to population and community-level effects (Sheriff et al. 2020). In order to predict how
trait responses will translate to population and community-level effects, we need to evaluate
population and community-level variation and contingency of trait responses of species (Bolker
2003). For example, in order to understand how trait responses influence populations and
communities, we might consider: Do life history stages respond the same? Do prey species in a
community respond the same? How much does context like abiotic factors matter? Can the
magnitude of a species’ response be predicted by its vulnerability to the predator? These
questions are fundamental to understanding how predation risk affects populations and

communities but there are very few studies that explore these properties in natural systems.

When trait responses among prey are different, consideration of this variation can lead to
better insight of the effect of predation risk on interacting species. Models by Peacor and Werner
(2000) demonstrate how different responses among competing prey can affect prey growth.
Consider an example of three prey that compete for the same resource but exhibit different levels
of foraging reduction as a trait response. By reducing the overall foraging activity of the

6



assemblage of prey, the predator has an indirect positive effect on the amount of resources
available to an individual prey. The contribution of the direct negative effect (from reduced
foraging) and the indirect positive effects (mediated through resources) to growth are expected to
be different for competitors that do not respond to the predator compared to those that respond.
For a species that does not respond to the predator, the positive indirect effect dominates and
there is a net positive effect of the predator on growth rate. However, for a species that responds
by reducing foraging, there are negative direct and positive indirect effects of predation risk. It is
thus necessary to explicitly consider if trait responses are different among prey in order to predict

how predation risk will influence population growth.

Consideration of variation in trait responses among species can lead to better insight of
the influence of predation risk on fundamental ecological questions. Ultimately, there is a need to
scale up the understanding of predation risk effects and understand how they operate in large
food webs (Boker 2003, Peacor and Cressler 2012, Peacor et al. 2012, Creel et al 2019).
However, the majority of theories and studies of the importance of predation risk effects have
been conducted in simplified food webs (Boker 2003, Peacor and Cressler 2012, Creel et al
2019). When there are different trait responses among prey in food webs, findings from simple
food webs may not be appropriate for larger food webs. For example, simple food webs with
single prey (e.g., Krivan and Schmitz 2004) demonstrate the potential for overriding trait-
mediated effects on the prey compared to density-mediated effects. However, as shown by
Peacor and Werner (2000, described above), the nature of the trait-mediated effect on any one
prey species in an assemblage can vary depending on the trait responses of other prey. Thus, if

trait responses differ in prey guilds or species groups, explicit consideration of variation in trait



responses instead of assuming species have the same response should enhance the application of

predation risk effects in larger food webs.

There is a need to explore underlying factors that affect trait responses to determine if
there are generalizable principles that would help the understanding of predation risk effects in
larger food webs. Trait-based approaches connecting species’ traits to fitness in the environment
have proven useful for addressing a number of ecological questions (Diaz and Cabido 2001).
Studies that have investigated the relationship between traits and trait responses have shown that
characteristics of the predator, prey, and environment influence the magnitude of trait responses
(Preisser et al. 2007, Creel 2011, Creel et al. 2014). However, relatively little has been
generalized across species that predicts the expression and magnitude of trait responses.
Comparative studies across taxa that relate traits and characteristics of prey to trait responses
could be useful in identifying underlying principles that can help predict how predation risk

effects will influence population and communities.

Despite a theoretical basis for variation of trait responses and the implication for effects
on population and communities, there are few studies in natural systems that explicitly examine
the variation of trait responses at the population and community-levels of ecological organization
such as through ontogeny and prey guilds. Such evidence could improve the consideration and
application of scaling up the study of predation risk effects from simple food webs to larger food

webs.

Dissertation Research

Differences in costs and benefits of trait responses set an expectation for different trait

responses among prey stages or prey species in a community, but empirical examples that



demonstrate variation in trait responses among prey that would be meaningful for scaling up the
study of predation risk effects are lacking. Empirical studies from a wide array of taxa are
needed to clarify the variation and contingency in the expression and magnitude of trait

responses, and zooplankton-fish is a model system in which to explore trait responses.

It has long been shown that zooplanktivory by fish can have sweeping effects on the
composition of freshwater communities, which can have cascading, top-down effects on aquatic
ecosystem functioning (Gliwicz and Pijanowska 1999). Empirical work by Peacor et al. (2012)
and others suggests that predation risk effects may be important in these large effects of fish on
zooplankton. Peacor et al. (2012) demonstrated that predation risk alone can strongly affect
zooplankton species’ population growth and interactions over a multi-generational time scale. In
these experiments by Peacor et al. (2012), zooplankton were exposed to predator chemical cues
(kairomones) in mesocosms with caged fish to isolate potential non-consumptive effects from
consumptive effect (CEs). Response to the mere presence of predator kairomones altered the
community composition of zooplankton and the position of zooplankton in the water column.
The experiments used in this dissertation use comparable mesocosm methodology to investigate
variation and contingency in trait responses of zooplankton. A behavioral response is used as a
measure of a trait response, which was calculated as the effect of kairomone on zooplankton
position. This behavioral response reflects diel vertical and horizontal migration which are
important anti-predator responses in a variety of zooplankton taxa in nature (DeWitt 1998,

Tollrian and Harvell 1999, Lass and Spaak 2003).

Experimental Venue

The need to scale up the study of trait responses to investigate how they translate to
population and community-level effects further motivates the work in this dissertation.
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Arguments have been made that short-term (single generation of prey) and simple experiments
may overestimate the importance of effects that result from trait responses (Boker 2003, Abrams
2010). An example of potential complexity not captured in studies of simple systems is the
variation in trait responses among life history stages or similar prey species. In addition,
experiments in simple systems may lack important species interactions (Holland 1995, Levin
1998, Grimm and Railsback 2005) that may affect fitness tradeoffs and the expression of trait
responses. Whereas many studies of trait responses to predators are performed in highly
controlled experiments, the experiments in this dissertation are performed in large 1100-liter
mesocosms which capture much of the complexity of natural systems including a diversity of
taxa, and variation in zooplankton densities and resource levels among mesocosm replicates. In
this way, the trait responses are perhaps more robust to natural systems then compared to studies
in which conditions are less variable such as in laboratory studies (as e.g., Tollrian, 1994, Pangle

and Peacor 2006).

Chapter Outline

The chapter results come from three different mesocosm experiments conducted in three
different years. The differences in the species that established in the experiments in different
years permitted investigation of our questions. For example, the species of cladocerans that
established in the experiment described in Chapter 3 were more diverse compared to Chapter 2
which allowed analysis based on taxonomic relatedness. In addition, mesocosm methodology
was similar among years, but some methodological differences allowed for specific analyses. For
example, an uncaged fish treatment was only performed in the experiment described in Chapter

2.
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Chapter 1: Copepod stages respond to predation risk with spatial shifts in opposite directions

Chapter 1 examines variation in behavioral responses among copepod life history stages. We
hypothesized that because fitness tradeoffs that underlie the expression of trait responses may
change across life history stages, the nature of the trait responses could vary as a function of
stage. We found that predation risk effects in copepods were strongly stage-dependent, with
nauplii shifting in the opposite direction than copepodites and adults. These findings of
differential trait responses of stages provide additional support for explicitly examining stage

structure in order to understand systems.

Chapter 2: Evaluation of the expected relationship between trait responses and predation risk

among prey

Chapter 2 provides evidence from the fish-zooplankton system that prey’s vulnerability to the
predator may not explain the differences in the expression and magnitude of the behavioral trait
responses. A positive relationship between trait response and predation risk may be expected and
has been exhibited in some systems. For example, in response to a gape or size-limited predator,
only smaller stages or species demonstrate trait responses (Sih 1987, Kohler and McPeek 1989,
Peckarsky 1996, Relyea 2001). However, for many predator-prey systems, a positive relationship
between trait response and predation risk is not predicted based on ecological theory. We
compared the behavioral responses of cladocerans to two metrics of predation risk measured
from an uncaged fish treatment. Metrics included relative predation rate and net effect of the
predator on density on each taxon. We found a negative relationship between trait responses and
both metrics of predation risk. These findings indicate that the expression and magnitude of trait
responses should be examined as the tradeoff in benefits and costs of the trait responses, rather

than assuming that trait responses are directly related to a species’ vulnerability.
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Chapter 3: Investigation into the relationship between traits and variation in trait responses

within group of similar prey

Chapter 3 examines the variation in behavioral responses of cladocerans and assesses the ability
of fixed traits of body size and taxonomic identity (family), traits related to predation risk, to
explain the variation. Trait-based approaches that connect species’ traits to their fitness based on
trade-offs of key functional activities have proven useful in classifying variation in species along
meaningful trait axes to address ecological questions. While cladocerans demonstrated
substantial variation in behavioral trait responses, we did not find that body size or taxonomic
identity explained the variation. Results from our study and others suggest that there may be
considerable variation in the relationship between body size and trait responses. However, the
variation we found in trait responses among relatively similar prey taxa warrants further
investigation into other traits that could be used to predict trait responses based on fitness trade-

offs.
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CHAPTER 1

Copepod stages respond to predation risk with spatial shifts in opposite directions

Abstract

The mere presence of predators may induce anti-predator responses in prey, in which
prey modify traits, including behavior, to reduce predation risk. Because the tradeoffs that
underlie these trait responses may change across life history stages, the magnitude and even
nature of the risk-induced trait responses could be a function of life history stage. Thus,
differential responses of different stages to predator presence could affect the way in which stage
structure influences predator-prey interactions and in turn prey fitness. We examined the
behavioral response of freshwater copepods to fish predator cues (kairomones) in mesocosms
with and without caged fish. Copepods responded strongly to fish kairomones by shifting
position in the mesocosms. These predation-risk induced responses were strongly stage-
dependent, with nauplii shifting in the opposite direction than copepodites and adults. These
findings highlight stage-specific responses to predators, an understanding of which will enhance
the ability to explain how predation risk affects prey fitness and population dynamics (i.e.,

predator non-consumptive effects).

Introduction

Predation can strongly influence prey species’ dynamics and predation rates are often highly
stage-dependent (de Roos and Persson, 2013, Nakazawa, 2015). Predators’ abilities to capture
prey, and similarly, prey vulnerability, may change with age or stage, due to intrinsic differences

in niche, physiology, and/or behavior among species’ stages. For example, prey size can be an
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important determinant of prey vulnerability (Claessen et al. 2002), shown in such examples as
stage and size-specific differences in vulnerability of Hyla pseudopuma tadpoles to predatory
insects (Crump 1984) and body size and shape determining predation on common bream and
roach by pike (Nilsson and Bronmark 2000). Another stage-specific characteristic of prey is
ontogenetic shifts in habitat preference (Werner and Gilliam 1984) as demonstrated in some
species of butterflyfishes based on diet (Clark and Russ 2012) and nests and dens used as refuges
until animals mature. Given the potentially large influence of stage-specific effects on predator-
prey dynamics and community structure (Miller and Rudolf 2011, de Roos and Persson 2013), it

is important to examine implications of stage-structure on predation.

Vulnerability to predation as a function of stage could further be influenced by
differential responses of prey life history stages to predation risk. It is well known that predators
can affect prey, not just through direct mortality, but also by inducing changes in prey traits such
as behavior and morphology. These trait responses can in turn affect prey fitness and abundance,
termed non-consumptive effects (NCEs), and have ensuing effects on other species in the
community through trait-mediated indirect effects (TMIEs, Lima and Dill 1990, Werner and
Peacor 2003, Peckarsky et al. 2008, Abrams 2010, Ohgushi et al. 2012). These trait changes will
likely differ among stages due to differences in the fitness trade-offs associated with the trait. For
example, if a species’ vulnerability to predation decreases with size, the risk-induced trait
response may vary with age or stage (Werner and Hall 1988, de Roos et al. 2002, Cressler et al.
2010). Perception of predation risk may also vary with stage; for example, Johnston et al. (2011)
found that juvenile but not adult barnacles respond to dogwhelk kairomones. These examples of

stage-dependent responses to predation risk are important because they underlie predator-prey
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interactions and may enhance the understanding of NCEs and TMIEs on community or

ecosystem dynamics.

Stage-specific responses to predation risk may be particularly important in zooplankton.
Zooplankton species can have a large size range and can be strongly susceptible to size-specific
predation (Brooks and Dodson 1965). Moreover, zooplankton have been shown to respond to
predation risk through changes in morphology, behavior, and life history (DeWitt 1998, Tollrian
and Harvell 1999, Lass and Spaak 2003). These factors suggest that zooplankton are likely
candidates to display stage-dependent trait-responses. Indeed, Weiss et al. (2016) found that
Daphnia juveniles grow neckteeth when exposed to Chaoborus cues but neckteeth disappear as
Daphnia grow larger, likely because they are less vulnerable to the gape-limited Chaoborus.
Holliland et al. (2012) found stage-dependent magnitude of diel vertical migration in calanoid
copepods Eurytemora affinis and Acartia spp. which they argued is due to predation risk
changing as a function of size as individuals grew. Bourdeau et al. (2015) found Bythotrephes
abundance in Lake Michigan affected the vertical position in the water column of adult stages of
Leptodiaptomus spp. and juvenile and adult stages of Diacyclops thomasii, but there was no
effect on juvenile diaptomids or copepod nauplii. It was hypothesized that these differences may
be due to the energetic cost of the large vertical distances traveled, which different stages would

be more or less able to pay.

Taken together, the evidence for stage-dependent anti-predator responses of other taxa and
predation-risk induced effects on zooplankton highlight the need to understand stage-dependent
responses of zooplankton to predators. We performed a mesocosm experiment to examine

predator risk-induced behavioral responses of copepods to fish predators. This study has
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implications for understanding how stage-specific trait responses affect ecological interactions of

copepods.

Methods

The results reported in this paper are from a mesocosm experiment designed to
investigate the non-consumptive effects of predators on community composition of freshwater
zooplankton by comparing community composition in predator-free mesocosms to the
community composition of mesocosms with either fish kairomone (from fish in floating cages)
or midge kairomone (from Chaoborus in floating cages). Using data from this broader study, we
herein examine stage-specific risk-induced behavioral responses of copepods; in particular, we
focus on three distinct stages of copepod ontogenetic development, including nauplii (the larval
stage), copepodites (analogous to the juvenile or immature stage), and adults. We examine if and
how predation risk affected habitat preference of different stages. For the purposes of this study,
we combine the control and midge treatment, as midges had a negligible effect on zooplankton
behavior, and because combining these two treatments increases power to examine the influence
of kairomones. Experiments were conducted at the E.S. George Reserve (ESGR) of the
University of Michigan near Pinkney, MI, USA. To guide presentation of the timing of different
manipulations and events, days in the experiment are referenced relative to day 0 on 6 July when

treatments were initiated by adding predators to the floating cages.

Mesocosms consisted of cylindrical cattle water tanks with a diameter of 168 cm and
height of 60 cm. They were filled with 1100 L of treated well water, to a depth of approximately
45 cm. Twenty-five pounds of washed play sand were added to each mesocosm to cover the
bottom. Mesocosms were inoculated with phytoplankton by adding 500 ml of 54 um-filtered
water from a pond in the ESGR on day -35. On day -27, zooplankton from a nearby lake were
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collected using 150 and 250 um zooplankton nets, undesirable species such as amphipods and
insects (e.g., Chaoborus) were removed, and the remaining animals were added to mesocosms to
create a diverse zooplankton community. Thirty-five snails (Planorbella cf. trivolvis) of varying
sizes but equal total biomass were added to each mesocosm to reduce periphyton growth. To
increase zooplankton assemblage homogeneity among mesocosms, at day -13, zooplankton were
collected from each mesocosm with a zooplankton net, mixed, and subsamples of this mixture
were redelivered to each mesocosm. Inorganic nutrients were added to the mesocosms to support
phytoplankton growth as a resource for zooplankton. An initial spike of 5.06 g of NH4sNO3z and
0.37 g of KH2PO4 was added to each mesocosm on days -35 and -29. Starting at day -13,
nutrients were added continuously via peristaltic pump at a rate of 0.29 g of NHsNO3z and 0.04 ¢
of KH2PO4 per mesocosm per day.

The mesocosms were arranged in a 4 x 6 grid and were blocked (8 blocks) by three
spatially adjacent mesocosms with eight replicates for each of the three treatments. Three
floating mesh cages were used in each mesocosm to hold predators and allow kairomones to
diffuse (no predators were added to the cages in the control treatment mesocosms). Cages were
constructed from 41 X 27 X 26 cm plastic boxes with polystyrene foam glued to the sides to
ensure flotation. The plastic on the sides and bottom of the boxes was cut out and replaced with
mesh panels made of midge netting. The kairomone treatment consisted of one bluegill sunfish
(Lepomis macrochirus, mean length £ SD of 4.7 + 0.4 cm) in each cage. Fish originated from
Patterson Lake, Livingston County, MI, USA. Each of the cages in the midge-kairomone
treatment had 300 Chaoborus larvae, which were collected from a pond in the ESGR. Once a
week, fish were rotated from the experimental mesocosms to culture mesocosms. Culture

mesocosm fish were starved for 24 hours prior to being rotated back into the experiment.
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Similarly, Chaoborus larvae were replaced with newly collected larvae once a week to ensure a
relatively constant influx of Chaoborus kairomone. The mesh panels of all cages were sprayed
with a hose each week to remove periphyton. 300 Daphnia of two species (D. pulex and D.
dentifera; 700 — 1200 um length) were added to each predator cage twice a week as a predator
resource. Control cages received 300 Daphnia that had first been killed by microwaving to

provide equal nutrient levels to each mesocosm.

On 15 September, day 71, zooplankton were sampled in all mesocosms at six distinct
positions, including from three vertical strata: ‘high’ (just below the surface), ‘middle’ (at the
midwater level) and ‘low’ (right above the bottom) crossed with two horizontal positions
including “’side” (along the walls) and the “center” (within a 50 cm radius of the mesocosm
center). A sample was collected in each of four quadrants for the “side” samples, and three
samples were collected in the center at each stratum for the “center” samples. A 15 cm long 1.2
L cylindrical water sampler (Wildco) held parallel to the ground was used. The sampler was
inserted into the water approximately 30 cm in front of, and then moved forward to, the
collection position. At each of the six positions, the replicate samples were combined, passed
through and collected on a 53 um mesh sieve, and preserved in sugar formalin (e.g., the three
samples from the high-center position were combined to make one sample for that one of six
positions). Copepods were counted as nauplii, copepodites, or adults. The level of effort and
training required to identify earlier stages precluded us from identifying copepodites beyond
order (i.e., calanoid and cyclopoid), and nauplii were not identified as cyclopoid or calanoid.

Adults of both taxa were identified to species.
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Statistical Analyses

For all analyses, control and midge treatments were combined as no kairomone
treatments and compared to the kairomone treatment. For each mesocosm, the percentage of a
given taxa/stage found at a given position was calculated as the estimated abundance in that
position divided by the total estimated abundance (e.g., the sum of the abundance at all six
positions). We also calculated averaged position for vertical and horizontal directions. For
vertical, we calculated the proportions in the high, middle, and low strata; for horizontal, we
calculated the proportions in the center and side strata. For example, the proportion in the high
strata was the abundance in the high side and high center positions divided by the sum
abundance in all six positions. A mesocosm was only included in the positional analysis if there
were enough individuals represented in the total number counted in the mesocosm to provide
sufficient information for the positional estimates. We used 5 individuals counted in a mesocosm
as the cut off based on a resampling exercise that showed an individual mesocosm with 5 or
fewer individuals provided an estimate of spatial position inaccurate enough as to bias the
estimate of the average position across mesocosms.

Compositional data, such as the proportion of individuals in different positional strata
used in this study, are constrained in that the components sum to 1. As such, statistical methods
designed for unconstrained data may lead to inappropriate inference (Hijazi and Jernigan 2009).
Thus, to test for a behavioral response to kairomone, Dirchlet regression analysis was used. The
Dirichlet distribution is the multivariate generalization of the beta distribution and performs
wells for composite measurements, such as our response variables, that do not conform well to

count-based or binomial-based analyses (reviewed in Douma and Weedon, 2019).
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Separate Dirichlet regression analyses were run for the vertical position (as the proportion
of individuals in high, middle, and low positions) and lateral position (as the proportion of
individuals in center and side positions) because these were spatial axes along which shifts in
zooplankton position are studied in natural systems (i.e., diel vertical and horizontal migration,
e.g., Zaret and Suffern, Hays 2003, Burks et al 2012). To test for significant (p < 0.05) and
marginally significant differences (p < 0.10) along each axis, we ran Dirichlet regression models
with the proportions in the vertical or horizontal strata as the response with kairomone, removal,
and the interaction of kairomone and removal as fixed effects. To identify if there were any
significant fish x removal interactions, this full model was compared to a model without the
interaction using a likelihood-ratio test approach. If no significant interaction was identified, the
effect of kairomone was examined across no removal and removal mesocosms to have additional
power to examine the kairomone effect. Specifically, Dirichlet regression models with the effects
of kairomone and removal were compared to models with only kairomone or removal using a
likelihood-ratio approach to test the significance of the effect of kairomone or removal. Analyses
were performed in R version 3.5.2 (R Development Core Team, 2019) using the DirichletReg

package (Maier, 2015).
Results
Community composition

Acanthocyclops vernalis, Eucyclops sp., Mesocyclops edax, and Macrocyclops spp.
including M. fuscus and M. albidus, were the most common cyclopoid species in the mesocosms
(Fig. 1a). Kairomone affected the community composition of cyclopoid species, with M. edax
making up a larger proportion (42%) of the cyclopoid community in the kairomone treatment

compared to the no kairomone treatment (17%), while the proportion of A. vernalis decreased
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with kairomone (6% in the kairomone compared to 28% in the no kairomone, Fig. 2a).
Skistodiaptomus oregenensis was the most abundant calanoid in the mesocosms, and the
community composition was similar between no kairomone and kairomone treatments (Fig. 2b).
Whereas we discuss the potential influence of the changes in relative abundance of cyclopoid
species on our results (see Discussion), the changes do not significantly influence our evaluation
and thus we did not examine these trends in community composition statistically. Further, we do
not examine potential effects of kairomone on zooplankton density (although density estimates

are provided in Appendix A).
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Figure 2. Species composition of adult copepods in no kairomone and kairomone treatments for

a) cyclopoids and b) calanoids.

General location of copepod stages

The general trends of copepod position and the effect of kairomone can be seen in Fig. 3
which provides a graphical representation of the position of the different groups. This diagram
does not capture the complexity of the distribution of copepods among all six positions, which is

better captured in Fig. 4, but illustrates important trends. Also note (see Methods) that Fig. 3 uses
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the mean of the percentage of individuals found in each position, but statistics were performed
on transformed data. Considering just the no kairomone treatments, there was spatial segregation
among stages and among copepod groups (Fig. 3). Whereas calanoid copepodites and adults
were generally located in the same place, cyclopoid stages appear more spatially segregated,
with adult cyclopoids located lower and closer to the sides than cyclopoid copepodites. The
calanoids were located farther from the mesocosm walls compared to the other groups (Fig. 3).

The vertical and horizontal distribution of nauplii was closest to cyclopoid copepodites.

Effect of kairomone on position

Kairomone had a marginally or statistically significant effects on the vertical location of
nauplii, cyclopoid adults, calanoid copepodites, and calanoid adults (Table 1). Different stages’
locations shifted in opposite directions with nauplii being located higher and cyclopoid adults,
calanoid copepodites, and calanoid adults being located lower (Fig. 3). There was a differential
response of cyclopoid copepodites and adults in the vertical direction (no response and a strong
response to move lower, respectively). In the horizontal direction, nauplii demonstrated a
statistically significant shift towards the center of the tank while there was a trend for other
stages to shift towards the side (Fig. 3). The shift was significant for cyclopoid copepodites and

calanoid adults.
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Figure 3. Average location (+ SE) of stages in the no kairomone and kairomone treatments
where the x-axis represents distance from the wall towards the center of the mesocosm in cm and
where the y-axis represents the depth from the water’s surface to the bottom of the mesocosm
where the bottom is 0 cm and the water’s surface is the depth of the water (45 cm). The
horizontal position value (x-axis) was calculated as the average percentage of individuals in the
center strata multiplied by the radius of the mesocosms (84 cm). The vertical position value (y-
axis) was calculated by summing the product of the percentage of individuals in the high, middle
and low strata by 1, 0.5, and 0, respectively, and then multiplying the sum (range 0 to 1) by the

mesocosm water depth.

30



Table 1. Statistical results of the Dirichlet regression of the effects of fish kairomone on each
stage including total N for all treatments, X (Chi) statistic, and significance values. Significance
of p-values are denoted for p < 0.05 with * and p < 0.1 with - . To indicate the direction of
significant effects, grey-shaded cells in the vertical direction indicate taxa individuals were
located lower with the treatment effect while dark-outlined values indicate individuals were
located higher. For the horizontal position, grey-shaded values indicate more toward the center

with the treatment effect.

Vertical Position Horizontal Position
Stage X p-value X p-value
Nauplii 7.03 0.071 | . 15.9 0.000 *
Cyclopoid copepodites 3.13 0.370 94 0.009 | *
Cyclopoid adults 8.22 0.042 * 3.7 0.158
Calanoid copepodites 11.2 0.011 * 1.46 0.480
Calanoid adults 10.9 0.012 * 8.65 0.013 | *

In contrast to other stages, nauplii were located higher with kairomone, going from near
uniformity among the six positions in the no kairomone treatment to a large shift with more
(38%) of individuals located in the high center position with kairomone, and fewer individuals in
the low and middle side positions (Fig. 4a). The most dramatic change in position was the near
disappearance of calanoids away from the surface of the mesocosm (Fig. 4b-c). Although the
percentage of cyclopoids in the high strata was larger than it was for calanoids, the cyclopoids’
locations similarly shifted lower in the mesocosms. With kairomone, cyclopoid copepodites’
location shifted toward the low center and low side from the high center of the mesocosms,
whereas cyclopoid adults shifted mostly from the high side (but also from all center positions)

towards the low side (Fig. 4d-e).
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Discussion

Predation risk by fish strongly affected the location of all copepod stages, with
differential effects on nauplii compared to other stages. Nauplii were the only stage to be located
higher and towards the center with fish kairomone. All other stages demonstrated a significant
shift in the vertical or horizontal positions in the opposite direction from nauplii, being located
lower and more towards the side with fish kairomone. The shift of other stages to be located
lower with fish kairomone would be expected to reduce predation risk (deeper with fish
predators). Predation risk has been demonstrated to influence zooplankton position in nature
(Zaret and Suffern 1976, White 1998, Tollrian and Harvell 1999, Lass and Spaak 2003) and
these predation-risk effects may be important drivers of community and ecosystem dynamics
(Pangle et al. 2007, Boeing and Ramcharan 2010, Peacor et al. 2012). Our finding of a stage-
specific response to fish predator is important because it suggests that consideration of
differential responses of stages could enhance the ability to explain the importance of predator

risk-induced effects (NCEs and TMIES) on community and ecosystem dynamics.

We evaluated two potentially confounding issues related to our findings of stage-specific
responses to predation risk. First, nauplii were not identified to taxon so we cannot determine if it
was the cyclopoid, calanoid, or nauplii from both groups that responded. It is possible that only
one of the group’s nauplii responded. However, the significant effects of kairomone on the
copepodites and adults of cyclopoids and calanoids were in the opposite direction of the nauplii.
Therefore, the results provide evidence that kairomone had a different effect on the stage of a
least one, if not both, orders. Second, changes in relative density of cyclopoid species due to
kairomone and not trait responses could potentially explain the effect of kairomone on the

location of cyclopoids. In particular, the proportion of A. vernalis was smaller and M. edax was
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larger in the kairomone treatment (Fig. 2). A kairomone effect on position of the cyclopoids
could be due to the changes in proportion of these species and not a behavioral response to
kairomone if these species prefer different locations. We examined the kairomone effect on the
position of the cyclopoids by excluding A. vernalis or M. edax data. The position results
remained significant when A. vernalis was removed but was not significant when M. edax was
removed (p =0.15, Appendix B). It is possible that predation risk did influence stages through
indirect effects on density and not only through trait responses. However, the findings still
demonstrate important consideration of stage differences and structure when examining the
importance of predation risk effects. This potentially confounding effect does not apply to
calanoids and thus even if it did apply to cyclopoids does not confound our overall finding of

stage-specific responses.

There are a number of mechanisms that could underlie the difference in the response of
the copepod stages. One possibility is that susceptibility of zooplankton to predation by bluegill
may be size dependent, with bluegill feeding preferentially on the larger zooplankton (Mittelbach
1981, Bremigan and Stein 1994), and hence more vulnerable stages are expected to respond
more strongly. Prey size could also affect zooplankton metabolism and hence the tradeoff of
predation risk and energy gain (per McNamara and Houston 1987), i.e., small stages with higher
energy requirements per unit size would respond less to predation risk. Lastly, there is the
interesting possibility that nauplii may seek refuge near fish predators as it could confer safety
from predation by cyclopoids which shifted lower with kairomone. Such refuge near predators of

a prey’s predator has been seen in other prey species (Berger 2007).

The effects of kairomone on copepod habitat preference could be due directly to predator

avoidance behavior or due to indirect effects caused by the kairomone effects on other habitat
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parameters. That is, given the duration and complex community of zooplankton in the
experiment, it is possible that kairomone had NCEs on community characteristics such as species
densities and resource abundance which may affect interactions among competing zooplankton.
There is increased understanding that the effect of NCEs can influence species interactions, and
in turn affect species abundances and dynamics (Werner and Peacor 2003, Peckarsky et al.
2008). We cannot rule out that indirect effects of fish may have altered habitat characteristics
including species’ densities and resource abundance in such a way to drive copepod habitat
preference. Thus, the kairomones could be causing the copepod habitat shifts indirectly, directly
due copepod behavioral responses to the fish, or a combination of both.

The stage-specific responses to predation risk that we found demonstrate that the study of
NCESs needs to be scaled up beyond investigating NCEs in species pairs or pared-down
communities to truly understand their importance. Even just considering the copepods in our
experiment, the habitat shifts due to kairomone may not only affect the interactions between fish
and copepods but also within and among copepod stages through changes in competitive and
predation interactions. For example, with kairomone, nauplii were located higher while
cyclopoid adults were located lower and therefore possibly separated from each other (Fig. 3).
This could lead to positive trait-mediated indirect effects by fish on calanoids through cyclopoids
because cyclopoid adults may feed on other zooplankton including nauplii and copepodites
(Williamson, 1980), and so the spatial separation may reduce predation on calanoid nauplii. This
example demonstrates how predation risk-induced trait responses and their effects may be based
not only on an individual’s species but also on its stage. This indicates that consideration of the
multitude of potential species and stage-dependent interactions and responses could enhance the

understanding of predation risk on communities.
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Whereas many studies of phenotypic responses to predators are performed in highly
controlled experiments, the implications of our study to a natural setting deserve attention. The
present experiment was performed in large 1100-liter mesocosms which capture much of the
complexity of natural systems, with large variation in e.g., zooplankton densities and resource
levels. In this way, the significant responses are perhaps more robust then compared to studies in
which conditions are less variable such as in laboratory studies (as e.g., Tollrian 1994, Pangle
and Peacor 2006). Nevertheless, our findings (Fig. 4) likely only offer qualitative, rather than
quantitative, insights into the effects of fish on copepods in natural systems. Thus, we believe
that the vertical shifts in response to the presence of kairomones, which was to be located deeper
for copepodites and adults, but nearer the surface for nauplii (Fig. 3), are likely robust to natural
systems. Although only significant for calanoid adults (Table 1), we interpret the trend for all
copepodites and adults to shift closer to the sides as evidence for lateral movement in a natural
setting to move more toward the littoral zone where there are macrophytes, as found by Burks et
al. (2001) for Daphnia.

Our results and others’ show that stages of species may respond differently to predation
risk and this has implications for understanding how species will function in communities and
ecosystems. We hypothesized that intraspecific variation would extend to prey’s behavioral
responses to predation risk and found differential response between nauplii and other copepod
stages. Ecological niches, for example habitat use and diet, can differ among a species’ stages
and influence ecosystem processes and these niche differences highlight a need to not assume a
species’ function is the same across its stages (Rasmussen and Rudolf 2013). We extend their
work to include stage-specific responses to predation risk. If the same response is assumed for all

stages, population-level NCEs may be exaggerated or missed. For example, in the copepods that
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we studied, the response of copepodites and adults to be deeper with kairomone may confer a
cost to growth in colder and/or less productive habitat and the expected population-level NCE
would be negative. However, when nauplii of the same taxa are located higher with kairomone
and may escape from resource limitation or predation by other animals, it is hard to predict the
net NCE on the species. Thus, an understanding of stage-specific responses to predators will
enhance the ability to explain NCEs in communities, similar to the methods used to model

consumptive effects.
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APPENDIX A. Copepod densities

Table 2. Mean densities + standard deviation (individuals L™) for each stage in each treatment.

Copepod No Kairomone  Kairomone

Nauplii 199 + 259 66 + 119
Calanoid copepodites 22+4.2 9.1+18
Calanoid adults 1.0+£16 95+18
Cyclopoid copepodites 20+ 39 13 +23
Cyclopoid adults 2235 9.9+20
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APPENDIX B. Cyclopoid position analysis with the exclusion of Acanthocyclops vernalis or
Mesocyclops edax

Examination of the kairomone effect on the vertical and horizontal position of the cyclopoid

adults using Dirichlet regression and excluding Acanthocyclops vernalis and Mesocyclops edax.

Table 3. Dirichlet p-values for effect of kairomone on the percentage high and side of cyclopoid
adults without Acanthocyclops vernalis or Mesocyclops edax using Dirichlet regression test. An

asterisk denotes p-value < 0.05.

Species Vertical Horizontal
Acanthocyclops vernalis excluded 0.014* 0.120
Mesocyclops edax excluded 0.155 0.200
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CHAPTER 2

Evaluation of the expected relationship between trait responses and predation risk among prey

Abstract

Predators affect prey populations both through consumption and by inducing anti-
predator responses, in which prey modify traits, including behavior, morphology, and life
history, to reduce predation risk. Trait responses have been demonstrated in a variety of taxa and
can affect population and community dynamics of prey. In trying to understand the variation in
trait responses among prey, it might be expected that more vulnerable prey would exhibit larger
trait responses. Such positive relationships between trait response and predation risk have been
exhibited in some systems. For example, when prey size limits the ability of the predator to
consume the prey and larger species do not respond. However, for many predator-prey systems,
positive, negative, or neutral relationships between trait response and predation risk are possible
based on ecological theory. Using a fish-cladoceran system, we provide empirical evidence of
unexpected relationships between trait responses and two metrics of predation risk. Experiments
were conducted in mesocosms with and without fish kairomone (produced by caged fish). A
difference in zooplankton position in kairomone relative to no kairomone treatments was used as
measure of a behavioral response. Metrics of predation risk included relative predation rate and
net effect of the predator on density on each taxon measured from a treatment with uncaged fish.
We found that taxa that exhibited the largest responses were the least vulnerable to the predator,
and that highly vulnerable taxa did not respond. These findings demonstrate the complex nature

of factors underlying trait responses. Examining the expression of trait responses as the tradeoff
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between reduction in predation and decreased fitness rather than assuming that responses are
directly related to the predation risk can enhance the understanding of how predation risk shapes

communities and ecosystems.

Introduction

Predators affect prey populations through both direct consumption and through
antipredator risk-induced trait responses (Sih 1987, Werner and Peacor 2003, Bolker et al. 2003).
Empirical examples of trait responses which include changes in behavior, morphology,
physiology, or life history, are numerous and observed across ecosystems and across different
taxa, from protists to large mammals (reviewed in Lima and Dill 1990, Tollrian and Harvell
1999, Agrawal 2001). These trait responses come with costs that can alter prey fitness including
reduced individual somatic growth rate, survival, and reproduction (Werner and Anholt, 1996,
Trussell 2000, Turner and Montgomery 2003, Sheriff et al 2009, McCauley et al. 2011, Zanette
et al 2011), and can have with corresponding population-level consequences (non-consumptive
effects or NCEs). Through direct and indirect interactions with other community members
including competitors, resources, and predators, trait responses can influence population and
community dynamics (Bolker 2003, Werner and Peacor 2003). Thus, understanding trait
responses has important implications for predicting how predation risk affects community
structure, ecosystem processes, and species evolution (Agrawal 2001, Peckarsky et al. 2008,

Schmitz et al. 2008).

Experiments and theory indicate that the expression and magnitude of trait responses of a
species is dependent on the tradeoff between the consequent costs to fitness and the benefit from
the reduction in predation rate (Abrams 1984, Werner and Anholt 1993, Lima and Dill 1990).
Different trait responses are expected at different levels of risk dependent on costs. Fig. 5
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illustrates different possible relationships between predation risk and trait responses for a
species. If a trait response is accompanied by a large cost, but is effective at reducing predation
risk, then smaller trait changes are expected at low predation risk and larger trait responses are
expected at high risk (Line A, Fig. 5). Intermediate trait responses would be expected depending
on the curvature of the relationship between the trait response and the cost and benefit (Peacor et
al. 2013). If there is a small cost associated with a highly effective trait response, then a steep
increasing leading to a large trait response is expected at both low and high risk levels (Line B,
Fig. 5). In contrast, if there is a large cost associated with a trait response that is not effective
against the predator, then no trait response is expected (Line C, Fig. 5). Costs and benefits of trait
responses will be influenced by multiple intrinsic and extrinsic factors (reviewed by Lima, 1998,
Lima and Dill, 1990, Peacor et al. 2013). Examples of intrinsic factors include individual age,
physiology, reproductive condition, experience, and ecology (reviewed in Lima and Dill 1990).
Examples of extrinsic factors include predator type and density, habitat characteristics, resource
availability, and social context (McNamara and Houston 1987, Bednekoff and Lima 2004,

Higginson et al. 2012).

When considering how the magnitude of trait responses may vary within a group of prey
species, it might be expected that there would be a positive relationship between species’ trait
responses and their vulnerability (predation risk). This might be expected based on a simple
logical argument that predation risk would induce large responses to decrease that risk.
Certainly, if a species is not consumed by the predator, no trait response would be expected.
Such monotonically increasing relationships of the trait response and predation risk within
species of prey have been observed. For example, a positive relationship between predation risk

and trait responses has been observed when prey size limits the ability of the predator to
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consume the prey and larger species do not respond (Sih 1987, Kohler and McPeek 1989,
Peckarsky 1996, Relyea 2001). However, there can be positive, negative, or no relationship

between the trait response and predation risk of different prey.

Fig. 5 can be used to examine the different possibilities for how trait responses may be
related to predation risk of different prey by considering different possible trait-response-
predation risk relationships simultaneously. Lines A, B, and C could represent three different
prey species in a community where each species has a different trait response-predation risk
relationship due to different costs and benefits. Comparing the three lines simultaneously can be
used to examine the possibilities of the relationship between trait responses and predation risk of
different prey. Points 1, 2, and 3 represent these three prey species in a system with the same
number of predators. The magnitude of their trait response under this number of predators is
dictated by their own costs of responding, but they have different vulnerability to the predator
such that 1, 2, and 3 have increasing vulnerability, as indicated by higher predation risk values.
When species represented by points 1, 2, and 3 are present in a community, a negative

relationship between trait responses and predation risk would be expected (grey arrow).
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Trait Response

Predation Risk

Figure 5. Conceptual diagram demonstrating how the predicted trait response can vary as
function of predation risk experienced among prey. Lines A, B, and C represent three species
with different costs of responding where B has the lowest cost and C has the highest cost. Points
1, 2, and 3 represent these three prey species in a system with the same number of predators.
When species represented by points 1, 2, and 3 are present in a community, a negative

relationship between trait responses and predation risk would be expected (grey arrow).

Despite a theoretical basis for a positive, negative, or no relationship between trait
responses and predation risk, many studies of predation risk effects assume that the magnitude of
trait responses is positively related to the magnitude of risk posed by the predator. This may be
assumed based on empirical examples that demonstrate that the magnitude of behavioral
responses is higher for species that evolved under higher average predation rates (Sih 1987, Lima

and Dill 1990, Relyea 2001, Martin and Briskie 2009, Ghalambor et al. 2013). This may also be
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assumed based on empirical evidence of the threat sensitivity hypothesis that demonstrate larger
trait responses with greater perception of predation risk (Sih, 1986, Chivers et al. 2001). Even if
not explicitly stated, when studies investigate trait responses only to voracious predators or in the
most susceptible prey, there is an implicit assumption that the magnitude of predator-induced
responses are dependent on predation risk. However, as described by Fig. 5, a positive
relationship is not the only possible relationship between trait responses and predation risk

among different prey.

Very few studies have examined the relationship between trait responses and predation
risk in a community of prey that represent natural variation in vulnerability to predators. This
study examines the relationship between behavioral trait responses induced by fish and predation
risk in a community of freshwater cladocerans. Fish-cladocerans represent a model system to
examine this relationship because cladocerans have been shown to demonstrate behavioral
responses to fish predators (Tollrian and Harvell 1999, Lass and Spaak 2003) and have different
vulnerability to fish predation, based primarily on size (Brooks and Dodson 1965). This study
was performed with two metrics of predation risk as a robustness examination of the relationship

between trait responses and predation risk.

Methods

Cladoceran behavioral trait responses, metrics of predation risk, and zooplankton size
were measured from a mesocosm experiment that was designed to simulate two components of a
predator, the non-consumptive effects and consumptive effects. The experimental design
included five treatments: presence/absence of fish kairomone (from fish in floating cages)

crossed with presence/absence of removing zooplankton with a net (to simulate the density
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effects of fish predation), and lastly, a treatment with uncaged fish. A difference in zooplankton
position in kairomone relative to no kairomone treatments was used as measure of a behavioral
response to predation risk. We examine the effect of kairomones across the presence and absence
of removal treatments, and accounted for any influence of the removal effect, because including
both the no removal and removal treatments increased the number of replicates and there is no a
priori reason to use one treatment over the other. We describe the removal treatment

methodology for completeness, although the effect of removal is not a focus of this study.

Data from the uncaged treatment were used to calculate two metrics of predation risk of
each taxon including a relative predation rate and net density effect. These metrics represent
measures of interaction strength of predators on prey as indicators of predation risk. Our metric
of relative predation rate could represent attack rate or per capita interaction strength in basic
theoretical models (Lotka-Volterra, Laska and Wooton 1998). The other metric of net density
effect is intended to capture the overall net effect (non-consumptive and consumptive effect) of a

predator on prey density in a community (sensu Paine 1992).

Mesocosm experiment

Experiments were conducted at the E.S. George Reserve (ESGR) of the University of
Michigan near Pinkney, MI, USA. To guide presentation of the experimental schedule, we
reference manipulations and events relative to day 0 when treatments were initiated on 8 July
2013. The experiment was terminated on 23 August 2013 (day 46). Experimental mesocosms
were started well before treatment initiation in order to create established, homogenous
zooplankton communities in the mesocosms. On days -62 through -60, black round plastic tanks
with a diameter of 168 cm and height of 60 cm were filled with 1100 L of treated well water, to a
depth of approximately 50 cm. 11 kg of washed play sand were added to each to cover the plastic
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bottom to produce a more natural substrate. On day -56, mesocosms were inoculated with
phytoplankton by adding 500 mL of 35 um-filtered lake water from nearby Sayles Lake in
Pinckney, Michigan to each mesocosm. Sayles Lake is a 10-hectare lake with a maximum depth
of approximately 3 m and an average depth of less than 2m with a diverse fish community
including bluegill. On days -49 and -38, a diverse community of zooplankton was added to
mesocosms. The zooplankton were collected from Sayles Lake using 150 pum zooplankton nets
towed at night through areas of macrophytes and open water. Undesirable species such as
amphipods, Hydra, and insects (e.g., Chaoborus) were removed. To increase zooplankton
assemblage homogeneity among mesocosms, on days -24 and -6, a portion of zooplankton were
collected from each mesocosm with a 64 pum zooplankton net, mixed, and subsamples of this
mixture were redelivered to each mesocosm. Dominant Crustacean zooplankton taxa that
established in the mesocosms included cladocerans Daphnia pulicaria, Ceriodaphnia sp.,
Scapholeberis sp., Diaphanosoma sp., Bosmina sp., Alona sp., Chydorus sp., calanoid, cyclopoid

copepods, and ostracods.

Inorganic nutrients were added at a N:P ratio of 20:1 to the mesocosms to support
phytoplankton growth as a resource for zooplankton. An initial spike of 4.35 g of NH4sNO3 and
0.37 g of KH2PO4 was added to each mesocosm on day -56. From days -38 to day -2, nutrients
were added three days per week with 1.65 g NH4NO3z and 0.14 g of KH2PO4 added on these
days. Starting on day 0, nutrients were added five days per week with 0.57 g NHsNO3 and 0.049
g of KH2PO4added on these days. On days 15 and 38, these amounts were reduced by 50% and
50% again, respectively, in order to reduce an observed increase in phytoplankton and

filamentous algae growth.
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Treatment manipulations

Mesocosms were randomly assigned to the five treatments in nine experimental blocks.
Treatments were initiated on Day 0 by adding fish to the corresponding mesocosms. All
mesocosms had two floating cages that were constructed from 41 X 27 X 26 cm plastic boxes
with polystyrene foam glued to the sides. The cages had windows on all sides and the bottom
with mesh panels made of midge netting. Cages were clipped to opposite sides of the
mesocosms. The cages’ mesh panels were sprayed with a hose each week to reduce potential
periphyton growth that would decrease diffusion of kairomones from the cages. Bluegill sunfish
(Lepomis macrochirus, mean length £ SD of 5.5 +£0. 4 cm) were collected from nearby Patterson
Lake. One bluegill per cage was used in the kairomone treatments. Once a week, fish from cages
were exchanged with fish from culture tanks. Culture mesocosms consisted of 1100 L plastic
cattle tanks that housed approximately 25-50 fish of a similar size and fed a mixed assemblage of
zooplankton three times per week. For the uncaged predator treatment, two fish were added to
the uncaged treatment mesocosms and allowed to swim freely. Uncaged fish were removed (and
replaced with fish from the culture mesocosms) with a net from the mesocosms every 2-4 days
through day 14, and then once per week through the end of the experiment. Other treatments
received the same net activity used to capture the fish to control for disturbance. The removed
fish were immediately euthanized using an overdose of aqueous Tricaine Methanesulfonate (MS-

222) and frozen for stomach content analysis.

Zooplankton removal in the removal treatments was conducted two times per week. It
consisted of three tows around the mesocosms with a 363 pm Nitex conical plankton net with a
diameter of 50 cm. This sized mesh was used to remove larger zooplankton to simulate the size-

selectivity of fish predation. The removal net was also towed in the center of the mesocosms and
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we avoided towing too close to the walls so as to remove the larger, pelagic species such as
Daphnia and to leave the small, littoral species such as Alona sp. and Chydorus sp. While not
significant, the removal did affect the zooplankton community by creating a community where
smaller-bodied cladoceran were proportionally more abundant than Daphnia with removal
(Rafalski and Peacor unpublished). This resulting zooplankton community is similar to a
community that would be expected from zooplanktivory (Brooks and Dodson 1965, Hall et al.
1976). The removal was performed at night because zooplankton were more evenly distributed
throughout the mesocosms. To control for potential nutrient loss that might result from removal,
the zooplankton that were removed were killed by microwaving and added back to the
mesocosm they were removed from over the next three days in equal daily amounts to control for
potential nutrient loss that would accompany zooplankton removal. In order to control for towing
disturbance, the same towing procedure was performed in the no removal treatments;
zooplankton were immediately released by removing the net’s cod end while still in the

mesocosm’s water.

A natural concern in an experiment with a predator and no-predator treatment is that
nutrients excreted from the fish could influence phytoplankton growth and hence zooplankton.
Our calculations indicate that nutrient recycling from zooplankton in the mesocosms and
nutrients added to the mesocosms far exceed any nutrient excretion by fish (Peacor et al. 2012,
Appendix A). Further, on days 8-10, we performed a three-day in-situ study comparing the
growth of Ankistrodesmus (from culture) in 35 um Nitex chambers in seven replicates each of no
fish, caged fish, and uncaged fish mesocosms. Chambers were hung on the northwest sides of the
mesocosms, at a depth of 20 cm and 30 cm from the mesocosm wall just beyond where the

floating fish cage was tethered. We found no significant difference in the phytoplankton growth
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rate (ug chlorophyll-a L™ day™) among treatments (Rafalski and Peacor unpublished),
suggesting no effect of fish excretion on phytoplankton growth. We nevertheless were
conservative by taking several measures to reduce any potential differences in nutrient addition
between treatments. First, culture fish were starved the day before they were rotated into the
experiment to minimize their nutrient excretion. Second, each caged fish was fed a metabolically
minimal diet of 200 D. pulicaria (700 — 1200 um length) twice a week, and to provide equal
nutrients, cages in all other treatments received 200 D. pulicaria that had first been killed by
microwaving. Lastly, inorganic nutrients were added at levels that far exceeded the predicted
excretion of fish and were added near continuously (i.e., 5 days per week) to overwhelm any

pulses in nutrient supply by fish or other treatment manipulations.

Sampling and metrics of predator density effects and zooplankton position

In order to calculate metrics of predator density effect, zooplankton density was sampled
at the beginning (day 4) and the end (day 44) of the experiment. Samples were collected with a 5
cm diameter vertical tube sampler to collect water samples of the entire water column (i.e., from
the surface to the bottom of the mesocosm). Zooplankton were sampled after sunset because we
observed less spatial segregation that could improve the sampling estimate. Twenty tube casts
were taken at points along a grid placed over the tanks and combined to yield one 18 L sample
(~2% of mesocosm volume). Sampling was stratified such that all areas from the sides to the
center of the mesocosms were proportionally represented. This method allowed accurate
assessment of total mesocosm density even if zooplankton density varied as a function of radial
position. Collected water was filtered through a 64 pum mesh sieve and preserved with 90%
ethanol. Crustacean zooplankton were enumerated via compound microscope and identified to

species or genus. Zooplankton lengths were measured from twenty random individuals of each
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taxa in each of the samples from day 44 using a calibrated microscope digitizing tube and board

(Roff and Hopcroft 1986). Digitizing points were based on methods described in Rosen (1981).

As a measure of relative predation rate on each taxon, Chesson’s o was calculated from
the counts of zooplankton in the stomachs of uncaged fish relative to the zooplankton density in
the mesocosms. Specifically, stomach contents of the preserved uncaged fish from days 2 and 4
were compared to the zooplankton density in the same mesocosms the fish were removed from
on day 4. The stomachs were removed from each bluegill, and the stomach contents were rinsed
out and zooplankton were enumerated. Chesson’s o (Chesson 1978) was calculated for each

cladoceran in each mesocosm per the equation:

r./n. )
a=_""T ,j=1,..,m

m
jélﬁ- /n;
Where o is equal to is the proportion (ri/n;) of individuals of taxon type i in the stomach counts
for all taxa m of the sacrificed fish, divided by the sum proportions (ri/n;) of the density of each
taxon in the mesocosm for all m taxa. All crustacean zooplankton taxa included copepods and
ostracods were used to calculate Chesson’s a, though only cladocerans were used in this study of
behavioral responses. The counts of the two fishes’ stomach contents were combined to get one
Chesson’s a for each cladoceran per date per mesocosm, and the calculated Chesson’s o for the
two dates were averaged together to get one Chesson’s a per cladoceran per mesocosm. The
calculated Chesson’s o were averaged across the mesocosms for each cladoceran using only
mesocosms which had sample counts greater than 5 in accordance with sampling accuracy as
described below. Two additional mesocosms were excluded because they had many chironomid

midges, which were preferentially consumed by fish compared to zooplankton.
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As the measure of net density effect on each taxon, we calculated the effect of uncaged
fish on density of each taxon at the end of the experiment (day 44). The effect was calculated as
the ratio of the average density in the uncaged fish treatment to the average density in the control

(no kairomone - no removal) treatment.

To measure zooplankton spatial position, zooplankton were sampled in all mesocosms at
six distinct positions at the end of the experiment (day 44). Sampling was done at three vertical
strata: ‘high’ (just below the surface), ‘middle’ (at the midwater level) and ‘low’ (right above the
bottom) crossed with two horizontal positions including ’side” (along the walls) and the “center”
(within 25 cm of the mesocosm center). Four sub-samples were collected in each of four
quadrants and combined for the “side” samples, and three sub-samples were collected in the
center at each stratum and combined for the “center” samples. A 15 cm long 1.2 L cylindrical
water sampler (Wildco) held parallel to the ground was used. The sampler was inserted into the
water approximately 30 cm behind, and then moved forward to, the collection position. The
order of the samples was chosen as to not disturb subsequent samples. Each of the six positional
samples were collected on a 64 um mesh sieve and preserved in 90% ethanol. Crustacean

zooplankton were enumerated via compound microscope and identified to species or genus.

For each mesocosm, the proportion of each cladoceran at each of the six position was
calculated as the abundance in that position divided by the sum of the abundance at all six
positions. We also calculated averaged position for vertical and horizontal directions. For
vertical, we calculated the proportions in the high, middle, and low strata; for horizontal, we
calculated the proportions in the center and side strata. For example, the proportion in the high
strata was the sum of the abundance in the high side and high center positions divided by the sum

abundance in all six positions. Proportions were only included for mesocosms if there were 5 or
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more individuals represented in the total number counted in the mesocosm. We used 5
individuals as the cut off based on a resampling exercise that showed that 5 is the threshold
number of individuals counted in a mesocosm below which the estimates of spatial position in
that mesocosm negatively affects the accuracy of the estimates of the average position across

mesocosms.

Calculation of behavioral response

To produce an approximation of the magnitude of each cladoceran’s behavioral response,
we calculated the sum of the absolute values of the differences in the treatment means of the
proportions in all six positions. This sum difference was used in order to produce a single metric
that would capture differences in both the vertical and horizontal directions. Standard error was

propagated from the treatment standard errors.

Statistical Analyses

Regression plots were used to examine the relationship between the behavioral responses
and the relative predation rate, net density effect, and size (length in um) using the average data
of each cladoceran taxon. The relationships were qualitatively compared to expected

relationships between trait response and predation risk.

Both significant and not-significant behavioral responses were used in the analyses of the
relationship between behavioral trait response and predation risk because any magnitude of
behavioral response (including no response) could be expected. However, we tested for and
examined any significant kairomone x removal interactions that may affect our detection or

inference of kairomone effects (described below).
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Compositional data, such as the proportion of individuals in different positional strata
used in this study, are constrained in that the components sum to 1. As such, statistical methods
designed for unconstrained data may lead to inappropriate inference (Hijazi and Jernigan 2009).
Dirichlet regression was used to analyze the significance of the behavioral responses. The
Dirichlet distribution is the multivariate generalization of the beta distribution and performs
wells for composite measurements, such as our response variables, that do not conform well to
count-based or binomial-based analyses (reviewed in Douma and Weedon, 2019).

Separate Dirichlet regression analyses were run for the vertical position (as the proportion
of individuals in high, middle, and low positions) and horizontal position (as the proportion of
individuals in center and side positions) because these are spatial axes along which shifts in
zooplankton position are studied in natural systems (i.e., diel vertical and horizontal migration,
e.g., Zaret and Suffern 1976, Hays 2003, Burks et al. 2012). To test for significant (p < 0.05)
differences along each axis, we ran Dirichlet regression models with the proportions in the
vertical or horizontal strata as the response with kairomone, removal, and the interaction of
kairomone and removal as fixed effects. To identify if there were any significant fish x removal
interactions, this full model was compared to a model without the interaction using a likelihood-
ratio test approach. If no significant interaction was identified, the effect of kairomone was
examined across no removal and removal mesocosms to have additional power to examine the
kairomone effect. Specifically, Dirichlet regression models with the effects of kairomone and
removal were compared to models with only kairomone or removal using a likelihood-ratio
approach to test if the positional response differed with kairomone or removal. Analyses were
performed in R version 3.5.2 (R Development Core Team, 2019) using the DirichletReg package

(Maier, 2015).
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We tested for the interaction to be conservative in our analysis of the relationship
between trait response and predation risk to ensure there were no behavioral responses that were
missed by combining removal and no removal treatments. For example, a significant interaction
could mean that that the kairomone had opposite effects on position in the treatments e.g.,
located higher in no removal and lower in removal. By combining no removal and removal
treatments, the kairomone effect would be lost. For taxa that had significant fish x removal
interactions, boxplots of data in each treatment were examined to identify if kairomone had
opposite effects in no removal and removal treatments, and cladocerans were included in the
analysis with predator density effect so long as the position effects were not in opposite

directions.

Results
Effect of fish kairomone on position

Fish kairomone had a statistically significant effect on the vertical position of Alona sp.,
Chydorus sp., and Bosmina sp., and the horizontal position Chydorus sp. (Table 4). Whereas
Alona sp. and Chydorus sp. were located lower with kairomone, Bosmina sp. was located higher
(Table 4). In the horizontal direction, Chydorus sp. was located more towards the center. The
positions Ceriodaphnia sp., D. pulicaria, and Diaphanosoma sp. were not significantly affected
by fish kairomone (Table 4). Simulated predation (removal) significantly affected the position of
D. pulicaria to be lower with removal, while there was a trend for Diaphanosoma sp. to be
higher with removal. One marginally significant kairomone x removal interaction was identified
which was for Scapholeberis sp. in the horizontal direction. Inspection of the kairomone effect
on Scapholeberis sp. in no removal only and removal only treatments revealed that the trend of

the kairomone effect was in the same direction (more center with kairomone) in both the no

61



removal and removal treatments but apparently to a different enough degree to yield a significant
interaction (Appendix B).

Table 4. Statistical results of the Dirichlet regression of the effects of kairomone, removal, and
their interaction on the vertical and horizontal position of each taxa, including total N for all
treatments, Chi (X) statistic, and significance values. Significance of p-values are denoted for p <
0.05 with * and p < 0.1 with - . To indicate the direction of significant effects, grey-shaded cells
in the vertical direction indicate taxa individuals were located lower with the treatment effect
while dark-outlined values indicate individuals were located higher. For the horizontal position,
grey-shaded values indicate more toward the center with the treatment effect and dark-outlined

values indicate more toward the side.

Vertical Position Horizontal Position

Cladoceran Effect N X  p-value X  p-value
Alona sp. Kairomone 35 8.22 0.041* 3.97 0.137
Removal 0.252  0.969 3.69 0.158
Kairomone:Removal 0.801 0.849 1.60 0.450
Chydorus sp. Kairomone 32 10.6 0.014* 8.06 0.018*
Removal 1.30 0.729 1.79 0410
Kairomone:Removal 1.61 0.658 1.08 0.584
Bosmina sp. Kairomone 28 9.08 0.028* 0.367 0.832
Removal 2.63 0.452 0.170 0.919
Kairomone:Removal 0.342 0.952 2.82 0.244
Ceriodaphnia sp.  Kairomone 35 0.119 0.990 0.955 0.620
Removal 0.266  0.966 0.347 0.840
Kairomone:Removal 5.69 0.128 3.83 0.147
Daphnia pulicaria Kairomone 30 0.612 0.894 2.22  0.330
Removal 8.37 0.039* 0.178 0.915
Kairomone:Removal 439 0.222 2.72 0.256
Scapholeberis sp.  Kairomone 22 201 0570 0.379 0.150
Removal 391 0.272 0.012 0.994
Kairomone:Removal 255 0.314 557 0.062-
Diaphanosoma sp. Kairomone 17 198 0.577 1.28 0.529
Removal 6.49] 0.090} 1.00 0.607
Kairomone:Removal 4.07 0.254 0.382  0.826
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Relationship between trait responses and predator density effects

A negative trend was found between the behavioral responses and the relative predation
rate across taxa. Two cladocerans which were most consumed (Chesson’s a different from equal
preference) did not respond to predator kairomone, while some of the least preferred taxa

responded significantly (Fig. 6).
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Figure 6. Behavioral response (+ SE) versus average Chesson’s a (+ SE) (metric of relative
predation rate) of fish across all cladoceran taxa. The behavioral response error bars are
truncated at 0 because the sum difference cannot be negative. The grey arrow is used to illustrate
the positive relationship that might be commonly expected between trait responses and predation
risk to show how our results deviate from this expectation. Taxa can be identified by their
Chesson’s a (listed lowest to highest): Alona sp., Chydorus sp., Bosmina sp., Diaphanosoma sp.,
Scapholeberis sp., Ceriodaphnia sp., D. pulicaria. The dotted line at x = 0.08 represents equal

dietary preference of taxa used to calculate Chesson’s a (all taxa consumed at same relative rate).
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A positive trend was found between the behavioral response and the net density effect of
fish on zooplankton density. The cladocerans whose density was positively affected by uncaged
predators demonstrated the largest trait responses while taxa whose density was negatively
affected demonstrated some of the smallest trait responses (Fig. 7). Fish had positive effects on
the density of Bosmina sp., Alona sp., and Chydorus sp., and negative effects on D. pulicaria and

Diaphanosoma sp. (Fig. 7; density estimates are presented in Appendix B).

Relationship between trait responses and zooplankton size

A negative trend was found between the behavioral response and the length of the

cladocerans (Fig. 8).
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Figure 7. Behavioral response (+ SE) versus the ratio (+ SE) of average density in the uncaged
fish treatment to the control treatment (metric of net density effect) across all cladoceran taxa.
The behavioral response error bars are truncated at 0 because the sum difference cannot be
negative. The grey arrow is used to illustrate the relationship that might be commonly expected
between trait response and predation risk to show how our results deviate from this expectation.
In this figure, a negative trend between trait responses and net density effect would reflect the
common expectation of a positive relationship between trait response and predation risk. The
expectation line stops at density ratio = 1 because it is expected that a predator would only have
negative effects on prey density. Taxa can be identified by their net density effect (listed lowest
to highest): Diaphanosoma sp., D. pulicaria, Ceriodaphnia sp., Scapholeberis sp., Alona sp.,
Chydorus sp., and Bosmina sp. The dashed line at x = 1 represents no effect of the uncaged fish

on zooplankton density.
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Figure 8. Behavioral response versus the average size (measured as length in um) across all
taxa. The behavioral response error bars are truncated at 0 because the sum difference cannot be
negative. The grey arrow is used to illustrate the positive relationship that might be commonly
expected between trait responses and length to show how our results deviate from this
expectation. Taxa can be identified by their lengths (listed smallest to largest): Bosmina sp.,
Alona sp., Chydorus sp., Ceriodaphnia sp., Scapholeberis sp., Diaphanosoma sp., and D.

pulicaria.

Discussion

We did not find the positive relationship that might be commonly expected between trait
responses and predation risk for either of our two metrics. Based on the predator density effects
we measured, our prey exhibited a large range of vulnerability to the predator, which allowed us
to examine this relationship. While a positive relationship may be the common expectation

between trait responses and relative predation rate (see Intro), we found a negative trend (Fig. 6).
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The taxa that had one of the largest trait responses was the least vulnerable to the predator. A
negative trend between trait responses and net density effect would reflect the common
expectation of a positive relationship between trait responses and predation risk. It would also be
expected that the predator would have a negative effect on prey density such that no trait
responses would be expected at a density ratio > 1. However, not only did we find an unexpected
positive trend, we also found that densities of taxa were positively affected by the predator and
that these taxa demonstrated the largest trait responses (Fig. 7). Our findings support the theory
that any relationship between trait responses and predation risk is possible. The finding is
strengthened by the fact that this was true for two different metrics of predation risk. This
highlights that a larger trait response is not necessarily expected with more predation risk and has

implications for predicting the magnitude of trait responses among prey.

These two metrics of predator density effect were used as indicators of predation risk and
represent well known measures of interaction strength of predators on prey and the range of
metrics of predator effect used by the scientific community (Laska and Wootton 1998, Wootton
and Emmerson 2005). The measurement of relative predation rate could represent attack rate or
per capita interaction strength in basic theoretical models (Lotka-Volterra, Laska and Wooton
1998). The second metric represents the overall net effect of a predator on prey density in a
community (Paine 1992). This net density effect metric includes both the consumptive and non-
consumptive effects of the predator on density.

We did not find a potentially expected result that larger cladocerans would demonstrate a
larger trait response (Fig. 8). This may be expected because vulnerability of cladocerans to
consumption by fish increases with size (Mittelbach 1981, Bremigan and Stein 1994). In other

taxa, some studies have found a relationship between trait responses and size including mayflies,
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snails, and sunfish (e.g., Peckarsky 1996, Werner and Hall 1988, Crowl and Covich 1990). In
these taxa, higher trait responses may be expected at lower sizes, because body size can affect
the susceptibility of prey to attack and the costs of predator avoidance (Pekarsky 1996, Preisser
and Orrock 2012). The findings of our study and others’ findings suggest that it is likely that the
relationship between trait responses and size is not a generalizable relationship across taxa.
Factors that may explain how negative relationships arise between trait response and
predation risk can be explored by comparing the responses of two species that are on opposite
ends of the spectrum of their vulnerability to consumption by fish. For example, while the more
vulnerable Ceriodaphnia sp. demonstrated no significant position effect, the less vulnerable
Chydorus sp. was located lower with kairomone. However, there are other characteristics of
these two species that may affect the cost associated with a response to fish that may underlie the
different expression of their behavioral response. For example, these two taxa are both present in
littoral habitats of shallow lakes where they may encounter predation risk by other predators such
as Chaoborous sp., to which Ceriodaphnia is highly susceptible (Riessen et al. 1988). Thus,
Ceriodaphnia sp. may have limited response to fish kairomone because movement may incur
costs of consumption by the alternative predator. This is just one possible scenario of the
multitude of species traits and environmental parameters that may affect the costs and benefits of

trait responses to predation risk that could lead more vulnerable prey to respond less.

The findings in this study provide additional evidence that a larger trait response is not
expected with more predation risk. We are only aware of three other studies from two systems
that address the relationship between trait responses and predation risk (i.e., Relyea 2001, Creel
et al. 2014, Creel et al. 2019). Using 30 predator-prey combinations of tadpoles and predators,

Relyea (2001) examined the relationship between predation rate and trait responses and found
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that predation risk had no significant effect on how a given prey responds to the predator.
Similarly, recent studies conducted with large carnivores and ungulate prey in African grasslands
revealed no relationship between predation risk and antipredator responses of the ungulate prey
(Creel et al. 2014, Creel et al. 2019). The evidence from studies of trait responses from a wide
array of taxa are useful to consider if vulnerability does not predict the magnitude of trait
responses, are there other attributes of predators, prey, or the environment that better relate to the

magnitude of trait responses (Liley and Creel 2008).

It might be considered that the lack of responses in some taxa is due to lack of
infochemicals that would elicit their response. However, there were significant responses of
several taxa, indicating the presence of a cue to elicit responses across a diversity of taxa. Studies
show that prey respond to a variety of infochemicals including those produced directly by the
predators and chemicals produced by injured prey (Laforsch et al. 2006). Zooplankton have
demonstrated trait responses to chemicals produced by predators and injured heterospecifics
from a wide variety of taxa (Laforsch et al. 2006, Pecor et al. 2016). Daphnia from fishless lakes
have been shown in the laboratory experiments to not respond to fish kairomones (Boeing et al.
2005), but the zooplankton in our experiment were collected from a lake with a diverse fish
assemblage. Thus, it is likely that kairomones were present to serve as a cue of fish presence and

that our experiment contained zooplankton that would respond to predator cues.

We found that the vertical position of D. pulicaria and Diaphanosoma sp. were
marginally or significantly different in the no removal and removal treatments; however, the
causes underlying this behavioral response as a result of removal remain unknown. Examination
of the potential mechanistic causes of how removal may affect position was beyond the scope of

this study, so we can only speculate as to how removal may have influenced the position of
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Daphnia sp. and Diaphanosoma sp. It is possible that removal would influence zooplankton
density and community structure and affect the competition of resources (i.e., phytoplankton)
through differences in density. While not significant, the removal did affect the zooplankton
community by creating a community where smaller-bodied cladoceran were proportionally more
abundant than Daphnia with removal (Rafalski and Peacor unpublished). This finding is
consistent with the effect that planktivorous fish such as bluegill may have on a zooplankton
community (Brooks and Dodson 1965, Hall et al. 1976). Regardless, because we found no
significant fish x removal interactions, removal effects do not influence the inferences made
about the relationship between behavioral responses and predator density effects.

Our findings when compared to findings of others demonstrate how variation in trait
responses can be expected (Fig. 5) contingent on environmental factors. We found that D.
pulicaria and Ceriodaphnia sp. did not respond to fish kairomone while other studies have found
behavioral trait responses of both taxa. For example, studies show D. pulicaria demonstrate diel
vertical migration (Dodson 1989, Nihongi et al., 2016). Other studies have shown responses of
Ceriodaphnia sp. For example, in a similar mesocosm to the one performed in this study, Peacor
et al. (2012) found Ceriodaphnia sp. did respond to L. macrochris by being located higher in the
mesocosms with kairomones. Lauridsen and Lodge (1996) demonstrated diel horizontal
migration of these taxa. A factor that could explain our finding, compared to studies that showed
diel horizontal migration by these taxa include the presence of macrophyte refuge in other
studies (Lauridsen and Lodge 1996, Burks et al. 2002). Regardless, context-dependency of trait
responses supports our premise that any relationship between trait-responses and predation risk is
possible since the magnitude of the trait responses may change with environmental factors and

not predation risk.
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A particular strength of the experimental approach used in this study is that our
experimental venue captures the variation that is present in natural systems. The fact that
significant responses were observed with this variation suggests a robustness of this
measurement of trait responses. One parameter that varied among the mesocosms is the diversity
of the zooplankton community. For example, the coefficient of variation of taxa’s densities
averaged in the control and fish kairomone treatments ranged from 110% - 330% across the
different the taxa (densities and SE presented in Appendix A). Similarly, the coefficient of
variation of chlorophyll-a concentrations averaged in the control and fish kairomone treatments

were 115% and 214%, respectively.

This study demonstrates the complex nature of factors underlying trait responses. This
study and others show that response cannot always be predicted by vulnerability to predators, so
it is worth further investigation to identify attributes of species and their environment to
understand the contingency of these responses. A better understanding of these attributes will aid
in the understanding of the importance of trait-mediated effects in communities and ecosystems.
In this experiment, the fact that many prey species exhibited trait responses, including those that
are less vulnerable, does highlight a possibility that both trait-mediated and density-mediated
effects of planktivorous fish may be important in structuring zooplankton communities.
Moreover, examining predator-induced responses as the tradeoff between reduction in predation
and decreased fitness rather than assuming that responses are directly related to the amount of
predation risk can improve the understanding of trait responses and how predation risk shapes

communities and ecosystems.
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APPENDIX A. Scapholeberis sp. position

This appendix includes boxplots of proportions of Scapholeberis sp. individuals in the
high, middle, low, and center strata. This was used to examine the direction of the kairomone
effect in the no removal and removal treatments because there was a marginally significant fish x
removal interaction on the horizontal position (main text Table 4). Inspection reveals that the
trend of the kairomone effect was in the same direction (Fig. 9, more center with kairomone) in
both the no removal and removal treatments but apparently to a different enough degree to yield
a marginally significant interaction. Because the kairomone effect was in the same direction,

Scapholeberis sp. was included in the analysis between trait response and predation risk.
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Figure 9. Proportion of Scapholeberis sp. individuals in the high, middle, low, and center
positions in each mesocosm in Control, Kairomone (K), Removal (R), and Removal-Kairomone
(R-K) treatments. The red diamond is the treatment average. The box shows the 25" percentile,
median, and 75™ percentile. Whiskers extend to the non-outlier minimum and maximum, outliers

are plotted as points.
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APPENDIX B. Uncaged and control treatment densities
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Figure 10. Average (+ 1 SE) densities (individual L-1, logarithmic scale) of cladocerans in

control (unfilled bars) and uncaged (filled bars) treatments.
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CHAPTER 3

Characterizing variation in trait responses within group of similar prey

Abstract

Predators affect prey populations both through consumption and by inducing anti-
predator responses, in which prey modify traits, including behavior, to reduce predation risk.
Despite trait responses being well-studied in a variety of taxa, it is still difficult to predict when
trait responses will translate to population and community-level effects. One reason for this is
that assumptions may be made about the variation and contingency of trait responses of species
within groups of prey. Trait-based approaches that connect species’ traits to their fitness based
on trade-offs of key functional activities have proven useful in classifying variation in species
along meaningful trait axes to address ecological questions. To explore how trait responses may
be related to traits associated with predation risk, we compared the behavioral trait responses
induced by fish kairomones in cladocerans to their body size and taxonomic identity. We found
considerable variation in the responses in relation to taxonomy with the four Daphniidae taxa
demonstrating a range of responses from no response to the largest responses, comparable to a
taxon from family Sididae. We found no clear relationship between the behavioral responses and
size. Results from our study and others suggest that there may be considerable variation in the
relationship between body size and trait responses among taxa. The substantial variation we
found among relatively similar prey taxa warrants further investigation of trait axes that explain

the expression of trait responses and can be related to predator-prey interactions.
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Introduction

A thorough understanding of the variation among species is important for being able to
make predictions about community structure and ecosystem level processes (Chesson 2000,
Hooper et al. 2005). There are different ways to classify species and their variation including
based on phylogeny, morphology, or ecological role or function (Grime 1977, Tilman et al.
1997, Walker et al. 1999, Reynolds et al. 2002). Of these different ways to classify variation,
frameworks that describe how species interact and affect their environment have particular
application to addressing ecological questions (Diaz and Cabido 2001, Petchey and Gaston 2002,
Norberg 2004, Mason et al. 2005). In particular, frameworks that use a trait-based approach have
been gaining interest (reviewed in Zakharova et al. 2019). Trait-based approaches connect
organisms’ traits to their fitness based on trade-offs of key functional activities including
feeding, growth, survival, and reproduction (Litchman et al. 2013). Examples of such traits
include body size, life history, morphology, physiology, and behavior (Barnett et al. 2007,

Litchman and Klausmeier 2008, Litchman et al. 2013).

Trait-based approaches have been applied to explain ecological processes such as
community assembly, invasive species, ecosystem services (reviewed in Zakharova et al. 2019),
and the application of trait-based approaches to understand the foraging ecology of predators
(Spitz et al. 2014, Green and Coté 2014). It is recognized that traits of both predators and prey
may affect the encounter rate, attack rate, and capture rate and ultimately consumption of prey by
a predator (Ohman 1988, Green and C6té 2014). Studies have investigated how traits such as
behavior, morphology, habitat, and physiology affect predator-prey encounters (Beukers and
Jones 1997, Pressier et al. 2007, Andriskiw et al. 2008, Gorini et al. 2012, Clements et al. 2016,

Juanes 2016).
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In order to create trait-based classifications and apply them to ecological questions, there
is a need to identify the functionally relevant traits, tradeoffs that govern the trait, and the
variation in those traits (Barnett et al. 2007, Litchman et al. 2013, Sodré and Bozelli 2019). In
exploring the relationship between traits and predator-prey interactions, fixed traits have received
most of the attention (Spitz et al. 2014, Green and Cété 2014). However, many taxa demonstrate
plastic trait responses in morphological, life history, and behavioral traits in response to
predation risk (reviewed in Tollrian and Harvell 1999, Lima and Dill 1990, Agrawal 2001). The
expression and magnitude of trait responses is expected to optimize fitness dependent on the
tradeoff of reducing loss to predation and costs to growth of the trait response. Thus, the
expression and magnitude of trait responses may be related to aspects of fitness that are linked to
fixed traits.

Studies that have investigated the relationship between traits and trait responses have
shown that characteristics of the predator, prey, and the environment influence the magnitude of
trait responses (Preisser et al. 2007, Creel 2011, Creel et al. 2014). However, relatively little has
been generalized across species that predicts the expression and magnitude of trait responses. For
example, hunting mode of predator has been shown to influence trait responses of prey in
multiple systems (Schmitz 2008, Thaker et al. 2011). However, it is expected that prey traits may
be a better predictor of trait responses than predator traits because prey traits reflect the benefits
and costs of responding to predation risk (Creel 2011, Spitz et al. 2014). Some limited examples
exist from studies in African savannas in which foraging strategy and body size of prey have
been shown to be related to trait responses (Creel et al. 2014).

In this study, we assess the ability of fixed traits related to predation risk to predict the

variation in trait responses in cladocerans induced by fish predators. Specifically, we examine
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how the behavioral response to fish kairomones of compares to the fixed traits of body size and
the taxonomic identity. Cladoceran body size is an important determinant of predation risk with
larger taxa being more vulnerable (Brooks and Dodson 1965, Litchman et al. 2013, Sodré and
Bozelli 2019), so it may be expected that larger taxa would demonstrate larger behavioral
responses. We investigate the relationship between taxonomic identify (family) and behavioral
responses because taxonomic groups of zooplankton such as cladocerans or Daphnids are often
grouped together in applied food web models (NOAA Great Lakes) and assumed to be similarly

affected by a fish predator.

Methods

Cladoceran behavioral trait responses were measured from a mesocosm experiment that
was designed to simulate the non-consumptive effects and consumptive effects of a fish predator.
The experimental design included four treatments including the presence/absence of fish
kairomone (from fish in floating cages) crossed with presence/absence of removing zooplankton
with a net (to simulate the density effects of fish predation). A difference in zooplankton position
in kairomone relative to no kairomone treatments was used as measure of a behavioral response
to predation risk. We examine the effect of kairomones across the presence and absence of
removal treatments, and account for any effect of removal, because including both the no
removal and removal treatments increased the number of replicates and there is no a priori
reason to use one treatment over the other. To be complete, we describe the removal treatment

methodology, but the effect of removal on trait responses is not a focus of this analysis.

The mesocosm experiments were conducted at the E.S. George Reserve (ESGR) of the
University of Michigan near Pinkney, MI, USA. We reference experimental manipulations and
measurements relative to day 0 when treatments were initiated on 8 July 2013. The experiment
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was terminated on 23 August 2013 (day 46). Experimental mesocosms were started well before
treatment initiation in order to create established, homogenous zooplankton communities in the
mesocosms. On days -36 and -35, black round plastic tanks with a diameter of 168 cm and height
of 60 cm were filled with 1100 L of treated well water, to a depth of approximately 50 cm. 11 kg
of washed play sand were added to each to cover the plastic bottom to produce a more natural

substrate.

On day -33, mesocosms were inoculated with phytoplankton by adding 500 mL of 35
pm-filtered lake water from nearby Sayles Lake in Pinckney, Michigan to each mesocosm.
Sayles Lake is a 10-hectare lake with a maximum depth of less than 3 m and an average depth of
less than 2m with a diverse fish community including bluegill. On days -27, a diverse
community of zooplankton was added to mesocosms. The zooplankton were collected from
Sayles Lake using 150 um zooplankton nets towed at night through areas of macrophytes and
open water. Undesirable species such as amphipods, Hydra, and insects (e.g., Chaoborus) were
removed. To increase zooplankton assemblage homogeneity among mesocosms, on days -8, a
portion of zooplankton were collected from each mesocosm with a 64 um zooplankton net,
mixed, and subsamples of this mixture were redelivered to each mesocosm. Dominant crustacean
zooplankton taxa that established in the mesocosms include cladocerans Daphnia pulicaria, D.
dentifera, Ceriodaphnia sp., Scapholeberis sp., Diaphanosoma sp., Simocephalus sp., Bosmina

sp., Alona sp., Chydorus sp., calanoid copepods, cyclopoid copepods, and ostracods.

Inorganic nutrients were added at a N:P ratio of 20:1 to the mesocosms to support
phytoplankton growth as a resource for zooplankton. An initial spike of 4.35 g of NH4sNO3 and
0.37 g of KH2PO4 was added to each mesocosm on day -33. From days -33 to -1, nutrients were

added one day per week with 1.65 g NH4NOs and 0.14 g of KH2PO4 added on these days.
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Starting on day 0, nutrients were added five days per week with 0.29 g NHsNOs and 0.024 g of

KH2PO4 added on these days.

Treatment manipulations

Mesocosms were randomly assigned to the four treatments in eight experimental blocks.
Treatments were initiated on day 0 by adding one bluegill sunfish (Lepomis macrochirus, mean
length + SD of 5.5 £ 0. 4 cm) to each of two cages in the kairomone treatment mesocosms.
Cages were constructed from 41 X 27 X 26 cm plastic boxes with polystyrene foam glued to the
sides, with mesh windows made from midge netting on all sides and the bottom. No kairomone
treatments also received two (empty) cages. Cages in all treatments were clipped to opposite
sides of the mesocosms. Once a week, caged fish were exchanged with fish from culture tanks.
Culture tanks consisted of 1100 L plastic cattle tanks that housed approximately 25-50 fish of a
similar size and fed a mixed assemblage of zooplankton three times per week. The cages’ mesh
panels were sprayed with a hose each week to reduce potential periphyton growth that would

decrease diffusion of kairomones from the cages.

A 363 pm Nitex conical plankton net with a diameter of 50 cm was used for the physical
removal of zooplankton in the removal treatments and was conducted two times per week.
Removal consisted of three tows of the net around the perimeter of the mesocosms and was
performed at night because zooplankton were more evenly distributed throughout the
mesocosms. To control for potential nutrient loss that might result from removal, the
zooplankton that were removed were killed by microwaving and added back to the mesocosm
they were removed from over the next three days in equal daily amounts. To control for the

towing disturbance, the same towing procedure was performed in the no removal treatments. As
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soon as the towing was complete, zooplankton were released by removing the net’s cod end

while it was in the mesocosm’s water.

A natural concern in an experiment with a predator and no-predator treatment is that
nutrients excreted from the fish could influence phytoplankton growth and hence zooplankton.
Our calculations indicate that nutrient recycling from zooplankton in the mesocosms and
nutrients added to the mesocosms far exceeded any nutrient excretion by fish (Peacor et al.
2012). We nevertheless were conservative by taking several measures to reduce any potential
differences in nutrient addition between treatments. Fish were fed metabolically minimal diets
while in the experiment cages or before being exchange into the cages. Specifically, each caged
fish was fed 200 D. pulicaria (700 — 1200 um length) twice a week, cages in all other treatments
received 200 D. pulicaria that had first been killed by microwaving to provide equal nutrients. In
addition, NHsNOs and KH2PO4 were added at levels that were calculated to far exceed the
amount of nutrients from excretion of fish, and were added near continuously (i.e., 5 days per

week) to overwhelm any pulses in nutrients generated by fish or other treatment manipulations.

Qualitative assessments of mesocosm clarity and other characteristics were performed at
least weekly as a matter of mesocosm experiment protocol. Such assessments served to keep us
apprised of any developments in the tank and can serve as a check to add information to more
quantitative measurements (e.g., a qualitative measurement of clarity can serve to augment
chlorophyll measurements). These assessments led to the observation of corixids in several
mesocosms on day 7. Corixids consume zooplankton, so their presence in mesocosms could
make the zooplankton community too different among treatment replicates. Subsequently, we
conducted qualitative assessments of the abundance of corixids in each mesocosm each week.

We corroborated this assessment data with counts of corixids present in samples that were
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collected for zooplankton. From these counts, we determined that five control and two
kairomone only mesocosms were invaded with corixids. We suspect that corixids invaded
mesocosms of only the no removal treatments due to the timing of the treatment manipulations
because we controlled for the disturbance in all the no removal treatment mesocosms at dusk,
when corixids are most actively foraging, but performed the manipulation in all the removal

treatment mesocosms after sunset.

Sampling of zooplankton position

To evaluate how kairomone affected zooplankton position, zooplankton were sampled in
all mesocosms at six distinct positions at the end of the experiment (day 63). Sampling was done
at three vertical strata: ‘high’ (just below the surface), ‘middle’ (at the midwater level) and ‘low’
(right above the bottom) crossed with two horizontal positions including “’side” (along the walls)
and the “center” (within 25 cm of the mesocosm center). Four sub-samples were collected in
each of four quadrants and combined for the “side” samples, and three sub-samples were
collected in the center at each stratum and combined for the “center” samples. A 15 cm long 1.2
L cylindrical water sampler (Wildco) held parallel to the ground was used. The sampler was
inserted into the water approximately 30 cm behind, and then moved forward to, the collection
position. The order of the samples was chosen as to not disturb subsequent samples. Each of the
six positional samples were collected on a 64 um mesh sieve and preserved in 90% ethanol.
Crustacean zooplankton were enumerated via compound microscope and identified to species or
genus.

For each mesocosm, the proportion of each cladoceran at a given position was calculated
as the abundance in that position divided by the sum of the abundance at all six positions. We

also calculated averaged position for vertical and horizontal directions. For vertical, we
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calculated the proportions in the high, middle, and low strata; for horizontal, we calculated the
proportions in the center and side strata. For example, the proportion in the high strata was the
abundance in the high side and high center positions divided by the sum abundance in all six
positions. A mesocosm was only included in the positional analysis for a given cladoceran if
there were 5 or more individuals represented in the total number counted in the mesocosm. We
used 5 individuals as the cut off based on a resampling exercise that showed that 5 is the
threshold number of individuals counted in a mesocosm below which the estimates of spatial
position in that mesocosm negatively affects the accuracy of the estimates of the average position
across mesocosms. In addition, the five control and two kairomone only mesocosms that
contained corixids were excluded from the position analysis because corixids could have effects

on zooplankton position.

Calculation of behavioral response

To produce an approximation of the magnitude of each cladoceran’s behavioral response,
we calculated the sum of the absolute values of the differences in the treatment means of the
proportions in all six positions. This sum difference was used in order to produce a single metric
that would capture differences in both the vertical and horizontal directions. Standard error was

propagated from the treatment standard errors.

Statistical Analyses

Regression plots were used to examine the relationship between the behavioral responses
and size (length in um) using the average data of each cladoceran taxon. Comparison of

responses among and within cladoceran families was qualitative.
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Both significant and not-significant behavioral responses were used in the analyses of the
relationship between behavioral trait responses and size and taxonomy because any magnitude of
behavioral response (including no response) could be expected. However, we tested for and
examined any significant kairomone x removal interactions that may affect our detection or
inference of kairomone effects (see below).

The proportion of individuals in different positional strata used in this study do not
conform to parametric assumptions (Hijazi and Jernigan 2009). We utilized Dirichlet regression
to analyze the treatment effects on positional response. The Dirichlet distribution is the
multivariate generalization of the beta distribution and performs wells for composite
measurements, such as our response variables, that also do not conform well to count-based or
binomial-based analyses (reviewed in Douma and Weedon, 2019).

Separate Dirichlet regression analyses were run for the vertical position (as the proportion
of individuals in high, middle, and low positions) and horizontal position (as the proportion of
individuals in center and side positions). This allowed us to compare the direction of the
behavioral responses among taxa on spatial axes along which shifts in zooplankton position are
studied in natural systems (i.e., diel vertical and horizontal migration, e.g., Zaret and Suffern
1976, Hays 2003, Burks et al. 2012). To test for significant (p < 0.05) or marginally significant
(p <£0.10) differences along each axis, we ran Dirichlet regression models with the proportions
in the vertical or horizontal strata as the response with kairomone, removal, and the interaction of
kairomone and removal as fixed effects. To identify if there were any significant fish x removal
interactions, this full model was compared to a model without the interaction using a likelihood-
ratio test approach. If no significant interaction was identified, the interaction term was dropped,

and the effect of kairomone was examined across no removal and removal mesocosms to have
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sufficient power to examine the kairomone effect. Specifically, we ran Dirichlet regression
models with the effects of kairomone and removal and comparing this model to models with
only kairomone or removal using a likelihood-ratio approach to test if the positional response to
test the significance of the kairomone or removal effects.

For cladocerans with marginally significant or significant fish x removal interactions, we
considered that the interaction could mean two things. First, it could mean that the position
differed with kairomone in either the no removal or removal treatments but there was no
significant difference in the other treatment. Second, it could mean that that the kairomone had
opposite effects on position in the treatments e.g., located higher in no removal and lower in
removal. In both cases, if the kairomone had marginally significant or significant opposite effects
on position in the no removal and removal treatments, there would be more than one position
effect to compare to other taxa and we have no a priori reason to use one treatment over the
other. Thus, we used boxplots of the proportion data in each treatment to examine if kairomone
had opposite effects in no removal and removal treatments, and cladocerans were included in our
examination of variation in trait responses so long as the position effects were not in opposite
directions. Analyses were done in R version 3.5.2 (R Development Core Team, 2019) using the

DirichletReg package (Maier, 2015).

Results

We first looked at the statistical results from the Dirichlet regression to determine which
cladocerans not to continue in the analysis with size and taxonomy. This was based on whether
taxa had marginally significant or significant fish x removal interactions. The vertical position
and/horizontal positions of Chydorus sp., Alona sp., and Scapholeberis sp. had a marginally

significant or significant kairomone x removal interaction (Table 5). Inspection of the proportion
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data for each mesocosm using boxplots (Appendix A), revealed that the trend of the kairomone
effect was in the opposite direction in the no removal and removal treatments. Due to the
opposite effects of kairomone in the no removal and removal treatments, the effects of
kairomone on the position of Chydorus sp., Alona sp., and Scapholeberis sp. are not included in
the analyses between trait responses and size or taxonomy because there would be more than one
position effect to compare to other taxa and we have no a priori reason to use one treatment over
the other. Inspection of the kairomone effect on Simocephalus sp. in no removal only mesocosms
and removal only mesocosms revealed that the trend of the kairomone effect was in the same
direction (more center with kairomone) in both the no removal and removal treatments but
apparently to different enough degree to yield a significant interaction (Appendix B).

Simoceaphalus sp. was included in our analysis.
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Table 5. Statistical results of the Dirichlet regression of the effects of kairomone, removal, and
their interaction on the vertical and horizontal position of each species or taxa, including total N
for all treatments, X (Chi) statistic, and significance values. Significance of p-values are denoted
for p < 0.05 with * and p < 0.1 with - . To indicate the direction of significant effects, grey-
shaded cells in the vertical direction indicate taxa individuals were located lower with the
treatment effect while dark-outlined values indicate individuals were located higher. For the

horizontal position, grey-shaded values indicate more toward the center with the treatment effect.

Vertical Horizontal
Position Position
Taxon Effect N X p-value X  p-value
Alona sp. Kairomone 24 349 0.320 0.768 0.681
Removal 4.14  0.247 0.130 0.937
Kairomone:Removal 8.12 0.044 * 5.47 0.065 -
Chydorus sp. Kairomone 24 9.20 0.027 * 2.11 0.348
Removal 4.60 0.204 0.157 0.925
Kairomone:Removal 6.58 0.086 - 1.43 0.49
Bosmina sp. Kairomone 24 2.44 0.486 2.43 0.297
Removal 8.89 0.031 * 0.895 0.639
Kairomone:Removal 295 0.399 2.72 0.257
Ceriodaphnia sp. Kairomone 24 1.32 0.724 1.33 0.513
Removal 3.24 0.356 2.80 0.247
Kairomone:Removal 1.44  0.696 2.42 0.298
Daphnia pulicaria  Kairomone 24 350 0.320 3.82 0.148
Removal 1.24 0.744 2.93 0.231
Kairomone:Removal 2.37 0.500 2.31 0.315
Daphnia dentifera  Kairomone 24 19.0 0.0003 * 8.23 0.016 *
Removal 476 0.190 9.97 0.009 *
Kairomone:Removal 0.314 0.958 3.63 0.163
Scapholeberis sp.  Kairomone 24 214 0.545 10.2 0.006 *
Removal 252 0471 6.13 0.047 *
Kairomone:Removal 219 0.534 10.6 0.005 *
Simocephalus sp.  Kairomone 23 11. 0.01Q * 1.08 0.582
Removal 0.788 0.852 0.075 0.963
Kairomone:Removal 0.963 0.810 5.04 0.080 -
Diaphanosoma sp. Kairomone 24 17.3 0.0006 * 0.102 0.950
Removal 8.10 0.044 * 1.290 0.526
Kairomone:Removal 6.05 0.109 0.660 0.719
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For the remaining taxa (Bosmina sp., Ceriodaphnia sp., D. dentifera, D. pulicaria,
Simocephalus sp., and Diaphanosoma sp.), the average proportion of each cladoceran taxa at the
six distinct sampling positions in the no kairomone and kairomone treatments is shown in Fig. 11
which provides information on the distribution and the direction of the kairomone effect on
position. Note that Fig. 11 uses the mean of the proportion of individuals found in each position,
but statistics (Table 5) were performed on a multivariate response that represented the vertical or

horizontal direction (e.g., proportion high, middle, and low strata for the vertical position).

General location of cladocerans

Considering just the no kairomone treatments, the majority of individuals of D. dentifera
and Bosmina sp. were located in the middle strata (Fig. 11a and 11c, average + SE of 68% * 5%
and 75% =* 5%, respectively), whereas the majority of individuals of Ceriodaphnia sp., D. pulex,
and Simocephalus sp. and Diaphanosoma sp. were located in the low strata (59% + 3%, 66% *
5% and 60% = 3%, and 49% * 3%, respectively). Relatively few individuals of any taxa were
located in the high strata (the taxa with the highest amount was Simocephalus sp. with an
average of 18% + 2%). Moreso than other taxa, Bosmina sp. and Ceriodaphnia sp. tended to be

located nearer to the side of the mesocosm relative to the center.
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Figure 11. Average proportion (+ 1 SE, averaged across removal treatments) of cladocerans
found in the six different positions in the no kairomone (open squares) and kairomone (filled
circles) mesocosms for (a) Bosmina sp., (b) Ceriodaphnia sp., (¢) Daphnia dentifera, (d)
Daphnia pulicaria, (e) Simocephalus sp., and (f) Diaphansomsoma sp. Positions: high side,

middle side, low side, high center, middle center, and low center.

Effect of kairomone on position

The six cladoceran taxa demonstrated differential behavioral responses to fish kairomone.
Kairomone had a statistically significant effect on the vertical position of D. dentifera,

Diaphanosoma sp., and Simocephalus sp. (Table 5) and on the horizontal position of D.
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dentifera. Both D. dentifera and Diaphanosoma were located lower with fish kairomone (Fig. 11
d and f), but D. dentifera shifted from the middle center to the low center and side positions (Fig.
11d), whereas Diaphanosoma shifted from the high and middle side to the low side position (Fig.
11f). In contrast to D. dentifera and Diaphanosoma, Simocephalus was located higher with fish
kairomone, with shifts from the low center to the high and middle side positions (Fig 11e).
Kairomone had no effect on the behavioral responses of Bosmina sp., Ceriodaphnia sp., and D.

pulicaria (Table 5, Fig. 11a-c).

Relationship between behavioral response and size and taxonomy

No relationship was found between the behavioral response and the length of the
cladocerans (Fig. 12). The largest cladoceran (D. pulicaria) did not respond to fish kairomone.
Cladocerans of intermediate size had the largest behavioral responses. We also found no
relationship between the behavioral responses and family (Fig. 12). The four Daphniidae taxa
demonstrated a range of responses from no significant response (Ceriodaphnia sp.) to the largest
responses (Simocephalus sp. and D. dentifera). Moreover, taxa from Daphniidae demonstrated
opposite responses of moving higher and lower (Fig. 11, Simocephalus sp. and D. dentifera,
respectively), while taxa from different families (Sididae and Daphniidae) demonstrated a

response in the same direction (Fig. 11).
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Figure 12. Behavioral response (x SE) versus the average length (um) across all taxa. Taxa can
be identified by their lengths (listed smallest to largest): Bosmina sp., Ceriodaphnia sp.
Diaphanosoma sp., D. dentifera, Simocephalus sp., and D. pulicaria. The behavioral responses
of Diaphanosoma sp., D. dentifera., and Simocephalus sp. were significant in the vertical and/or
horizontal directions. Letters denote taxon families: B = Bosminidae, D = Daphniidae, S =

Sididae.

Discussion

Freshwater cladocerans demonstrated substantial variation in a behavioral trait response
to fish kairomone. We found no relationship between the behavioral response and body size or
family, which are fixed traits associated with predation risk. Body size is often considered an
important trait influencing predator-prey interactions because body size can affect the
susceptibility of prey to attack and the costs of predator avoidance (Pekarsky 1996, Preisser and

Orrock 2012). Our findings of a lack of relationship between trait responses and these traits
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related to predation risk suggest that consideration of multiple traits may complement the
information obtained from body size and taxonomy when examining what prey traits may predict
the expression or magnitude of trait responses.

While we did not find a relationship between body size and trait responses in this study,
body size has been a good determinant of trait responses in other taxa including mayflies, snails,
and sunfish (e.g., Peckarsky 1996, Werner and Hall 1988, Crowl and Covich 1990). However, in
an examination of the relationship between body size and behavioral responses across a wide
variety of taxa, Preisser and Orrock (2012) found the potential for substantial variation among
similar species when compared with variation within broader taxonomic groups, which is
consistent with our findings. This suggests that there may be considerable variation in the
relationship between body size and trait responses among taxa and depending on taxonomic
level. This highlights that consideration of additional traits and/or how traits interact with body
size may enhance the understanding of the expression of trait responses.

We considered that taxonomic relatedness may explain variation in trait responses but
found no clear pattern relating taxonomy to trait responses. A lack of pattern is consistent with
findings from other studies that have also found substantial variation in functional traits in a
variety of taxa (reviewed in Weiss and Ray 2019). Specifically, for zooplankton, Barnett et al.
(2007) found that taxonomic differences between species did not fully capture differences in
functional traits of body length, habitat, trophic group, and feeding type.

The variation found in trait responses among cladocerans may be based on variation in
their other traits that affect their fitness tradeoffs. For example, when examined closely,
cladocerans demonstrate substantial differences in traits such as clearance rate and selectivity,

maximum growth rate, habitat, and stoichiometric requirements (Barnett et al. 2007, Litchman et
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al. 2013). These differences in how cladoceran interact with their environment can lead to
different tradeoffs among fitness components such as survival, growth rate, and reproduction.
The expression and magnitude of trait responses at any given time is dependent on the tradeoff
between the consequent costs to fitness and the benefit from the trait response, of which
predation risk is just one factor affecting the tradeoff (Abrams 1984, Werner and Anholt 1993,
Lima and Dill 1990, Peacor et al. 2013). It is likely that consideration of multiple traits may

enhance our ability to predict variation in trait responses.

Consideration of tradeoffs can be used to explore the differences in trait responses among
cladocerans in our experiment. D. pulicaria and D. dentifera are the most closely related pair of
taxa in our experiment and only D. dentifera responded to the predator. This difference is
consistent with findings in some Michigan Lakes that D. pulicaria consistently occupy the
hypolimnion whereas D. dentifera may exhibit diel vertical migration from the hypolimnion to
the epilimnion at night (Duffy 2010). D. pulicaria may be located at deep depths to occupy a
hypolimnetic refuge from fish predation to which it is highly vulnerable (Tessier and Welser
1991). While counterintuitive that the species that is more vulnerable to fish predation did not
respond to fish kairomones, trait responses cannot be predicted in isolate of other factors that
influence fitness. For example, the presence of a refuge influences the expression of trait
responses (Dewitt et al. 1999); however, consideration of species interactions in a refuge is also
important. Between these two Daphnia species, D. pulicaria is the superior competitor over D.
dentifera (Vlijverbery and VVos 2006), so migration out of refuge by D. dentifera may result from

the tradeoff between foraging and predation risk (Tessier and Welser, 1991, Duffy 2010).

We found that simulated predation (removal) and the interaction of kairomone and

removal significantly affected the positions of some taxa. However, this does not affect our
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findings related to variation in traits and trait responses. We did not include Alona sp., Chydorus
sp., and Scapholeberis sp. in the analysis because based on inspection of boxplots of the data,
there was a trend for fish kairomone to affect their position in opposite directions in the no
removal and removal treatments. For this reason, there was not a single behavioral response to
compare directly to the responses of the other cladocerans. However, these taxa did demonstrate
behavioral responses and would be among the smallest taxa in our study and belong to an
additional family (Chydoridae). Thus, if these taxa had been included, we would have found that
some but not all small taxa exhibited behavioral responses, and that small taxa exhibit similar
responses as intermediate-sized taxa. Such variation is consistent with our results from the

limited group that we did include in our analysis.

The effects of kairomone on cladoceran position could be due directly to predator
avoidance behavior or due to indirect effects caused by the kairomone effects on other habitat
parameters. There is increased understanding that non-consumptive effects can influence
species’ population growth and in turn affect the abundances and dynamics of other species
(Werner and Peacor 2003, Peckarsky et al. 2008). We cannot rule out that non-consumptive
effects may have altered habitat characteristics in such a way to influence habitat preference.
Thus, the kairomones could be causing changes in cladoceran position indirectly, directly due to
predator avoidance, or a combination of both. However, at least some taxa would need to exhibit
trait responses for non-consumptive effects to occur, and this is consistent with the variation we

found and would expect among prey.

Whereas most studies of trait responses are performed in highly controlled systems, the
experimental venue in this study captures much of the ecological complexity that is present in

natural systems. This design may produce variation in trait responses that may be robust to
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natural settings. The mesocosms had multi-species assemblages of species that are interaction
rich. Interactions among prey is expected to influence the fitness tradeoffs that affect the
expression and magnitude of trait responses (Teplitsky and Laurila 2007). As such, the trait
responses we found may be less artificial than highly controlled in laboratory studies (as e.g.,

Tollrian, 1994, Pangle and Peacor 2006).

The trait responses we found demonstrate that the study of predation risk effects needs to
be scaled up beyond investigating predation risk effects in species pairs to understand their
effects on populations and communities. Even just considering the cladocerans in our
experiment, the different behavioral responses due to fish kairomone may not only affect the
interactions between fish and cladocerans but also within and among the cladocerans who may
compete for resources. For example, Diaphanosoma sp. was found to shift to the low side
position with fish kairomone, which is where Ceriodaphnia sp. were abundant. The habitat
overlap could influence growth rates of Diaphanosoma sp. and Ceriodpahnia sp. based on
competition for resources (Mateev 1987, Mateev and Gabriel 1994). On the other hand, D.
dentifera and Diaphanosoma sp. moved in opposite directions with kairomone so competition
may be relaxed due to spatial separation. This suggests that consideration of the multitude of
potential species interactions and trait responses could enhance the understanding of the

importance of how predation risk effects operate in communities.

Our results and others’ show that a complex relationship may exist between traits that
influence predation risk and the expression and magnitude of trait responses. However, the
variation we found in trait responses among relatively similar prey taxa warrants further
investigation into factors that influence trait responses. Exploring contingency of trait responses

among prey based on underlying tradeoffs should enhance the understanding of how trait
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responses influence population and community-level dynamics. While some studies have
revealed characteristics of predator and prey that explain the variation in trait responses in

particular systems, few generalities exist.
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APPENDIX A. Kairomone x removal interactions

The vertical position of Chydorus sp. and Alona sp. had a marginally significant or
significant kairomone x removal interaction, respectively, while the horizontal position of Alona
sp. and Scapholeberis sp. had a marginally significant or significant kairomone x removal
interaction, respectively (Table 5). Inspection of the proportion data for each mesocosm using
boxplots (Fig. 13-15), revealed that the trend of the kairomone effect was in the opposite
direction in the no removal and removal treatments. In the vertical position, there was a trend for
Alona sp. and Chydorus sp. to be located higher with kairomone in the no removal and lower
with kairomone in the removal treatment; trends were weak but apparently to a different enough
degree to yield marginally or significant interactions (Fig. 13-14). In the horizontal position,
there was a trend for Alona sp. to be located more toward the center with kairomone in the no
removal and a weak trend to be more toward the side in the removal treatment; the trends were
weak but apparently to a different enough degree to yield marginally significant interactions.
There were significant opposite effects for Scapholeberis sp. to be located more toward the

center with kairomone in no removal and more toward the side in removal (Fig. 15).
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Figure 13. Proportion of Alona sp. individuals in center, high, middle, and low positions in each
mesocosm in Control, Kairomone (K), Removal (R), and Removal-Kairomone (R-K) treatments.
The red diamond is the treatment average. The box shows the 25" percentile, median, and 75"
percentile. Whiskers extend to the non-outlier minimum and maximum, outliers are plotted as

points.
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Figure 14. Proportion of Chydorus sp. individuals in center, high, middle, and low positions in
each mesocosm in Control, Kairomone (K), Removal (R), and Removal-Kairomone (R-K)
treatments. The red diamond is the treatment average. The box shows the 25" percentile, median,
and 75" percentile. Whiskers extend to the non-outlier minimum and maximum, outliers are

plotted as points.

108



o 1.000-

0.75-
T = 0975+
€ o
] T
@) EN - Cf c
= 050 o o} 5
L= &g [ L © s 0.950-
<> (@]
o & Q 0]
3 i s o
a 0.25- @, i} - 0.925-
O O
Con K R R-K Con K R R-K
o) 5. le)
0.04- - - 0.05
g 0.03- e = o
= 2 = 5 0.03-
S 002- T o] £
= o 2 0.02 e ope| 5| P 9
S 0.01 = < & i 8
S ’ 2 @ X fal
r (o] O‘ J)
0.00- ] 0. ; —@‘ 0.00- Q
Con K R R-K Con K R R-K
Treatment Treatment

Figure 15. Proportion of Scapholeberis sp. individuals in center, high, middle, and low positions
in each mesocosm in Control, Kairomone (K), Removal (R), and Removal-Kairomone (R-K)
treatments. The red diamond is the treatment average. The box shows the 25" percentile, median,
and 75" percentile. Whiskers extend to the non-outlier minimum and maximum, outliers are

plotted as points.
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APPENDIX B. Simocephalus sp. position

Inspection of the kairomone effect on Simocephalus sp. in no removal only mesocosms
and removal only mesocosms revealed that the trend of the kairomone effect was in the same
direction (more center with kairomone) in both the no removal and removal treatments but
apparently to different enough degree to yield a significant interaction (Fig. 16). Boxplots for
proportion in vertical position strata are included for completeness, there was a significant effect

of kairomone on Simocephalus sp. position (Table 5, X(3, 24) = 11.3, P = 0.010).
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Figure 16. Proportion of Simocephalus sp. individuals in center, high, middle, and low positions
in each mesocosm in Control, Kairomone (K), Removal (R), and Removal-Kairomone (R-K)
treatments. The red diamond is the treatment average. The box shows the 25th percentile,
median, and 75th percentile. Whiskers extend to the non-outlier minimum and maximum,

outliers are plotted as points.
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