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ABSTRACT
One of the central questions of ecology aims to understand the mechanisms that maintain
patterns of species coexistence. Community assembly, the process of structuring
communities, occurs in ecological time, is influenced by biotic interactions at local
scales, and is thought to help maintain diversity patterns. Species invasions, however, as
a result of globalization and intense marine trade, are common in coastal ecosystems, and
have the potential to change the outcome of biotic interactions and community structure.
Human-induced disturbance also disrupts community structure and coastal habitats are at
greater risk due to encroachment of human populations near coasts. Changes in
community structure are usually quantified as the number and distribution of species,
however, the processes that shape communities act on the traits that allow and optimize
species survival. Recently, ecological questions aiming to understand changes in
community structure, invasion dynamics, and responses to disturbance are using
measures that reflect species’ ecological functions (i.e., traits) and describe the trait
composition of communities (i.e., functional structure and diversity).
The objectives of my dissertation are to use functional diversity and structure to 1)
determine trait responses from predation across latitude while considering interaction
histories between native and introduced species with local predators, 2) use functional
diversity patterns and changes in functional structure to infer the relative influence of
predation and competition on community assembly through time and across latitude, and
3) assess trait responses to physical disturbance, also, through time and across latitude

while considering the trait diversity of the system. To achieve these objectives, | used



field experiments to grow coastal sessile marine invertebrate communities in treatments
that test the influence of biotic interactions or disturbance. Experiments ran for three or
twelve months at 12 sites in four regions of the Pacific Coast: Alaska, California,
Mexico, and Panama.

For my first objective, | found predation driven trait responses mainly occurred at lower
latitudes where biotic interactions are expected to be stronger. Additionally, the native
and introduced species of focal communities showed opposite trait responses to predation
at lower latitudes with traits related to palatability and parental investment being
primarily influenced. For my second objective, | found strong competition influenced
late-stage assembly across the latitudinal gradient, while predation had a greater influence
during early assembly in the tropics. Thus, the relative strength of biotic interactions
changes with time and latitude and either predation or competition may serve as primary
filters of community assembly. For my third objective, | found fast colonization and
regeneration abilities help communities recover from intense disturbance, but only at
lower latitudes where communities were most impacted by disturbance. In plant
communities, functional traits have been studied quite extensively for several years and
have set the stage for exploration in other ecosystems. In marine systems, the link
between traits and ecological processes that influence community structure are mostly
understudied, and my dissertation is contributing to close this knowledge gap about

nearshore communities from across 47 degrees of latitude.



DEDICATION

| dedicate my dissertation to the love of my life, Nicolas Bernal, who has been calling
me “doctora” before | had decided to become one. A special feeling of gratitude to my
loving parents Carlos Lopez and Amparo Lozano whose words of encouragement and
vivid example of hard work resonate in my daily life. My sisters Karol, Aleja and Lulu
who despite the distance have never left my side. I also dedicate this dissertation to my
many friends who have supported me throughout the process. | will always appreciate all
they have done, especially Jenny Paredes for diving into this PhD journey besides me and

being the encouragement | needed. Los amo.



ACKNOWLEDGEMENTS

I have infinite gratitude to my advisor, Amy Freestone, her guidance, motivation,
patience, and exceptional mentorship have made me a better scientist, instructor, and
mentor. | would also like to thank my committee members, Tonia Hsieh, Matthew
Helmus, and Edgardo Londofio-Cruz for useful feedback during all stages of my PhD.

| owe many thanks to all students and scientists that assisted with field and laboratory
components of this work. | thank Stephanie Alley, Kirsten Blatz, Victor Bravo, Sam
Bunson, Caitlin Cohen, Anabel Cornejo, Zvi Hoffman, Elena Huynh, Laura Jurgens,
Tricia Lee, Betzabe Moreno, Allison Neterer, Monica Saldafia, and Theany Su.

| am also extremely grateful to all collaborating institutions and scientists for
accommodating our research. Many thanks to Gary Freitag and University of Alaska
Southeast, Andy Chang, Greg Ruiz, and Smithsonian Environmental Research Center,
Carlos Sanchez, Juan Lopez, and Universidad Auténoma de Baja California Sur, and
March Torchin and Smithsonian Tropical Research Institute.

I would not have succeeded this journey without the support of many friends and now
colleagues, specially the trio members Mariana Bonfim and Michele Repetto, the Latin
power Carlos Gomez and Catalina Mantilla, the ladies Alexis Weinnig and Marianne
Gagnon, chicas Biovision Carmen Schldder, sitas and litas April Stabbins, and office
mates Emily Booth, Mary Cortese, Tina Zografou, and George Adamidis. I am so
thankful to each one of you for the wonderful friendship throughout this journey.

| thank all of the staff and faculty in the Department of Biology at Temple University,

especially Richard Waring, Bob Sanders, Brent Sewall, Rob Kulathinal, Sheryl Love,

Vi



Rob Jennings, Toni Matthews, Sandy Verma, Tania Stephens, and Carla Woodson. | am
also grateful for the support provided by Temple’s graduate school through the Future
Faculty Fellowship and Dissertation Completion Grant. | would also like to thank other
funding sources, which made this work possible in many ways. | thank the National
Science Foundation Division of Ocean Sciences, and Temple University trough teaching

assistantships and travel grants.

vii



TABLE OF CONTENTS

Page
A B S T R A T .o i
DEDICATION ...ttt e v
ACKNOWLEDGMENTS ...t Vi
LIST OF TABLES ..o xi
LIST OF FIGURES ... .o xii
CHAPTER
1. INTRODUCTION ...ttt e e 1
1.1. Trait-based €COlOgY ......c.oirinii i 1
1.2. Ecological processes varying across time and latitude ............................... 3
1.3. TTAIt SEIECTION .o .venteneee ettt e e 4
1.4. Experimental approach ..........cooiiiiiiii e 7

2. HISTORY OF CO-OCCURRENCE SHAPES PREDATION EFFECTS ON

FUNCTIONAL DIVERSITY AND STRUCTURE AT LOW LATITUDES .......... 9

2.0 ADSIIACE .ot 9
2.2, INtrOAUCTION . ...nete e 10
2.3. Materials and methods ............cooiiiiiii 14
2.3. 1. StUAY SYSTOIM .. ooutitt ittt ettt e 14
2.3.2. Predation eXPeriments ..........oeuteuteneeertenteteanteteteenaiieeeaneennans 15
2.3.3. Functional characterization and functional indices .......................... 17
2.34. DataanalySes .......c.ovuiiiiiiiit i e 19



2.8, RBSUIES e 22

2.4.1. Predation and functional diversity .............c.cooviiiiiiiiiiiiiiii i, 22
2.4.2. Predation and functional Structure ................coooiiiiiiiiiiiiiiis 25
2.5, DISCUSSION ...ttt ettt et 27
2.6. Supporting INfOrmMation ...........ceiviuiiiniiiie e e e eeae s 33

BIOTIC INTERACTIONS SHAPE FUNCTIONAL DIVERSITY, STRUCTURE,

AND ASSEMBLY ACROSS TIME AND LATITUDE IN MARINE

COMMUNITIES .. 35
S L ADSIIACE ...ttt e 35
3.2, INtrOdUCTION ...t 36
3.3. Materials and methods .............oooiiiiiiiiii 38
3.3. 1. StudY SYSEIM ..ttt 38
3.3.2. Functional divVersity .........coeiiiiiiiiiii i 39
3.3.3. Functional StruCture ...........coovuiitiiiiii i e 39
3.3.4. Statistical analyses ...........ccoiiiiiiiii 40
3. RESUILS .o 42
3.5, DIASCUSSION ...ttt ettt et e 47
3.6. Supporting Information ..............coiieiiiiiii 51

PHYSICAL DISTURBANCE ALTERS THE FUNCTIONAL DIVERSITY AND

STRUCTURE OF MATURE LOW LATITUDE MARINE COMMUNITIES ..... 56
A1 ADSITACE ettt et 56
4.2, INTFOAUCTION ..o eeveeeee et e e e e e, 57



4.3. Materials and MEthOAS .......uuuee e 60

4.3.1. Study SYSeIM ...ttt 60

4.3.2. Biomass removals — disturbance experiments ......................oeovenn.. 61

4.3.3. Functional characterization and indices ...............ccooeeiiiiiiiniinn... 63

4.3.4. Data analySes ....coueiiuiiiii i 64

A4 RESUILS ..ttt 66
4.4.1. Disturbance and functional diversity ..............cccoviiiiiiinnnn. 66

4.4.2. Undisturbed communities functional diversity ......................oeeeee 70

4.4.3. Disturbance and functional structure ...............coooeviiiiiiiiiininn.. 71

T ST B ) o1 113 T ) s P 71
4.6. Supporting iNfOrmMAatioN .........cuirriineitiitt ettt ettt e eeeiiaeaaeenas 75

5. CONCLUSIONS .. e 78
BIBLIOGRAPHY ..ot 81
APPEN DX .o 105



LIST OF TABLES
Table Page

1.1 List of traits considered in this study with their surrogate function and corresponding
PO BN .. e 6

2.1 Results generated from PERMANOVAs based on the Gower dissimilarity of all
M S L 34

3.1 Summary of field deployment of experimental panels ............................oo.l 51

3.2 Mean and variation (coefficient of variation - CV) of environmental variables within
sites in each region, within a single region, and among all regions ........................ 55

4.1 Summary of assembly period and timing of biomass removals of experimental panels
from €aCh TEEION ...\t 62

Xi



LIST OF FIGURES
Figure Page

1.1 Field sites shown as black dots in insets in each of four regions, for 12 study sites
across the latitudinal gradient ... 8

2.1 Functional diversity (i.e., FDiv) for whole communities by region grouped by
(2T 110 0T 0 23

2.2 Functional diversity (i.e., FDiv) by region separated by species status and
(2T 110 0T 1 24

2.3 Estimated marginal means (+/- SE) of CWMs of A) organic content and B) water

content for the region and status combinations with a significant pairwise PERMANOVA
........................................................................................................ 26

2.4 Difference in explanatory power between LMM models using FDiv indices with all
traits and without a given trait ........ ... 33

3.1 Effect of assembly time on the observed functional diversity defined with RaoQ and
shown as estimated marginal means (+ SE) of the region assembly time interaction ... 42

3.2 The distributions of standard effect size (SES) for each region, treatment (i.e.,
reduced and ambient predation), and assembly interval shown with box-plots ........... 44

3.3 Effect of assembly time on functional structure defined with CWMs and shown as
mean and standard deviation with significant (adjusted P < 0.05) univariate tests ...... 46

3.4 Effect of predation on the observed functional diversity measured with the RaoQ
similarity index shown with boX plots ..........ccoiiiiiiii e 52

3.5 Effect of predation on CWMs captured with univariate tests from the manygim
interaction between region*assembly time*treatment ....................oooiiiiiiinnL. 53

3.6 Effect of assembly time on CWMs and shown as mean and standard deviation with
significant (adjusted P < 0.05) univariate tests ..........c.cooovviiiiiiiiiiiiee e, 54

4.1 Effects of disturbance on functional diversity (abundance weighted RaoQ) and
expressed as estimated marginal means from a linear mixed model (LMM) ............. 67

4.2 Distributions of standard effect size (SES) of RaoQ (abundance weighted) pooled by
treatment for each region and assembly time and shown with box-plots .................. 69

xii



4.3 Effect of assembly time on the functional diversity (abundance weighted RaoQ) of
undisturbed communities (i.e., 0% treatment) and expressed as estimated marginal means

rom @ LM L 70
4.4 Shifts in CWMs between undisturbed (i.e., 0% treatment) and disturbed (60%
treatment) communities during late assembly (12-month) in MeXico ...................... 71
4.5 Effects of disturbance on functional diversity (RaoQ-presence) and expressed as
estimated marginal means fromaLMM ... .. ... 75

4.6 Distributions of standard effect size (SES) of RaoQ (non-abundance weighted) pooled
by treatment for each region and assembly time and shown with box-plots ............... 77

Xiii



CHAPTER 1
INTRODUCTION
1.1 Trait-based ecology

A primary objective of community ecology is to disentangle the complex dynamics
that contribute to the structuring of communities, and further reveal how such dynamics
change along spatial and temporal gradients (Hairston et al. 1960, Agrawal et al. 2007).
While much work has focused on exploring assembly from a taxonomic perspective, the
mechanisms that influence communities act on traits of individuals (Diaz and Cabido
2001). The match between an individual’s trait and the environment at a particular time
and space as a result of evolutionary processes and ecological sorting would dictate
membership in a community (Webb et al. 2010, Enquist et al. 2015). In recent decades,
the search to understand assembly processes now includes accounting for intrinsic trait
differences and/or similarities between community members and among communities
(Webb et al. 2010, Cadotte et al. 2013). Therefore, trait-based assembly offers a
mechanistic alternative to traditional taxonomic approaches to describe and assess the
influence of the varying forces that shape communities.

Nowadays, to examine coexistence and assembly, additional factors that impact
community structure need to be considered. For example, as a consequence of
globalization, including marine trade, species invasions are changing the taxonomic,
phylogenetic, and functional identity of communities (Ruiz et al. 2000, Li et al. 2020),
and invasions can modify species interactions and the organization of communities

(Franklin et al. 2016, Wong et al. 2017). The outcome of novel interactions between



native and introduced species may depend on trait mechanisms that deal with predators
and/or competitors, and both trait mismatches or non-coevolved trait strategies would
determine interaction outcomes (Verhoeven et al. 2009). Trait-based approaches, then,
are well suited to determine how communities may respond to rapid changes in
community structure such as species invasions.

Other anthropogenic induced changes also impact community structure. Altered
disturbance regimes from climate change and human activities such as agriculture,
logging, pollution, and fishing, among many others, cause mass mortality, biomass loss,
and disruption of community structure (Lenihan and Oliver 1995, Stark et al. 2014,
Franklin et al. 2016). Short and long-term responses to disturbance may differ as more
immediate responses may be observed from direct human interventions than from climate
change related disturbances (Franklin et al. 2016). Moreover, a community’s response
and recovery from disturbances may depend on multiple factors including the stability of
the system as well as their taxonomic and functional diversity (Hillebrand and Kunze
2020). Disturbed communities often respond with trait trade-offs related to reproductive,
growth, and recolonization strategies (Seifan et al. 2013, Rodman et al. 2020) and a
reduction of trait profiles tends to occur (Mouillot et al. 2013). Trait-based approaches,
thus, capture changes in community structure from disturbances and provide more in
depth information than taxonomic approaches, but multiple factors can influence the
extent of the impact and potential for recovery. With anthropogenic disturbance on the

rise, there is an ever growing need to test disturbance regimes in natural communities



from broad spatial and temporal scales, specially from understudied regions like the
tropics (Hillebrand and Kunze 2020).
1.2 Ecological processes varying across time and latitude

Many ecological processes known to influence assembly are hypothesized to vary
with latitude. At local scales, biotic interactions are believed to have a greater influence
in assembly than abiotic filters (Pearson et al. 2018), and according to the biotic
interaction hypothesis, interaction strength increases towards the equator (Schemske et al.
2009). While much evidence supports the prediction that predation is stronger at lower
latitudes (Freestone et al. 2011, 2020, Roslin et al. 2017, Hargreaves et al. 2019), a
latitudinal gradient of competitive strength is still debated (Barnes 2002, Henriques-Silva
et al. 2019). Changes in trait diversity as result of either predation and/or competition
may help explore trait-based assembly (Gotzenberger et al. 2012, Obertegger and Flaim
2015), and whether strong interactions have a greater impact on the trait architecture of
communities from different latitudes.

Primary filters of assembly may change through time as communities develop
(Spasojevic et al. 2014, Peralta et al. 2019). Competition, for example, becomes more
relevant later in development as resources become limited (Martorell and Freckleton
2014), while predation may act as a continuous disturbance regardless of the age of the
community (Repetto et al. in prep). In sessile communities, space is an important
limiting factor and pulse disturbances that open up space may weaken competitive
dynamics (Chase et al. 2002) and can have a greater impact in mature communities

(Cornell and Lawton 1992). Shifting patterns of trait diversity through time may signal



changes in assembly filters and/or when disturbance has a greater impact on community
structure. Few studies have measured the impact of biotic interactions or disturbance on
trait diversity through time despite ontogeny being a source of variation in community
assembly.

Examining how ecological processes influence communities across time and latitude
is greatly understudied despite decades of research looking to understand how
communities form in nature. In my dissertation, | used in situ experimental approaches to
reveal the importance of species interactions and human-induced disturbance in the
assembly of communities while considering additional factors that can influence these
dynamics. In my first chapter, | use the native and introduced status of prey species as a
proxy of interaction history with predators to asses trait responses from predation. In my
second chapter, | use two community development stages to assess the relative influence
of predation and competition on the trait distribution of communities from different
latitudes. Likewise, in my third chapter, | use two community development stages to
asses trait responses to repeated physical disturbance (i.e., biomass removals) on focal
communities. These stressors act upon functional traits of organisms, thus trait-mediated
responses can reveal the strategies that communities use to cope, but responses may
depend on latitude and/or the assembly stage of the community.

1.3 Trait selection

A successful assessment of ecological processes with trait-based approaches depends

on a meaningful selection of traits. Using traits unrelated to the assembly mechanisms in

question can confound results (Spasojevic and Suding 2012, Gianuca et al. 2017), and



using too few traits can reduce the power to detect the processes influencing assembly
(Kraft et al. 2015). Although, it is difficult to determine how many traits are needed to
define an optimum functional space (Maire et al. 2015), multi-trait approaches are
important as species differences are best described with a variety of traits (de Bello et al.
2017). | therefore created a functional trait table that defined the functional space
associated with the ability of species to gain resources, reproduce, and survive under
biotic interactions and disturbances (Table 1.1). For each chapter, I used both multi- and
single-trait measures to determine the influence of species interactions or disturbance on
the trait-based assembly of sessile marine invertebrate communities. A list of literature
sources is available in the appendix.

Table 1.1 List of traits considered in this study with their surrogate function and
corresponding reference. For categorical traits, each category included more than one

taxonomic group (e.g., with feeding appendages: bryozoans, barnacles, polychaetes, etc.).



Trait Category Data Type | Source Function Reference
Organic Continuous | Field/laboratory | Palatability, (Tarjuelo et al.
content growth 2002, Lippert and
Water Continuous | Field/laboratory Iken 2003)
Content
Color Bright, dull, Categorical | Field/laboratory | Defense (Stoecker 1980,
dark, transparent, Wicksten 1989)
white
Structural Calcified Categorical | Field/ (Dyrynda 1986,
defense structure, observation Kicklighter and
uncalcified Hay 2006,
structure, no Buckeridge and
structure Reeves 2009)
Sociability Colonial, solitary | Binary Literature Competition, | (Hiebert et al.
defense, 2019)
resource
acquisition
Growth form | Encrusting, Categorical | Literature/ Resource (Svensson and
erect, observation acquisition, Marshall 2015)
arborescent, competition,
massive, runner, growth
stolonate
Feeding With feeding Binary Field/ Competition, | (Palmer et al. 1982,
Structure appendages, observation defense, Shea 2002,
without feeding resource Fleming et al.
appendages acquisition 2007, Riisgard and
Larsen 2010,
Thompson et al.
2015)
Asexual Yes/no Binary Literature Competition, | (Stocker and
reproduction resource Underwood 1991)
Sexual Hermaphroditic, | Categorical | Literature acquisition, (Crombie 1947)
reproduction | gonochoristic, colonization
simultaneous
Larval Continuous | Literature Dispersal, (Sams et al. 2015)
duration (max competition
hours)
Egg size Continuous | Literature Competition, | (Vance 1973,
(um) colonization/ | Mukherjee et al.
# eqgs per Discrete Literature dispersal, 2014)
individual predation
Larval Simultaneous Categorical | Literature
development | lecithotrophic,
planktotrophic
Fertilization Oviparous, Categorical | Literature
type ovoviviparous,
viviparous




1.4 Experimental approach

For all chapters, | used field experiments deployed at twelve sites from four regions
along the Pacific Coast of North and Central America (Fig 1.1). In each region, | grew
sessile marine invertebrate communities on settlement panels deployed for three or
twelve months in treatments that capture ambient and reduced predation pressure or
disturbed and undisturbed regimes. In predation treatments, caging was used to keep
macropredators from disturbing communities during assembly, and regular maintenance
was necessary to keep invertebrates from settling and blocking the flow of water. Upon
experimental panel retrieval, community composition data was captured from all
treatments and was used in all chapters along trait data. More specific information about

each experiment is available in the following three chapters.



Figure 1.1 Field sites shown as black dots in insets in each of four regions, for 12 study

sites across the latitudinal gradient.
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CHAPTER 2
HISTORY OF CO-OCCURRENCE SHAPES PREDATION EFFECTS ON
FUNCTIONAL DIVERSITY AND STRUCTURE AT LOW LATITUDES

2.1 Abstract

1. The intensity of biotic interactions is hypothesized to increase towards the equator.
Predation can have a stronger effect on prey composition, biomass, and taxonomic
diversity in tropical regions compared to higher latitudes. Whether predation also
shapes patterns of functional diversity and structure of prey communities, however,
has rarely been explored across a latitudinal gradient. History of co-occurrence
between predators and prey may also shape the outcome of the interaction, and
increased novelty of introduced prey may lead to stronger trait responses.

2. | investigated the influence of predation on trait responses of prey communities across
12 sites in four regions, from the sub-arctic to the tropics, using a field experiment in
invaded coastal habitats. Prey communities experienced ambient or reduced
predation pressure during assembly, and the effect of predation on functional
diversity and structure of whole communities as well as their native and introduced
components was assessed.

3. Overall, predation increased functional diversity in the tropics, but effects were
evident for introduced species only. Predation also shaped functional structure of low
latitude communities, but effects were strongest for native species in subtropical

Mexico and introduced species in tropical Panama.



4. Key traits driving shifts in functional structure were related to palatability and
reproduction. In the tropics, the strong predation present under ambient conditions
reduced the abundance of palatable traits in introduced prey relative to low predation
treatments, while in the subtropics, ambient predation increased the abundance of
palatable traits in native prey. Reproductive traits that require high parental or
energetic investment were favored in low predation treatments at both low latitude
regions.

5. Insummary, predation had a stronger influence on trait responses of prey
communities at lower latitudes where biotic interactions are expected to be more
intense, but changes in functional diversity and structure hinged on co-occurrence
histories of local predators with native or introduced prey. This study provides one of
the first examinations of the effects of predation on functional trait responses of prey
communities across a latitudinal gradient.

2.2 Introduction
Biotic interactions are hypothesized to be more intense at lower relative to higher

latitudes (Schemske et al. 2009), and predation in particular can shape patterns of prey

taxonomic diversity, composition, and biomass more strongly in the tropics (Freestone et
al. 2011, Lavender et al. 2017, Hargreaves et al. 2019, Hiebert et al. 2019). Despite the
likelihood that these large-scale patterns emerge due to strong biotic filters on functional
traits of prey, or the characteristics relevant to an individual’s response to the
environment or species interactions, functional trait responses of prey communities to

predation across latitude have rarely been explored. Functional diversity (i.e., degree of
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trait diversity in a community) and structure (i.e., mean trait value in a community) can
indeed change in response to disturbance (Boersma et al., 2016; Carmona, Mason,
Azcérate, & Peco, 2015; Laliberté, Norton, & Scott, 2013; Mouillot, Graham, Villéger,
Mason, & Bellwood, 2013), and the magnitude of these changes could therefore vary
with predation intensity across latitude. Moreover, shifts in the functional structure of
prey communities due to predation can identify trait strategies that govern prey survival
(Diaz et al. 2007). Therefore, understanding functional trait responses, including both
functional diversity and structure, of prey communities to predation across latitude can
provide a novel and mechanistic understanding of how local predator-prey interactions
unfold across biogeographic scales.

Furthermore, prior research examining the effect of consumer pressure on functional
trait responses has largely been done in terrestrial plant assemblages (Carmona et al.,
2012; de Bello, Leps, & Sebastia, 2006; Diaz et al., 2007; Laliberté & Tylianakis, 2012),
and trait responses to consumers in other systems remains largely unexplored (Ceulemans
et al. 2019). In plant communities, consumer pressure is hypothesized to increase
functional diversity by reducing competitive dominance and promoting trait dissimilarity
(Grime, 2006; Laliberté et al., 2013; Sasaki et al., 2009), but additional factors such as
habitat type, productivity, and environmental gradients coupled with intense grazing can
influence functional diversity (Carmona et al., 2012; de Bello et al., 2006; Laliberté et al.,
2013; Laliberté & Tylianakis, 2012). Further, grazing can alter the functional structure of
plant communities favoring certain life histories, growth forms, or palatabilities (sensu

Diaz et al. 2007). While plant-herbivore interactions can inform expectations for

11



predator-prey dynamics, studied plant communities are often more phylogenetically
restricted (e.g., single phyla communities: Laliberté et al., 2013; Sasaki et al., 2009) than
other types of prey communities. Further study is needed to understand how consumers,
and predators in particular, shape functional trait responses in other systems that
encompass greater functional and phylogenetic diversity. In this study, | explore these
questions using marine invertebrate communities, in which community membership can
span seven phyla even across relatively small spatial scales (tens of centimeters),
providing a novel opportunity to test the generality of these functional trait responses in a
very diverse system.

The history of predator-prey co-occurrence can also impact functional responses of
prey. Models predict weaker trait responses to grazing the longer plant-herbivore
interactions have occurred in evolutionary time (Milchunas et al. 1988). In practice,
consumer-prey evolutionary history is difficult to assess, and empirical studies have used
historical accounts of the introduction of grazers by humans (e.g., wild versus
domesticated) to attribute length of interaction history (Adler et al. 2004, Diaz et al.
2007). Evidence to date suggests that interaction history may be particularly important to
life history trait responses in plant communities. At a global scale, a meta-analysis
showed increased dominance of fast life histories with intense and short grazing histories,
while phenotypic traits shifted in response to grazing regardless of interaction history
(Diaz et al. 2007). In invaded communities, interaction histories with consumers are
longer for native than introduced prey species, and functional responses of prey

communities may hinge on their native or introduced status. Studies that determine the
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influence of grazing on functional diversity often overlook the co-occurrence history of
herbivores and plants despite the presence of introduced plant species (Laliberté et al.,
2013; Laliberté & Tylianakis, 2012). Therefore, while there is some evidence that the co-
occurrence history of grazers can influence the functional structure of plants, the effect of
predator-prey co-occurrence histories on functional trait responses in invaded prey
communities is still unknown.

Using a predator exclusion experiment on nearshore marine invertebrate communities
replicated across four regions and 47-degrees latitude, I tested the hypothesis that
predation would shape the functional diversity and structure of prey communities more
strongly at low latitudes and the effect would further hinge on interaction history.
Specifically, I hypothesized that at low latitudes, predation would both increase
functional diversity by expanding trait dissimilarity and influence functional structure by
selecting traits related to low palatability and enhanced defense mechanisms. | also
expected these shifts in functional diversity and structure to be stronger for the introduced
than the native components of low latitude prey communities due to shorter interaction
histories between predators and prey. The model prey community represents a
functionally and phylogenetically broad suite of taxa, including multiple phyla and both
native and introduced species, which provide a unique opportunity for testing the effect
of predation and predation histories on the functional diversity and structure of
communities. To my knowledge this study, novel in its scale and scope, is the first to
uncover trait-based responses to predation in invaded prey communities across a

continental scale.

13



2.3 Materials and methods
2.3.1 Study system

Sessile marine invertebrate communities are functionally and phylogenetically
diverse, are present in coastal habitats across the globe, and can be shaped by interactions
with local predators (Freestone et al. 2011, Hiebert et al. 2019), making them an ideal
model prey. The functional diversity of these communities is striking, as constituent
species span multiple phyla, including Chordata, Bryozoa, Annelida, Porifera, Mollusca,
Arthropoda, and Cnidaria, encompassing a broad spectrum of functional traits related to
life history, predator defense, among others. Further, introduced species are now
common as a result of intense marine traffic from global trade (Carlton and Geller 1993,
Grosholz 2002, Ruiz et al. 2009), providing an opportunity to compare functional
responses to predation of both native and introduced species across continental scales.
The predator community associated with the focal prey communities is mainly composed
of native fish (Freestone et al., unpublished data). Thus, lacking an evolutionary history
with co-occurring organisms, introduced species must overcome local predation pressure,
and consequently traits associated with predator defense, palatability, and reproductive
strategies may dictate their abundances under strong predation. | therefore used native
and introduced components of sessile marine invertebrate communities, representing
different interaction histories with local predators, to assess trait responses to predation

across a latitudinal gradient.
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2.3.2 Predation experiments

| conducted a large-scale predator exclosure experiment comparing sessile marine
invertebrate communities that assembled under ambient and reduced predation pressure
across three sites in each of four regions (12 sites in total), along the Pacific Coast of
North and Central America. | compared communities from southeast Alaska, USA
(Ketchikan; 55° N, 131° W), California, USA (San Francisco; 37° N, 122° W), Baja
California, Mexico (La Paz; 24°N, 110° W), and Panama (Panama City; 8° N, 79° W).
Each sampling site was located in a recreational boat marina in close proximity to
commercial ports to maximize the presence of introduced invertebrates. | used settlement
panels as standardized model habitat for invertebrates, on which they can undergo natural
dynamics of recruitment and growth. Settlement panels are widely used to control
community development time and substrate type (Newcomer et al. 2019), and facilitate
comparison of invertebrate communities across large biogeographic gradients (Freestone
and Osman 2011, Freestone et al. 2011). At each site, | deployed 14 x 14 cm polyvinyl
chloride (PVC) settlement panels hung horizontally one meter below the water surface
from floating docks. The side of the panel facing the seafloor was abraded to facilitate
invertebrate settlement and served as the focal substrate for prey community
development.

Panels were assigned at random to three treatments: (1) cage exclosure (i.e., reduced
predation), (2) partial cage (i.e., procedural cage control; ambient predation), and (3)
open (i.e., ambient predation). All caging material had a mesh size of 0.635cm. Cages of

this mesh size allow for the recruitment and growth of sessile invertebrate prey, while
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reducing predation by large predators (Freestone et al. 2011). Partial cages had mesh on
four sides, but no top (facing the seafloor when deployed), thereby providing a
procedural control for physical changes due to mesh cages while allowing full access to
predators.

Prey communities assembled in the three treatments for three months (Alaska: June to
September, 2015; California: May to August, 2016; Mexico: June to September, 2017,
Panama: December 2015 to March 2016), during periods of high recruitment and
productivity across the latitudinal gradient (Bonfim et al., unpublished data; Freestone
and Inouye 2015). Following assembly, I retrieved five panels of each treatment at each
site for a total of 180 experimental communities. Upon retrieval, | identified
invertebrates on a 50-point grid using a stereoscope to generate a measure of percent
cover by taxa. Individuals were identified to the lowest taxonomic resolution possible
and were assigned a species or a consistent morphospecies identifier. Identifications
were confirmed by taxonomic experts and DNA barcodes wherever possible. While
species composition of communities changed across the gradient, | found representatives
of at least seven phyla in each region (i.e., Chordata [i.e., ascidians], Bryozoa, Annelida
[e.g., tube-building polychaetes], Porifera [i.e., sponges], Mollusca [e.g., bivalves],
Arthropoda [i.e., barnacles], and Cnidaria [e.g., hydroids]), with 60 taxa found in Alaska,
55 in California, 99 in Mexico and 94 in Panama (Freestone et al. unpublished data).
Chordata and Bryozoa were the most abundant phyla in all regions. Additionally, | used
the National Exotic Marine and Estuarine Species Information System (NEMESIS;

Fofonoff et al. 2018) to assign status to confirmed species and complemented status
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information with published literature. Status designations were native, introduced, and
cryptogenic (species of unknown origin, Carlton 1996).
2.3.3 Functional characterization & functional indices

The ability to quantify a functional response from consumer pressure depends on the
trait choice that define the functional space (Vesk et al. 2004). In the focal communities,
sessile invertebrates rely on a variety of defense mechanisms to increase survival against
predation. For example, some tube-forming polychaetes, barnacles, and bivalves have
calcified outer shells hard enough to deter predators (Dyrynda 1986, Kicklighter and Hay
2006, Buckeridge and Reeves 2009), while toxic prey may use color to warn predators
(Stoecker 1980, Wicksten 1989). Predation itself modifies the competition and
recolonization dynamics of sessile communities by removing organisms and opening up
space, a limiting resource for sessile invertebrates (Chase et al. 2002). Moreover,
reproductive traits are known to respond to different levels of predation pressure
(Magnhagen 1991). 1 therefore used traits related to defense, palatability, competition,
and reproduction to define the functional space and examine prey community trait
responses (Table 1.1).

To characterize function, | collected information on 14 functional traits for 109 taxa
identified to genus or species and 28 taxa assigned to family or class. From this data, 81
species representing all taxonomic groups expect sponges and hydroids were assigned
status information and used in analyses of communities separated by status. Trait data
were categorical, binary, discrete, or continuous and were collected through direct

observation, measurements, or from literature sources (Table 1.1; List of sources
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available in the Appendix). For categorical data, each taxa was assigned a single trait
category, and each trait category included representatives from multiple taxonomic
groups to avoid trait clustering within taxa (Table 1.1). When taxa-specific data was
unavailable in the literature, | used values from the closest taxonomic level (Weigel et al.
2016).

For field measurements, an average of five individuals per taxa were photographed
for color, structural defense, and growth form determination. Then, each specimen was
blotted dry and weighed to obtain wet weights (WW), dried for approximately 48 hours
at 60°C to obtain constant dry weights (DW), and placed in a muffle furnace at 500°C for
four hours to obtain ash free dry weights (AFDW). For each sample, | calculated water
content as [(1-(DW/WW)) x 100] (Reed et al. 2016) and organic content as
[(1-(AFDW/DW)) x 100] (Widbom 1984). I then calculated a single mean trait value
per taxa to be included in the species x trait matrix to compute functional indices
(Nogueira et al., 2018).

To test the hypothesis that predation would increase functional diversity and structure
at low latitudes, particularly for species with short predation histories, I calculated
functional divergence (FDiv) and community weighted means (CWM) for each prey
community. FDiv is a trait similarity measure weighted by species abundance that
represents the mean distance of the trait composition of a community to the centroid of its
functional space (Villéger et al. 2008). Values of FDiv range from zero (i.e., high
similarity) to one (i.e., high dissimilarity) when abundant species are closer to or further

from the centroid, respectively. Community weighted means (CWM) represent the
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average trait value or the highest proportion of a category (Nogueira et al., 2018), and |
used these values to infer trait strategies that optimize survival or increased vulnerability
to predation (Butterfield & Suding, 2013). | built separate functional diversity and
functional structure indices for (a) all species (i.e., whole communities), (b) introduced
species, and (c) native species (including species designated as cryptogenic to ensure a
conservative estimate of the origin of these species, as in Gestoso et al. 2018), and tested
for the effect of predation on each grouping separately.
2.3.4 Data analyses

| tested the hypothesis that predation would increase trait dissimilarity (e.g., FDiv) in
low latitude communities, and that results would hinge on predation history, by
examining FDiv patterns (1) for whole communities without regard for predation history,
and (2) with explicit consideration of predation history of native and introduced
components of the community. First, to test the effect of predation pressure on FDiv
across latitude for whole communities, | used a linear mixed model (LMM) with region
(Alaska, California, Mexico, Panama), treatment, and their interaction as fixed factors
and site nested within region and its interaction with treatment as a random factor to
account for multiple replicates being sampled from each site. | then employed contrasts
to test for treatment effects in each region. Second, to test for the influence of predation
history, | built a LMM with region, status, treatment, and their interaction as fixed factors
and corresponding random factors of site nested within region and its interaction with
treatment, status, and community ID. Presence of introduced or native species were too

low in Alaska and California, respectively, to calculate FDiv for those region/status
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combinations (Villéger et al. 2008). | therefore grouped Alaska (native) and California
(introduced) components of the data as a single “high-latitude” region to ensure that all
regions had indices for native and introduced species for a balanced statistical design. |
again used planned contrasts to compare treatment responses for native and introduced
assemblages in each region, which also enabled us to decompose treatment effects in the
combined high latitude region into Alaska native and California introduced components.

| then examined whether individual traits had a disproportionate influence on model
performance using a jackknife approach (Gagic et al. 2015) to overcome known
limitations of interpreting the contribution of individual traits using multivariate
functional diversity indices (Butterfield & Suding, 2013). | built LMMs with FDiv
indices that included all traits, sequentially removed one trait, and then calculated the
difference in explanatory power (i.e., marginal R2; Nakagawa and Schielzeth 2013)
between the model using FDiv with all traits and models with FDiv without a given trait.
Negative differences in explanatory power (AR?) indicate traits capable of decreasing
model fit, while positive AR?show traits that improve model performance.

To test the hypothesis that functional structure will shift more strongly at low
latitudes and for introduced species, | built PERMANOVAs (Permutational Multivariate
ANOVA) (Anderson, 2001) on the Gower dissimilarity matrix of all CWMs for whole
communities as well as separated by species status (Liebergesell et al. 2016, Weigel et al.
2016). | tested differences between treatments in each region and region/status
combinations by including region and treatment as fixed factors for whole communities,

and region, status, and treatment for communities separated by invasion status. Site
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nested within region was included as a random factor for both designs. For each
PERMANOVA, I used unrestricted permutations of raw data, 9999 permutations, and
type 111 sums of squares for the most conservative approach for unbalanced designs
(Anderson, Gorley, & Clarke, 2008). To identify differences among treatments, | then
performed pairwise tests of treatment within region for whole communities, and
treatment within region and status (Weigel et al. 2016). In cases where | found
significant pairwise tests for specific region/status combinations, | then built generalized
linear mixed models (GLMM) for categorical/binary CWMs and LMMs for continuous
CWNMs to infer trait strategies that may increase the survival or vulnerability of
introduced or native prey. For each model, | used region, treatment, and their interaction
as fixed factors, and the interaction between site (nested within region) and treatment as a
random factor, followed by region x treatment interaction contrasts with a Holm
correction to account for multiple model comparisons (Nogueira et al., 2018). To satisfy
normality assumptions, | used log or square root transformations (Gagic et al. 2015).
Preliminary analyses demonstrated no compositional differences between the cage
control and ambient predation treatments (Freestone et al. unpublished data). I, thus,
performed all aforementioned analyses comparing the ambient and reduced predation
treatments only, to focus the analyses more squarely on the comparison of interest. |
used PRIMER 7 with the PERMANOVA+ add on to build PERMANOVAs (Anderson,
Gorley, & Clarke, 2008; Clarke & Gorley, 2015), and the FD (Laliberté, Legendre, &

Shipley, 2014), Ime4 (Bates et al. 2015), emmeans (Lenth 2019), MuMIn (Barton 2019),
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and car (Fox and Weisberg 2019) packages under the R statistical environment for all
other analyses (R Development Core Team 2019).
2.4 Results
2.4.1 Predation and functional diversity

Predation increased functional diversity, but only in the tropics and for the
introduced components of the community. In Panama, differences in FDiv between
communities exposed to ambient and reduced predation pressure were only evident when
the status of prey species was considered (Figs 2.1 and 2.2). In Panama, FDiv of
introduced species was higher under ambient (0.896 + SE 0.052) than reduced predation
(0.757 £ SE 0.051; t = 2.291, P = 0.042), and no effect between treatments was evident
for native species (P > 0.05) (Fig 2.2). No individual traits were identified as having a
strong influence on model performance in that marginal changes in R? were small (< +
0.1) and mainly negative (Supporting Information Fig 2.4) (sensu Gagic et al. 2015),
suggesting the diversity of traits collectively contributed to model fit. Despite introduced
species being common in all regions except Alaska, these results suggest predation had a
stronger effect on functional diversity of the introduced than the native components of

prey communities in the tropics, where predation is expected to be most intense.
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Figure 2.1 Functional diversity (i.e., FDiv) for whole communities by region grouped by
treatment; reduced predation (N = 60), and ambient predation (N = 60). Lines within
boxes are medians, box ends are quartiles, whiskers extend to values no larger than 1.5
times quartiles. Data from three sites per region are pooled for visual comparison. LMM

results: all fixed factors P > 0.05.
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Figure 2.2 Functional diversity (i.e., FDiv) by region separated by species status and
treatment: ambient predation (N=75) and reduced predation (N=73). Insufficient
occurrences of native species in California and introduced species in Alaska prohibited
the calculation of FDiv for those status: region combinations. Lines within boxes are
medians, box ends are quartiles, whiskers extend to values no larger than 1.5 times
quartiles, and dots represent outliers. Data are pooled among three sites for each region:
status: treatment combination. LMM results: region*status*treatment, Fz247 = 3.422, P =

0.041; all other fixed factors P > 0.05. Planned contrast * P < 0.05.
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2.4.2 Predation and functional structure

Predation more strongly shaped functional structure of prey communities at low
latitudes for whole communities, as well as introduced and native components
(Supporting Information Table 2.1). Trait structure (CWM) of whole communities
differed between ambient and reduced predation treatments, but only in Panama (t =
2.810, P =0.048). When separating communities by species status, differences between
treatments emerged for introduced species in Panama (t = 5.074, P = 0.007), and native
species in Mexico (t = 3.740, P =0.017) and Alaska (t = 3.710, P =0.012). Of these
comparisons by invasion status, the strongest effects of predation treatment on trait
structure were observed at low latitudes, with the effect in Panama being twice as strong
as in Alaska (estimated variance component [EVC, effect size] for Panama = 0.30;
Mexico, EVC = 0.21; Alaska, EVC = 0.14) (Anderson, Diebel, Blom, & Landers, 2005).

Differences in functional structure of native and introduced assemblages between
predation treatments at low latitudes were driven by the dominance of different trait
strategies related to palatability and reproduction. For introduced species in Panama,
ambient predation reduced organic and water content mean trait values (Figs 2.3a and
2.3b) and decreased three-fold the abundance of invertebrates with non-feeding
(lecithotrophic) larvae (0.3 + SE 0.2) relative to reduced predation (0.9 + SE0.1;z = -
2.83, P =0.01). For native species in Mexico, ambient predation increased organic
content (Fig 2.3a) and the abundance of prey with an ovoviviparous (internal egg
development and fertilization) reproductive strategy (ambient: 0.9 + SE 0.07; reduced

predation: 0.3 £ SE 0.12; z = 2.84, P = 0.01), and decreased the abundance of prey with
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oviparous (egg hatching and external fertilization) reproduction (ambient: 0.07 = SE

0.002; reduced predation: 0.66 = SE 0.02; z = -2.85, P = 0.01) relative to reduced

predation. In Alaska, no differences in CWM between predation treatments were
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Figure 2.3. Estimated marginal
means (+/- SE) of CWMs of A)
organic content and B) water
content for the region and status
combinations with a significant
pairwise PERMANOVA (see
Supplementary Information
Table 2.1). Asterisks show
significant differences between
treatments after a Holm
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multiple comparisons was
applied. ** P < 0.01; *** P <
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2.5 Discussion

Functional diversity and structure of marine communities were shaped by predation
more strongly at low than high latitudes, but results hinged on interaction history among
local predators and prey. While predation increased functional diversity in the tropics,
this shift was only observed for introduced species, demonstrating the importance of co-
occurrence histories predicting functional trait responses. | also found a stronger shift in
functional structure at low latitudes, with traits related to palatability and reproductive
strategies driving key differences. Species interactions, and predation in particular, are
thought to be stronger at lower latitude (Schemske et al. 2009), and my results support
this hypothesis. Furthermore, beyond the functional responses documented here,
predation on the focal prey communities also shaped patterns of biomass and composition
more strongly at lower relative to higher latitudes. A parallel experiment also revealed
predation rates (i.e., fish strikes/hr.) that were more than an order of magnitude higher, a
predator community that was over three times more diverse, and predator body sizes that
were up to four times larger, in Panama than in California or Alaska, showing direct
evidence of increased predation intensity in the tropics (Freestone et al. unpublished
data). With my results here, | provide novel evidence that stronger impacts of predation
at low latitude also manifest in meaningful functional trait responses of these
communities.

Strong predation increased functional diversity, or dissimilarity in trait combinations,
in the tropics, but only for introduced species with shorter predation histories with local

predators. In the system, direct observations of the predator communities suggest that
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predation effects are driven largely by native predators (Freestone et al., unpublished
data). Under ambient predation conditions, some introduced prey species in the tropics
were vulnerable to native predators with which they did not share a long history of co-
occurrence. Under low-predation conditions, introduced prey species with similar traits
became dominant, resulting in a homogenized trait space. Predation, as a selective
disturbance, modified the communities and increased functional diversity by allowing for
the coexistence of more variable trait combinations (Laliberté & Tylianakis, 2012). This
result provides new evidence that strong predation and interaction histories determine
functional diversity of prey (Adler et al. 2004), and aligns both with theoretical
predictions and empirical findings for grazing in high-productivity grassland systems
(Grime 2006, Carmona et al. 2012). While studies on herbivory provide critical insight
into how consumer pressure can shape patterns of functional diversity, this study
provides some of the first evidence that strong predation, as a core component of
consumer pressure, can produce similar effects in a phylogenetically diverse system.
Predation further influenced the functional structure of both native and introduced
assemblages at low latitudes. Strong predation in tropical Panama restricted introduced
prey community membership to those taxa that were less palatable, resulting in a lower
abundance of palatable traits (i.e., organic/water content). This biotic filter was
weakened under reduced predation conditions, which allowed introduced taxa with more
palatable traits to dominate. Indeed, Panama had the strongest shift in taxonomic
composition as well, with communities that assembled under ambient predation being

dominated by barnacles, while reduced predation communities harbored more soft-bodied

28



ascidians, with Bryozoa being common in both treatments. Low palatability may serve
as a relic survival strategy of introduced species that also co-evolved under strong
predation, while high palatability may indicate a trait mismatch that increased the
vulnerability of introduced species to native predators (Verhoeven et al. 2009).
Conversely in subtropical Mexico, where predation pressure was observed to be weaker
than in Panama (Freestone et al., unpublished data), native species that were exposed to
ambient predation were characterized by high organic content. Weaker predation likely
explains the lack of an effect on functional structure of introduced species in Mexico and
may produce less predictable ecological and evolutionary trade-offs for native species as
other assembly processes may be more important at local scales (L6pez and Freestone,
unpublished data). Other co-evolved defense mechanisms, however, may also be present
but not captured in this assessment. For example, secondary compounds serve as defense
strategies in many sessile organisms (Lindquist et al. 1992, Kicklighter and Hay 2006,
Lopanik 2014), but are difficult to assess for a broad range of taxonomic groups (Ritson-
Williams and Paul 2007). Nonetheless, these results demonstrate that at low latitudes,
consumer pressure shapes patterns of prey palatability, with predation histories driving
the directionality of trait responses.

In addition to palatability, reproductive traits were also influenced by predation. For
introduced species in Panama, species with non-feeding larvae (i.e., lecithotrophic) were
more abundant in communities protected from predators. Lecithotrophic species invest
substantial energy in the production of large yolky eggs, and may be at greater risk of

predation than species with other life histories (e.g., Mukherjee et al. 2014). For native
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species in Mexico, | found the dominance of contrasting reproductive strategies,
ovoviviparity (i.e., internal fertilization and egg development) and oviparity (i.e., egg
hatching and external fertilization), to be higher in communities experiencing reduced
and ambient predation, respectively. Ovoviviparous reproduction, which requires
significant energy investment but increases the likelihood of successful larval survival
(Jablonski and Lutz 1983), can pose an increased predation risk for some small marine
invertebrates (Logerwell and Ohman 1999). Predators, having an evolutionary history
with native prey, may select brooders for the high nutritional value of eggs (Priori et al.
2015), thereby reducing the abundance of this trait under ambient predation conditions.
These results show that strong predation at low latitudes shaped the functional structure
of sessile communities by selecting against reproductive strategies that invest high energy
in the production of large eggs or parental care.

The observed functional responses of native and introduced prey at low latitudes
could be related to differences in diet preferences and metabolic demands of the predator
communities. Specifically, generalist predators may be better able to recognize and
utilize novel resources than specialist predators (Shea 2002). Fish are important
predators in this system, and | observed a greater proportion of juvenile reef fish to be
present in Mexico than in Panama (LOpez, personal observation). Indeed, coastal
habitats from the Gulf of California, near my study sites in Mexico, are an important
nursery for reef fish (Aburto-Oropeza et al. 2009). While the degree of diet specificity of
fish in the predator communities is an active area of research, juvenile reef fish have been

documented to have narrow diet niche breadths (Wilson et al. 2008, VVazquez et al. 2008),
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and may more readily consume native species than introduced. The more diverse
predatory fish fauna, larger-bodied individuals, and more intense predation pressure
observed in this system in Panama (Freestone et al. unpublished data) may contain
predators that more readily impact introduced prey species. Moreover, warmer
temperatures in tropical waters can increase metabolic demands and consumption rates of
predators (Brown et al. 2004), resulting in increased consumer pressure at low latitudes
(Reynolds et al. 2018) for either native or introduced species. Therefore, geographic
differences in the age structure and diet specialization of predator communities, but also
metabolic demands of predators at warmer temperatures, may contribute to patterns of
prey consumption and therefore trait profiles.

Coastal marine invasions are exponentially increasing in many regions (Ruiz et al.
2000), and uncovering the underlying mechanisms has become an urgent challenge.
Commercial shipping is the primary vector of marine invasions, and with expanding
global trade, increased propagule supply and the timing and source of those introductions
in many regions will likely shape invasion dynamics (Verling et al. 2005). These results,
however, highlight the importance of local scale interactions in shaping post-introduction
invasion success. For example, biotic resistance by predators, where native species
reduce the abundance of introduced species (deRivera et al. 2005), likely acts on
particular traits of introduced prey. In contrast, while some invasive species may persist
in a novel habitat due to release from natural enemies (Colautti et al. 2004), defense
strategies that evolved in a species’ native range may also provide protection against

predators in their introduced range, a mechanism that may be more likely to occur if the
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functional traits of predators in the native and introduced ranges are similar. Further,
functional differences between competing native and introduced species can also
influence the successful establishment and persistence of invaders (Gross et al. 2013),
and may further constrain trait structure. Therefore, employing trait-based approaches
will likely continue to inform the mechanisms that underlie invasion dynamics (Conti et
al. 2018).

This study represents one of the first investigations of prey trait responses to
predation across a large biogeographic gradient. Strong predation at low latitudes drove
shifts in functional measures of prey communities, but co-occurrence histories defined
the functional strategies that optimize survival. Changes in functional diversity were
only evident for introduced species in the tropics, but the functional structure of native
and introduced components of communities shifted with strong predation at low latitudes.
Specifically, traits related to palatability showed opposite patterns for native and
introduced prey species, while reproductive strategies that confer low energetic cost
facilitated survival of prey species with either short or long interaction history with
predators. Studies that reveal trait outcomes from biotic interactions between species
with different co-occurring histories across continental scales remain rare, but should
further be explored as invasions are reshaping communities and will continue to be a

consequence of anthropogenic induced global change (Lenzner et al. 2019).
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2.6 Supporting information

Figure 2.4 Difference in explanatory power between LMM models using FDiv indices
with all traits and without a given trait. The shaded region corresponds to changes in R?
that are considered small and that result in a fairly equal contribution to model
performance (sensu Gagic et al. 2015).
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Table 2.1 Differences in functional trait structure (CWM) among regions and treatments
for a) whole communities (N = 120) and b) communities separated by status (N = 178).
Results generated from PERMANOVAs based on the Gower dissimilarity of all CWMs.
Terms of interest (bolded) are the interaction between region and treatment (for whole
communities) and the interaction between region, status and treatment (for communities
separated by status). Significant differences are indicated with p-values drawn from

Monte-Carlo samplings (P-MC). ¥Indicates random factors.

Source of variation df SS MS Pseudo-F P(MC)
(&) Whole communities

Region 3 1.501 0.500 2.778 0.030
Treatment 1 0.284 0.284 2.729 0.075
Site (Region)* 8 1.441 0.180 6.221 0.0001
Region*Treatment 3 1.096 0.365 3.509 0.001
Treatment*Site(Region)* 8 0.832 0.104 2.594 0.0001
Residual 96 2.780 0.029

Total 119 7.934

Pairwise comparisons: Region*Treatment

Alaska California  Mexico Panama

Full cage vs. Open t=1.079, t=1756, t=2.067, t=2.810,
P=0400 P=0.160 P=0.107 P =0.048

(b) Separated communities

Region 3 2.695 0.898 5.359 0.001
Status 1 1.270 1.271 15.805 0.001
Treatment 1 0.177 0.177 3.600 0.030
Site(Region)* 8 1.477 0.185 5.900 0.0001
Region*Status 1 1.433 1.433 17.821 0.001
Region*Treatment 3 0.622 0.207 4.233 0.003
Status*Treatment 1 0.594 0.594 14.098 0.001
Status*Site(Region)* 4 0.322 0.080 2.569 0.005
Treatment*Site(Region)i 8 0.410 0.051 1.637 0.036
Region*Status*Treatment 1 0.277 0.277 6.563 0.013
Status*Treatment*Site(Region)* 4 0.169 0.042 1.347 0.195
Residual 142 4.444 0.031
Total 177 13.391
Pairwise comparisons: Region*Status*Treatment
Full cage vs. Open Alaska California  Mexico Panama
Native t=3.710, NA t=3.740, t=2.703,

P =0.012 P=0.017 P=0.054
Introduced NA t=1.770, t=0.543, t=5.074,

P=0146 P=0.757 P =0.007
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CHAPTER 3
BIOTIC INTERACTIONS SHAPE FUNCTIONAL DIVERSITY, STRUCTURE,
AND ASSEMBLY ACROSS TIME AND LATITUDE
IN MARINE COMMUNITIES
3.1 Abstract
Assembly processes are highly dynamic shifting with time, scale, latitude, or
environmental gradients. Biotic filters operate more intensely at local scales, and the
strength of biotic interactions is hypothesized to vary across time and latitude. Predation,
for example, can be stronger at lower latitudes, while competition intensifies at later
stages of community assembly due to resource limitation. Since biotic filters act upon
functional traits of organisms, | explored trait-mediated community assembly using
patterns of trait convergence, divergence, and shifts in trait strategies in functionally
diverse marine assemblages. | examined the effects of predation and competition on trait
distribution across latitude in four regions along the Pacific coast of North and Central
America using predator exclusion experiments and two assembly stages up to one year. |
hypothesized non-random trait patterns would emerge from competition during late
assembly across latitudes and from predation at low latitudes regardless of assembly
stage. As expected, trait divergence occurred later in assembly across the gradient and
was driven by competitive traits. In the tropics, predation caused trait convergence early
in assembly and non-palatable traits were favored under ambient predation. Therefore,
community assembly was differentially influenced by the strongest biotic interaction

across time and latitude.
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3.2 Introduction

Biotic interactions, as primary assembly filters, gain greater relevance at local scales
(McGill 2010), but their strength is hypothesized to vary with latitude (Schemske et al.
2009). Predation has greater influence on community dynamics such as biomass,
composition, and taxonomic diversity in tropical areas (Freestone et al. 2011, 2020), and
opposing evidence suggests stronger competition can occur at either high or low latitudes
(Barnes 2002, Buzzard et al. 2016). Many studies consider competition as the only
relevant biotic filter (Gotzenberger et al. 2012), and only a few have investigated the
influence of multiple biotic interactions in the assembly of communities across latitude
(e.g., Giam and Olden 2016). Yet, at local scales, the strongest biotic interaction should
surface as a primary filter (Menge and Sutherland 1987), and both predation and
competition should be considered relevant in the assembly of communities.

Competitive strength is believed to increase with later development stages (Martorell
and Freckleton 2014, Bracewell et al. 2017). In sessile communities, for example, initial
assembly may be random and only when resources such as space become scarce
deterministic processes operate (Stokes and Archer 2010). Depending on the rate of
community development, space saturation and the onset of competition can shift with
time (Menge and Sutherland 1987, Bracewell et al. 2017). Therefore, the influence of
biotic interactions in the assembly of communities could become relevant at different

stages of community development.
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The non-random distribution of traits within local assemblages indicate biotic
processes are operating (Kohli et al. 2018). Trait divergence, for example, is expected
under strong resource competition as niche differentiation allows greater coexistence
(Gotzenberger et al. 2012). Alternatively, trait convergence can occur when shared traits
optimize survival under strong predation pressure (Obertegger and Flaim 2015), or when
competitive exclusion ensues (Mayfield and Levine 2010). To confirm biotic processes
are operating, the functional structure of communities provide information on survival
strategies and predation susceptibility (Lopez and Freestone, in prep), but also reflect
optimal trait strategies in a given scenario (Muscarella and Uriarte 2016). Therefore,
non-random trait distributions coupled with changes in trait strategies would help
disentangle the influence of predation or competition at a given region and stage of
community development.

I hypothesized non-random trait patterns would emerge at lower latitudes regardless
of assembly stage due to strong predation and during late assembly across latitudes due to
competition. To test these hypotheses, | assessed functional diversity of sessile marine
invertebrate communities that developed for three (i.e., early assembly) and twelve (i.e.,
late assembly) months under ambient or reduced predation across a latitudinal gradient.
Experiments were conducted in four regions, from the sub-arctic to the tropics, along the
Pacific coast of North and Central America. | tested for non-random patterns of trait
convergence and divergence, and further explored changes in functional structure to

understand the optimal trait strategies that underlie non-random community assembly.
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To my knowledge, this study is the first to explore multiple biotic filters at local scales
while considering interaction strength across time and latitude.
3.3 Materials and methods
3.3.1 Study system

Sessile marine invertebrate communities are a tractable system to examine
fundamental assembly processes at local scales and across continental ranges (Freestone
and Inouye 2015). These communities have a global distribution in nearshore habitats
which facilitate latitudinal comparisons (Freestone et al. 2011), and their fast growth help
evaluate assembly at multiple assembly stages (Barnes 2002, Bracewell et al. 2017).
Bryozoans, ascidians, bivalves, cirripeds, hydroids, sponges, and tube-forming
polychaetes are present in these communities, and their wide array of traits reflecting
competitive abilities and defense strategies can contribute to our understanding of trait-
mediated assembly (Table 1.1). I thus used functional traits to study the influence of
biotic interactions on the assembly of sessile communities from four regions along the
Pacific coast: Ketchikan, Alaska, USA (55° N); San Francisco, California, USA (37° N);
La Paz, Baja California, Mexico (24°N); and Panama City, Panama (8° N).

| used polyvinyl chloride (PVC) settlement panels (14 x 14 cm) to grow communities
in three treatments; open (ambient predation), caged (reduced predation; mesh size
0.635cm?), and partial caged (cage control). | hung experimental panels one meter below
the water surface from floating docks at three sites in each region (i.e., 12 sites total)
where communities developed facing the seafloor for three or twelve months (Supporting

information Table 3.1). In Panama, experimental panels for the 12-month experiment
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from one site were re-deployed at a later time due to losses to wave action and storms.
Additionally, caged and partial caged treatments were not available for the 12-month
growth interval in Mexico. At each sampling interval, | retrieved five panels per site per
treatment for a total of 330 experimental communities. | assessed communities with a
stereoscope by identifying individuals to the lowest taxonomic level to record taxonomic
richness and percent cover from a 50-point grid. | sampled individuals of all
morphospecies and confirmed field identifications with the help of taxonomic experts.
3.3.2 Functional diversity

| defined the functional space of 179 taxa (genus/species 149; family/class 30) with
traits associated with competitive abilities, defense mechanisms, and reproduction (Table
1.1). These traits directly relate to coexistence abilities under biotic interactions and
appropriately test for biotic filters (Kohli et al. 2018, Lopez and Freestone, in review).
Taxa specific traits were collected through field measurements, observations, or from
literature, and when unavailable, | used values from the closest taxonomic level (L6pez
and Freestone, in review). The taxonomic richness of each community was converted
into a presence-absence matrix per site, and together with the trait matrix, I calculated
functional diversity using the pairwise similarity index, Rao’s quadratic entropy (RaoQ)
(Botta-Dukat 2005). Use of the RaoQ functional diversity index is a preferred approach
for detecting community assembly (Mouchet et al. 2010).
3.3.3 Functional structure

Community Weighed Means (CWM) were used to assess trait structure. The CWMs

from categorical or binary traits become percentages of trait affinity for each category,
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while those from continuous traits represent the mean value weighted by their abundance.
Prior to analysis, | standardized CWMs of continuous traits to values ranging from 0-100
by obtaining percentages out of the maximum mean trait value and multiplied by 100.
For each region, | generated a community x CWM matrix with 34 corresponding traits
for subsequent analysis.

3.3.4 Statistical analyses

To explore the effect of predation and/or assembly time on the observed functional
diversity (RaoQ) of communities across latitude, I built a linear mixed model (LMM)
with region, assembly time, treatment, and their interaction as fixed factors and
corresponding random factors of site nested within region interacting with the fixed
components. | tested regional variation of functional diversity with groups identified a
priori using planned contrasts comparing RaoQ from predation treatments as well as each
assembly time regardless of predation treatments. For this analysis, | excluded Mexico to
obtain a balanced statistical design.

To explore non-random trait patterns driven by either predation or competition, |
compared the observed functional diversity (RaoQ) to null expectations derived for each
site (i.e., 12 sites) and included the species pool from both assembly stages to include
some “dark diversity” (de Bello et al. 2012). Focusing on local-scale (i.e., site) dynamics
is preferred for explicitly testing biotic filters independent of confounding abiotic filters
(Gotzenberger et al. 2012). | randomized the community matrix constraining the richness
of each community and the frequency of all species per site (Gotzenberger et al. 2012)

with the independentswap algorithm from the picante package (Kembel et al. 2010b).
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For each community, | re-sampled the species matrix 999 times and re-calculated RaoQ.

| then compared the observed versus the simulated functional diversity with standardized

. FD -FD .
effect size (SES) as follow: SES = ——bserved” " “meanGrandom) anq ysed Wilcoxon
FDgq (random)

signed-rank tests to find significant departure from zero of SES values pooled by region
(Zhang et al. 2018). | performed all statistical analyses using the ambient and reduced
predation treatments, to avoid randomization biases towards one treatment. For Mexico,
| performed a second round of randomizations that excluded the 12-month communities
as | had an uncomplete set of treatments, but | found similar patterns and show only one
set of results.

To explore shifts in CWMs from predation and/or assembly time, | used a
multivariate generalized linear model with region, assembly time, treatment, and their
interactions as predictors while accounting for correlation between response variables. |
found the negative-binomial error distribution as most appropriate, and checked
assumptions of normality and homoscedasticity of residuals. Predictor significance was
tested with Wald tests from a PIT-trap resampling blocked by site with 999 iterations.
Model results include tests for the whole CWMs matrix and univariate tests for each
CWM. Pairwise comparisons were used to examine the significance of interactions of
interest (i.e., region x assembly time; region x assembly time x treatment) using
likelihood ratio tests (LRT) and adjusted p-values. For this analysis, | only assessed
regions with non-random trait distributions (i.e., Alaska, California, and Panama).

| determined environmental heterogeneity by evaluating the coefficient of variation

(CV) for temperature and salinity within sites, among sites within regions, and among all
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regions. Environmental variables were recorded every other week at one-meter depth
from four opposite corners at each site. All analyses were completed in R (R
Development Core Team 2019) with the FD (Laliberté et al. 2014), Ime4 (Bates et al.
2015), emmeans (Lenth 2019), and mvabund (Wang et al. 2012) packages.
3.4 Results

Assembly time shaped the observed functional diversity (RaoQ) at high latitudes.
Lower functional diversity occurred during early versus late assembly in Alaska (t= -
2.506, P = 0.046) and California (t = -5.847, P = 0.001) regardless of predation, and no
effect was evident in Panama (P > 0.05) (Fig 3.1). Predation did not shape RaoQ in any
region (Supporting information Fig 3.4).
Figure 3.1 Effect of assembly time on the observed functional diversity defined with
RaoQ and shown as estimated marginal means (+ SE) of the region assembly time
interaction from the linear mixed model (LMM) (N = 180) with the following results:

region, F26=18.939, P

+ = 0.002; assembly time,
0191 F16=35.286, P =
0.001; region*assembly
g 0.1 + ) time, Fz6 = 4.449, P =
' 0.065. All other fixed

o Region
0.09- ® Alaska factors P > 0.05.

- California Planned contrasts *** P
B Panama

=0.001; * P < 0.05

3 montH 12 month
Assembly time
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During early assembly, communities in Alaska and California showed non-random
trait convergence (negative SES values), while later in assembly, high latitude
communities showed opposite non-random trait divergence (positive SES values) (Fig.
3.2). In tropical Panama and during early assembly, ambient predation resulted in non-
random convergence, but under relaxed predation random patterns emerged. During late
assembly, however, trait divergence occurred in both treatments in Panama (Fig. 3.2).
Moreover, in Mexico, early assembly was randomly structured while late assembly had a
divergent trend (Fig. 3.2).

Figure 3.2 The distributions of standard effect size (SES) for each region, treatment (i.e.,
reduced and ambient predation), and assembly interval shown with box-plots. Lines
within boxes are medians, box ends are quartiles, whiskers extend to values no larger
than 1.5 times quartiles, and dots represent outliers. Non-random trait distributions
correspond to solid colored box-plots, random distributions are white box-plots. SES
significantly greater or smaller than zero are based on Wilcoxon signed-rank tests. *** P

<0.001;**P<0.01;,*P<0.05;+P<0.1
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Assembly time had an effect on functional structure (CWMs) in Alaska (LRT = 149,
P =0.005), California (LRT =696.1, P = 0.005), and Panama (LRT = 207.2, P = 0.005),
while predation influenced the functional structure of Panama during both assembly
stages (early assembly: LRT =407.1, P = 0.005; late assembly: LRT = 206.8, P = 0.005)
and Alaska during late assembly (LRT = 205.4, P = 0.005). CWMs influenced by
assembly time include larval duration (p = 0.005), larvae development type
(lecithotrophic and planktotrophic, p = 0.005), organic (p = 0.005) and water content (p =
0.02) (Fig. 3.3). At high latitudes, organisms with shorter larval duration and
lecithotrophic (non-feeding) versus planktotrophic development (feeding larvae) were
favored during early versus late assembly, respectively (Fig. 3.3). In addition, higher
organic and water content were also observed between early and late assembly in Alaska
and California (Fig. 3.3). Predation changed the mean water content (p = 0.01) of
communities and survival of calcified organisms (p = 0.005) in Panama. Calcified taxa
that retain little water were more prevalent in the presence of predators (Supporting
information Fig 3.5). In Alaska, a lower proportion of solitary organisms were found on
caged treatments during late assembly (Supporting information Fig 3.5), however, a
caging artifact may have caused the observed pattern as bivalves mainly recruited on
cages and were removed during maintenance every two weeks. All traits with significant
univariate tests from the region*assembly time*treatment and region*assembly time

interactions are shown in Supporting information Fig 3.5 and Fig 3.6, respectively.
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Figure 3.3 Effect of assembly time on functional structure defined with CWMs and
shown as mean and standard deviation with significant (adjusted P < 0.05) univariate
tests (manyglm) from region*assembly time . Selected traits shown here, all others
available in Supporting information Fig 3.6.

O =3-month; A = 12-month. Abbreviations on x-axis defined in Table 1.1.
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Most sites had low variation in abiotic conditions during sampling. Within each site,
the CV for temperature was < 0.1 and even among all sites within a region temperature
variation remained low (< 0.2). The range of salinity variation was slightly broader.
Some sites had negligible salinity variation (< 0.01) and few others, mainly in California
and Panama, reached up to ~0.2. Overall, variation in temperature and salinity within
most sites was at least three orders of magnitude lower than among regions (Supporting
information Table 3.2).

3.5 Discussion

Biotic interactions played a primary role in deterministic assembly of nearshore
communities at local scales across latitude, but assembly time played a key role in
capturing changes in assembly patterns across the gradient. Trait divergence was
observed at later assembly stages when competition is expected to be stronger, while
predation mainly influenced trait patterns in tropical Panama earlier in assembly. Shifts
in the individual trait structure of communities confirmed these assembly patterns.
Specifically, multiple trait trade-offs were evident between early and late assembly at
higher latitudes and traits related to low palatability and structural defense increased
predation survival in the tropics.

Across the studied gradient, an increase in trait differentiation was observed with later
assembly, perhaps to limit resource use overlap as competition intensifies (Gotzenberger
et al. 2012). Competitive dynamics are reported to gain relevance later in development
(Bracewell et al. 2017), and strong competitors can be late-successional in sessile

communities (Chang and Marshall 2016). Competitive exclusion, however, may lead to
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trait similarity or convergence (Mayfield and Levine 2010). Although, | found
convergence during early assembly in Alaska and California, I suspect competitive
exclusion was unlikely, since space, an important limiting resource, was readily available
(Bonfim and Freestone, in prep). Instead, colonizers with faster establishment strategies
(i.e., lecithotrophic development and shorter larval duration) dominated the substrate and
reduced trait diversity early in assembly, while stronger competition resulted in trait
differentiation later in development. Therefore, a competition-colonization (CC) tradeoff
(Cadotte et al. 2006) may have influenced assembly at high latitudes. The timing of the
CC tradeoff depends on the rate of community development and in warmer regions like
the tropics communities can grow faster (Bracewell et al. 2017). Therefore, the CC
tradeoff was not evident at all latitudes, but niche differentiation through competition
may have influenced later assembly across latitudes.

Life-history trade-offs are documented as mechanisms that drive stable coexistence in
competitive scenarios (D’Andrea et al. 2013). At higher latitudes, trait structure changed
from fast settlers (i.e., non-feeding and shorter larval life) with high organic content to
slower settlers (i.e., feeding and longer larval life) with less organic content between
early and late assembly. Short planktonic stages may facilitate rapid colonization, but
may be competitively inferior compared to species with planktotrophic development
(feeding larvae) that are capable of re-settling to avoid non-optimal substrate (Palmer et
al. 1996). Additionally, low acquisition of organic content is hypothesized to facilitate

faster growth (Thresher 2009), which could enhance overgrowth and competitive abilities
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of sessile organisms (Sebens 1982). These ontogenic shifts in life-history may represent
trade-offs driven by colonizing versus competitive dynamics.

In Panama, trait convergence evident during early assembly and driven by predation
could result from similar traits that optimize survival (Obertegger and Flaim 2015).
Functional diversity, however, can also increase under consumer pressure and often
depends on additional factors such as interaction history (Milchunas et al. 1988). Ina
parallel study, | found increased functional diversity in response to predation for a
fraction of introduced species in focal communities (Lopez and Freestone, in review), and
the novelty of the interaction between introduced prey and local predators may have
contributed to the observed patterns (Milchunas et al. 1988). Nevertheless, predation
shaped non-random trait patterns and shifted trait strategies in Panama during early
assembly. Calcified structures provided protection (Dyrynda 1986) and low water
content decreased palatability to increase survival (LOpez and Freestone, in review).
During later assembly, a shift to trait divergence could result from stronger competition,
and a temporal shift of biotic filters may have influenced community assembly in
Panama.

Through time, a shift from random to deterministic assembly may occur (Stokes and
Archer 2010). Random assembly is expected when resources are widely available,
species interactions are weak to non-existent, or random colonization prevails (Bracewell
etal. 2017, Zhang et al. 2018). In Mexico, a shift from random to divergent patterns was
observed with time and may result from weaker species interactions. In subtropical

regions, predation can have an intermediate effect on prey when compared to higher and
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lower latitude (Freestone et al. 2020, Freestone et al. in review). Subtropical regions may
be a transition zone between tropical and temperate dynamics (Freestone and Inouye
2015) and fit the expectation of a latitudinal gradient in the strength of species
interactions (Schemske et al. 2009).

Temporal shifts help disentangle the complex dynamics that govern coexistence
across spatial (Peralta et al. 2019), environmental (Spasojevic et al. 2014), and in this
study, a latitudinal gradient. By focusing on small scale dynamics, | assessed the
influence of species interactions on the distribution of traits across time and latitude.
Early assembly was influenced by different dynamics across latitude with predation being
more important in the tropics and good colonization abilities highlighted at higher
latitudes. During late assembly, divergence prevailed across latitude as competition
influenced mature communities (Martorell and Freckleton 2014). The temporal
assessment of trait patterns at local scales may serve as a tool to detect trait-based

assembly across biogeographic gradients.
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3.6 Supporting information
Table 3.1 Summary of field deployment of experimental panels. Treatments: open

(ambient predation), caged (reduced predation), and partial cage (cage control).

Region (Site) Duration Deployment date ~ Treatment N

Alaska 3and 12 months  June 2015 all 90
California 3and 12 months  May 2016 all 90
Mexico 3 months June 2017 all 45
Mexico 12 months June 2017 open 15
Panama 3and 12 months ~ December 2015 all 90
Panama (Naos) 12 months April 2016 all 45

o1



Figure 3.4 Effect of predation on the observed functional diversity measured with the
RaoQ similarity index shown with box plots. Lines within boxes are medians, box ends
are quartiles, whiskers extend to values no larger than 1.5 times quartiles, and dots
represent outliers. No difference between treatments were found for any region. Planned

contrasts P > 0.05

Alaska | | California [ I Panama

0.1501
o 0.1251 .
8
14 Treatment
gl
g — Reduced predation
@ 0.1001 ° ‘ Ambient predation
2
(@,

8
0.0751
L]
3 month  12_month 3 month  12_month 3 month  12_month

Assembly stage

52



Figure 3.5 Effect of predation on CWMs captured with univariate tests from the
manyglm interaction between region*assembly time*treatment. CWMs shown were
significant under adjusted P-values (<0.05). Lines within boxes are medians, box ends
are quartiles, whiskers extend to values no larger than 1.5 times quartiles, and dots

represent outliers.
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Figure 3.6 Effect of assembly time on CWMs and shown as mean and standard

deviation with significant (adjusted P < 0.05) univariate tests from the manyglm

interaction between region*assembly time. O = 3-month; A = 12-month.
Abbreviations on x-axis are defined in Table 1.1.
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Table 3.2 Mean and variation (coefficient of variation - CV) of environmental variables

within sites in each region, within a single region, and among all regions. Environmental

variables include temperature (T) and salinity (Sal). Data from the 3 & 12-month

sampling intervals are shown.

Region Site Mean T (oC) Mean Sal CVvT CV sal
(ppt)
Within site 3 12 3 12 3 12 3 12
month | month | month | month | month | month | month | month

Alaska Bar 12.06 | 13.04 | 2090 | 22.41 | 0.015 | 0.073 | 0.073 | 0.062
Harbor

Alaska Knudson | 12.15 | 1498 | 21.89 | 21.56 | 0.029 | 0.101 | 0.071 | 0.073
Cove

Alaska Refuge 11.99 | 1430 | 21.50 | 22.90 | 0.022 | 0.074 | 0.034 | 0.020
Cove

California | Loch 20.89 | 19.01 | 29.25 |12.70 | 0.026 | 0.091 | 0.004 | 0.234
Lomond

California | Richmond | 19.14 | 19.03 | 31.74 | 16.71 | 0.017 | 0.058 | 0.002 | 0.100

California | San 17.24 | 1361 | 32.78 | 24.69 | 0.011 | 0.056 | 0.009 | 0.064
Francisco
Marina

Mexico Marina 29.91 | 25.13 | 35.38 | 34.07 | 0.003 | 0.004 | 0.011 | 0.021
Costa
Baja

Mexico Marina 29.10 | 24.75 | 36.44 | 34.95 | 0.040 | 0.002 | 0.005 | 0.011
La Paz

Mexico Marina 29.98 | 25.98 | 35.48 | 34.84 | 0.020 | 0.002 | 0.008 | 0.005
Palmira

Panama Flamenco | 23.40 | 27.61 32.49 | 21.08 | 0.023 | 0.006 | 0.004 | 0.212

Panama La Playita | 24.19 | 27.90 | 32.18 | 23.74 | 0.054 | 0.005 | 0.006 | 0.101

Panama Naos- 25.36 | 25.96 | 32.04 |31.91 | 0.050 | 0.068 | 0.015 | 0.006
STRI

Within region

Alaska 12.07 | 14.10 | 21.43 | 22.29 | 0.022 | 0.100 | 0.062 | 0.059

California 19.09 | 17.22 | 31.25 | 18.03 | 0.082 | 0.167 | 0.049 | 0.305

Mexico 29.68 | 25.28 | 35.75 | 34.67 | 0.028 | 0.021 | 0.016 | 0.017

Panama 2432 | 27.21 | 32.23 | 25.30 | 0.055 | 0.046 | 0.011 | 0.215

Among regions

All regions | 21.37 \ 20.25 \ 30.22 \ 24.86 \ 0.311 \ 0.289 \ 0.180 | 0.290
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CHAPTER 4
PHYSICAL DISTURBANCE ALTERS THE FUNCTIONAL DIVERSITY AND

STRUCTURE OF MATURE LOW LATITUDE MARINE COMMUNITIES
4.1 Abstract
Disturbance, either from natural or anthropogenic sources, is hypothesized to decrease
the trait diversity of communities by restricting their trait profile to strategies that
maximize survival. Whether this pattern holds true across latitudes and regardless of
ongoing assembly mechanisms has not been previously explored. The inherent trait
diversity of the system can also influence trait responses as a greater similarity of traits
may serve as a buffer to resist disturbance. | examined the impact of a pulsed disturbance
on sessile marine communities that assembled for either three or twelve months across 12
sites of four regions along the Pacific coast of North and Central America. Sessile
communities were periodically disturbed by scraping off biomass until either 60% or
20% of the substrate was visible. Undisturbed controls were used for comparison but
also to assess the trait diversity of the region. With disturbance, the functional diversity
of lower latitude communities (Mexico and Panama) decreased, but only during late
assembly and despite capturing changes in the inherent functional diversity of each
region with time. A shift in trait strategies was only evident for late assembly in Mexico,
and strategies related to regenerative and fast colonization abilities prevailed on disturbed
communities. Pulsed physical disturbance had a greater impact on the functional
structure and diversity of mature low latitude sessile marine communities, and ongoing

assembly as well as trait diversity of each region determined the extent of the impact.
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Therefore, lower latitude communities may be at greater risk of trait homogenization by
shifting their strategies to resist disturbance.
4.2 Introduction

Human induced disturbances can change the structure of communities, including their
composition, taxonomic and functional diversity (Biswas and Mallik 2010, Elo et al.
2016), and could disrupt ecosystem functions (MacDougall et al. 2013). A mechanistic
understanding of disturbance impacts is informed by characterizing changes in trait
diversity (Biswas and Mallik 2010, Castro et al. 2018) and trait strategies (Herben et al.
2018). The impact of a disturbance partly depends on the inherent trait diversity of the
system (McLean et al. 2019) and whether assembly dynamics are disrupted (Elo et al.
2016). At a global scale, the functional diversity of communities generally follows a
latitudinal gradient with increased diversity towards tropical regions (Lamanna et al.,
2014; Swenson et al., 2012). This pattern, independent of taxonomic diversity (Stevens
et al. 2003), is hypothesized to arise from the influence of different assembly mechanisms
(Swenson et al., 2012). Therefore, detecting disturbance impacts on communities
assembled under natural conditions across a latitudinal gradient can deepen our
understanding of the consequences of physical disturbance across large geographic
scales.

Disturbance, including the removal of biomass, can generate a re-organization of
communities and act as a selective force on trait structure (Jentsch and White 2019).
Generally, under intense disturbance the trait profile of a community is reduced to stress

tolerant traits (Li and Shipley 2018), and the functional diversity of the assemblage tends
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to decrease (Castro et al. 2018, Beiroz et al. 2018). This pattern has been shown in
terrestrial and aquatic communities alike under wide-scale anthropogenic disturbances
(e.g., pollution, land cover and river flow changes) or experimental manipulations (i.e.,
biomass removal) that simulate a strong physical disturbance (Castro et al. 2018, Li and
Shipley 2018). Whether a reduction in trait diversity occurs uniformly across large-scale
biogeographic gradients is still unknown. Moreover, disturbance can generate shifts in
trait abundances before traits are completely removed from a community, and abundance
weighted functional measures can detect disturbance effects prior to trait losses (Mouillot
et al. 2013). Determining to what extent communities are susceptible to trait variability
and/or trait loss as they respond to physical disturbances during assembly and across
different latitudes can inform when and where communities are most likely vulnerable.
Disturbance sensitivity may be contingent on the diversity of traits in the system, with
greater trait similarity acting as a buffer for stability (Diaz and Cabido 2001). For
example, communities with similar and abundant traits are better equipped to resist
disturbance (McLean et al. 2019), while communities with high trait diversity and
perhaps rare trait combinations may be more susceptible and unable to fully recover after
disturbances (McWilliam et al. 2020). Assembly dynamics determine the functional
diversity of communities, but assembly and consequently functional diversity are known
to vary with time (Spasojevic et al. 2014) and latitude (Swenson & Enquist, 2007). In
sessile communities, biotic filters can increase functional diversity later in assembly

(Lopez and Freestone, in prep). Therefore, for a comprehensive examination of
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disturbance, I need to consider the inherent functional diversity of the system to

determine disturbance sensitivity and impact across time and latitude.

A shift in trait strategies can further reveal mechanisms through which disturbances
impact communities. Shifts in mean traits in a community represent optimal strategies
under current conditions (Muscarella and Uriarte 2016) and show how single traits may
change under natural (LOpez and Freestone, in review) or anthropogenic disturbances
(Benitez et al. 2018). At local scales, disturbance can disrupt competitive dynamics by
providing resources such as space (Schamp and Aarssen 2009), and reset communities to
earlier assembly stages (Menge and Sutherland 1987). Therefore, species with good
colonizing abilities can exploit available resources (Cadotte 2007), and shifts in trait
strategies that facilitate rapid colonization may be evident in disturbed communities
(Jentsch and White 2019). Shifts in trait strategies would further inform how the trait
profile of communities is selected or reduced to specific strategies that reflect survival
and resistance to disturbances.

Using standardized and periodic biomass removals from sessile marine invertebrate
communities that developed for three or twelve-months across a latitudinal gradient, |
tested the hypotheses that disturbance would decrease functional diversity of
communities from regions and assembly stages that have an inherent high trait diversity.
Specifically, communities from low latitude at any assembly stage as well as mature
communities from any region would experience a decrease in functional diversity, and
shifts in trait strategies related to stress tolerance and/or colonizing abilities would be

evident in disturbed communities. | also expect disturbance to change trait abundances
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instead of resulting in complete trait losses. Sessile invertebrates are an ideal model
system as they make functional and phylogenetic rich communities that grow quickly and
are readily found on nearshore habitats across all continents (Freestone et al. 2011,
Bracewell et al. 2018). Few studies have assessed disturbance impacts on traits from
multi-taxa systems (Fournier et al. 2015). This study, then, is the first to determine trait
mediated disturbance impacts on highly diverse communities while considering inherent
differences and changes in trait diversity across time and latitude.
4.3 Materials and methods
4.3.1 Study system

Sessile marine invertebrate communities are present in nearshore habitats across
continental ranges and readily grow in natural as well as artificial structures which
facilitate their comparison across large geographic scales (Freestone et al. 2011,
Bracewell et al. 2017). These multi-taxa communities are composed of ascidians,
bryozoans, bivalves, cirripeds, hydroids, sponges, and tube-forming polychaetes and are a
tractable system to examine disturbance as they are fast growers (Bracewell et al. 2017)
and can recover within weeks (Bonfim and Freestone, in prep). Physical disturbance and
removal of individuals can also disrupt biotic interactions (Menge and Sutherland 1987),
which act as important assembly filters on sessile marine invertebrate communities
(Lopez and Freestone, in prep). The influence of biotic filters, however, as well as
recovery dynamics of sessile communities vary with latitude (Bonfim and Freestone, in
prep, Freestone et al. in review), making them an ideal model system to determine

disturbance impacts across latitude. From an evolutionary context, the recovery potential
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and/or resistance from physical disturbance would be evident from a trait-based
approach, and trait trade-offs can reveal strategies that increase susceptibility or lead to
recovery (Jentsch and White 2019). | therefore assessed trait responses of sessile marine
invertebrates to disturbance using standardized field biomass removal experiments across
a latitudinal gradient.
4.3.2 Biomass removals — disturbance experiment

| performed standardized biomass removals to compare sessile marine invertebrate
communities that experienced periodic disturbances during assembly against non-
disturbed controls. Experiments were conducted across three sites per region, in four
regions along the Pacific Coast of North and Central America, for 12 sites in total. |
compared communities from southeast Alaska, USA (Ketchikan; 55° N, 131° W),
California, USA (San Francisco; 37° N, 122° W), Baja California, Mexico (La Paz;
24°N, 110° W), and Panama (Panama City; 8° N, 79° W). 1 used polyvinyl chloride
(PVC) settlement panels as habitat as this artificial substrate allows recruitment and
growth of invertebrates while controlling for substrate type and development time
(Newcomer et al. 2019). At each site, | positioned settlement panels (14 x 14 cm) one
meter below the water surface with an abraded side facing the seafloor to facilitate
settlement and development. | deployed experiments on floating docks at recreational
boat marinas to facilitate access to communities and conduct biomass removals.

To assess physical disturbance, the following three treatments were assigned at
random: (1) 60% surface scrape, (2) 20% surface scrape, and (3) 0% surface scrape (non-

disturbed control). To scrape off biomass, | briefly removed experimental communities
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from the water and used a putty knife to remove individuals until the surface of the panel
was visible. On panels assigned a removal treatment, | did a total of three parallel
scrapes or one scrape positioned randomly on the surface of the panel to reach the 60% or
20% surface opening, respectively. Invertebrate communities assembled for three (i.e.,
early assembly) or twelve (i.e., later assembly) months, and two or five rounds of
removals were performed on developing communities (Table 4.1). After three months,
biotic interactions already impact assembly and after a twelve month assembly period
these mature communities are primarily influenced by competitive dynamics (L6pez and
Freestone, in prep). In Panama, | re-deployed experimental panels for the 12-month
growth from one site at a later time, due to losses to wave action and storms (Table 4.1).
Table 4.1 Summary of assembly period and timing of biomass removals of experimental
panels from each region. Experiments were conducted at three sites in each of the four
regions. One site in Panama (Naos) was redeployed for the 12-month assembly

experiment due to storm-related losses.

Region Assembly timeframe Biomass removals N
3-month assembly

Alaska June — September 2015 After month 1 and 2 45
California May — August 2016 45
Mexico June — September 2017 45
Panama December 2015 — March 2016 45
12-month assembly

Alaska June 2015 — July 2016 After month 1, 2, 6,10, 45
California May 2016 — June 2017 and 11 45
Mexico June 2016 — August 2017 45
Panama December 2015-December 30

2016
Panama (Naos) March 2016-April 2017 15
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Approximately one month after the last biomass removal, | retrieved five panels of
each treatment at each site for a total of 360 experimental communities. Upon retrieval, |
identified all individuals present to the lowest taxonomic level using a stereoscope and
assigned a species or a morphospecies identifier. In addition, I also identified
invertebrates on a 50-point grid to get an estimate of percent cover by taxa. Field
identifications were confirmed from fixed samples whenever possible with the help of
taxonomic experts.

4.3.3 Functional characterization and indices

A pulse disturbance, such as periodic biomass removals, can disrupt local assembly
dynamics (Chang and HilleRisLambers 2016, Jentsch and White 2019). While
disturbance increases resource availability likely modifying competitive and
recolonization dynamics in sessile communities, morphological and life history traits of
potential colonizers can influence reestablishment (Sousa 1984). | therefore defined the
functional space with traits that respond to biotic filters such as morphological and
reproductive traits. In addition, I also included traits that relate to resource acquisition
and colonization abilities to determine responses from physical disturbance (Table 1.1).

| developed a functional matrix for 178 taxa of which 151 were identified to genus or
species and the remaining 27 to class or family. Trait data were collected from
observations, laboratory measurements, or literature, and trait data were continuous,
categorical, or binary (Table 1.1). When taxa specific traits where unavailable, I used the
closest taxonomic level for which data were available (Weigel et al. 2016). A detailed

description of field measurements and a list of literature sources are available in Chapter
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2. This functional matrix along with the percent cover or presence-absence matrix were
used to calculate an abundance weighted and presence-absence functional similarity
index Rao quadratic entropy (RaoQ), respectively (Botta-Dukat 2005). This index was
ideal to test my hypotheses that physical disturbance would decrease functional diversity
at low latitudes and later assembly stages at any region because: (1) it captures the effect
of disturbance at local scales, (2) it can detect the sensitivity of communities to trait
variability or loss of trait combinations (Mouillot et al. 2013), and (3) it detects changes
in assembly processes (Lopez and Freestone, in prep).

Community weighted means (CWMs) represent the functional structure and
community wide trait strategies under current conditions (Muscarella et al. 2016). | used
CWNM s to capture shifting trait strategies from physical disturbance. CWMs represent an
abundance weighted mean trait value for continuous traits or a percent trait affinity for
categorical or binary traits (Gutiérrez-Canovas et al. 2019). For each region, |
standardized all CWMs to range between 0 and 100 by calculating the percent value of
the maximum CWM and/or multiplying by 100. The resulting matrices comprise
community x CWM of 34 corresponding traits and were used for subsequent analyses.
4.3.4 Data analyses

| tested the hypotheses that disturbance would decrease functional diversity (i.e.,
RaoQ) at low latitude communities and for late assembly for any region, and | tested for
changes in abundance weighted and presence-absence indices. To do so, | examined the
effect of disturbance treatments on RaoQ as follows. | used two identical linear mixed

models (LMM) with region, assembly time, treatment, and their interaction as fixed
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factors and corresponding random factors of site nested within region and its interaction
with treatment and assembly time. | also used planned contrast to determine treatment
effects for each region and assembly time focusing on the strongest disturbance (i.e., 0%
vs. 60% removal treatment). Additionally, I explored changes in inherent functional
diversity (i.e., undisturbed communities) for each region through time and differences
among regions for each assembly time using planned contrasts.

| also tested whether the observed functional diversity was more or less similar than a
random distribution. | randomized the abundance matrix to compare the observed
functional diversity against 999 randomly assembled communities. | used constrained
randomizations keeping constant the species abundance per site (Gotzenberger et al.
2012). 1 performed randomizations using the species pool from individual sites as |
expect local dynamics such as species interactions to influence disturbance patterns. |
assessed patterns of trait convergence or divergence with standardize effect size (SES)

scores calculated as follows:

SES — RaOQobserved_ RaOQmean(random)

, and used Wilcoxon signed-rank tests to measure
RaoQsd(random)

SES departure from zero (i.e., non-random). Randomization of presence-absence
matrices was also used and described in Supporting information Figure 4.4 along the
results.

| used a multivariate generalized linear model (manyglm) to detect shifts in trait
strategies (i.e., CWMS) in response to disturbance across the gradient. The model
included region, assembly time, treatment, and their interaction as predictors, and

accounting for correlation between CWMs did not impact the results. | used a visual
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assessment to validate normality and homoscedasticity assumptions of model residuals. |
then tested predictor significance with Likelihood Ratio Tests (LRT) and used pairwise
comparisons of the region * assembly time * treatment interaction to inform when and
where disturbance shifted trait strategies. To determine which traits shifted between
treatments, | fitted a separate manyglm for the regions and assembly stages with
significant treatment interactions. Model results include univariate tests with step down
resampling to adjust p-values for each CWM. All analyses were performed in R with the
packages FD (Laliberté et al. 2014), Ime4 (Bates et al. 2015), emmeans (Lenth 2019),
picante (Kembel et al. 2010a), and mvabund (Wang et al. 2012).
4.4 Results
4.4.1 Disturbance and functional diversity

Disturbance decreased functional diversity, but only during late assembly and at low
latitudes. In Mexico and Panama, | found lower functional diversity in later stages of
assembly (i.e., 12-month communities) that experienced five disturbance events
throughout development, but results were only evident when the abundance of traits were
considered (Figs 4.1 and Supporting Information Fig 4.5). Undisturbed communities had
higher functional diversity (Mexico: 0.124 + 0.012; Panama: 0.067 + 0.012) than
communities that experienced physical disturbance (i.e., 60%) (Mexico: 0.062 + 0.012, t
=-7.555, P < 0.0001; Panama: 0.046 + 0.011, t =-2.478, P = 0.019). Likewise, | found a
shift to trait convergence under high disturbance at lower latitudes and during late
assembly, primarily (Fig 4.2), and again these shifts were only evident when trait

abundance was considered (Supporting Information Fig 4.6). In Mexico, SES values
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were positive for undisturbed communities, indicating trait divergence, while disturbed
communities had negative SES values, indicating trait convergence. In Panama,
however, SES values for undisturbed communities were not different from zero, but
disturbed communities also had negative SES values (Fig 4.2).

Figure 4.1 Effects of disturbance on functional diversity (abundance weighted RaoQ)
and expressed as estimated marginal means from a linear mixed model (LMM). LMM
interaction of interest: region*assembly time*treatment Fe,32 = 3.375, P = 0.011.
Asterisks indicate significant treatment contrasts comparing 0% and 60% removal

treatments for each region and time (0=0.05)
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Figure 4.2 Distributions of standard effect size (SES) of RaoQ (abundance weighted)
pooled by treatment for each region and assembly time and shown with box-plots. Lines
within boxes are medians, box ends are quartiles, whiskers extend to values no larger
than 1.5 times quartiles, and dots represent outliers. Non-random trait distributions
correspond to solid colored box-plots, random distributions are white box-plots. SES
significantly greater or smaller than zero are based on Wilcoxon signed-rank tests. ****

P <0.0001; *** P <0.001; ** P <0.01; * P < 0.05.
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4.4.2 Undisturbed communities functional diversity

The functional diversity of undisturbed communities, or the diversity of the
system, shifted during development in most regions. | saw a shift to increased diversity
with later assembly in Alaska and Mexico. In Panama, however, a shift to lower
functional diversity occurred between early and late assembly (Fig 4.3). Differences in
diversity between higher and lower latitude were only evident during late assembly, and a
latitudinal gradient in functional diversity was not observed. | found higher functional
diversity in Mexico (0.124 + 0.012) versus California (0.0775 + 0.012, t = 2.858, P =
0.013) and Alaska (0.106 = 0.012) versus Panama (0.067 + 0.012, t = -2.407, P = 0.030)

during late assembly, and no difference between regions were observed during early

assembly (P > 0.05).
Figure 4.3 Effect of assembly
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4.4.3 Disturbance and functional structure

Disturbance also influenced CWMs during late assembly, and changes in functional
structure were observed between undisturbed and disturbed communities (i.e., 60 %) in
Mexico (LRT = 263, adjusted-P = 0.005) and Alaska (LRT = 245, adjusted-P = 0.005).
Specifically, | found an increase in the abundance of individuals with a non-feeding
larval strategy (i.e., lecithotrophic) coupled with a trade-off of individuals with colonial
versus solitary body forms on disturbed communities in Mexico (Fig 4.4). In Alaska,
however, | did not find individual traits that shifted with disturbance.

Figure 4.4 Shifts in

Lecitotrophic Colonial Solitary

CWMs between 100

[ ‘.
undisturbed (i.e., 0% +
75-
treatment) and :
s *
< 50-
disturbed (60% ©
treatment) 251
communities during —
0% 60% 0% 60% 0% 60%
late assembly (12- Treatment
month) in Mexico. Lines within boxes are medians, box ends are quartiles, whiskers
extend to values no larger than 1.5 times quartiles, and dots represent outliers. Results
from univariate manyglm tests (*adjusted P < 0.05).
4.5 Discussion

Disturbance shaped the functional diversity and structure of communities from lower

latitudes but during late assembly, only. | observed a decrease in functional diversity in
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regions with high and low inherent functional diversity. Observed changes were only
evident with trait variability (i.e., abundance-weighted) but not trait loss. | observed a
greater impact of disturbance on subtropical communities where the inherent diversity of
the region increased with time. In addition, functional structure of these subtropical
communities shifted to disturbance resistant and fast colonization strategies. Despite
having low inherent diversity, our manipulative disturbance also had an impact on the
functional diversity of communities from the tropics, suggesting multiple mechanisms
influenced their structure. These results support the hypothesis that disturbance can limit
the trait profile of communities and decrease their functional diversity, but assembly
stage, and factors that covary with latitude, such as inherent diversity of the system and
the influence of other disturbances, contributed to the extent of the impact.

Disturbance influenced the functional diversity of communities as expected, but both
latitude and assembly stage determined when and where decreased functional diversity
was observed. Disturbance only impacted communities from lower latitude and later
assembly, which could result from the greater and faster temporal turnover of species and
traits that occur at low latitudes (Korhonen et al. 2010, Soininen 2010), and the sorting of
individuals with traits adapted to disturbance may have occurred over time (Fraterrigo
and Rusak 2008). In a parallel study, greater temporal turnover in community
composition as well as faster recovery were observed at lower than higher latitudes
(Bonfim and Freestone, in prep). In addition, the functional architecture of communities
faced with disturbance is often gradually adjusted through time (Leigh et al. 2019).

Therefore, the cumulative effect of periodic pulsed disturbance may only be evident at
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later stages of assembly, and differences in temporal dynamics such as species turnover
across latitude may further influence when and where trait changes occur.

The inherent functional diversity at lower latitudes influenced the extent of trait
responses. Theory predicts with greater functional similarity there is a greater probability
that communities maintain their properties when faced with a disturbance (Diaz and
Cabido 2001). On the contrary, with higher trait diversity the probability of all existing
traits being resistant to disturbance may be low (McWilliam et al. 2020) and a decrease in
functional diversity generally occurs under disturbance (Beiroz et al. 2018). In
subtropical Mexico, | observed an increase in functional diversity between early and late
assembly, and a decrease in functional diversity with disturbance only occurred when the
inherent functional diversity had increased. Moreover, with disturbance in these later
assembled subtropical communities, | found shifts to trait strategies that confer rapid
colonization and regenerative abilities, which align with theoretical expectations from
pulsed disturbances (Herben et al. 2018, Jentsch and White 2019). The extent of trait
responses to disturbance with changes in both functional diversity and structure were
only evident when the system had higher trait diversity.

Decreased functional diversity with disturbance also occurred in Panama during later
assembly despite observing a decrease in the inherent trait diversity of the region through
time. Stronger predation is characteristic of the tropics when compared to higher
latitudes (Freestone et al. 2011, 2020), and the decrease in trait diversity observed over
time could result from the ongoing disturbance imposed by predators (L6épez and

Freestone, in prep). A further decrease in functional diversity found on disturbed
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communities may result from a joint effect of predation and the imposed physical
disturbance. Combined effects of biotic filters with disturbance are hypothesized to
influence trait responses of communities (Mouillot et al. 2013), and limited empirical
support show shifts in trait strategies (e.g., Tomas et al. 2015). These results provide
evidence that a pulsed physical disturbance can further decrease the functional diversity
of a system already under pressure from a natural disturbance. Trait shifts, however,
were not evident as both predation and physical disturbance may select for a trait profile
that withstand or quickly replaces removals of individuals.

The functional response of marine communities to a pulsed physical disturbance was
not homogeneous across latitude. Communities from lower latitudes may be at greater
risk of trait homogenization in response to repeated disturbance, despite being capable of
quick recovery (Bonfim and Freestone, in prep). These results also highlight how trait
responses are not an immediate outcome but perhaps accumulate through time with
periodic disturbances. Time-delayed extinctions and loss of taxonomic diversity are also
documented on disturbed habitats (Krauss et al. 2010), and could result from a slow
reduction of trait profiles able to survive the repeated pressures from disturbances. Other
studies that reveal trait responses from disturbance across large geographic scales and
through time are scarce, but should become of greater importance as the frequency of
natural and anthropogenic disturbances will only increase as a consequence of climate

change and globalization (Nystrém et al. 2000, Matuoka et al. 2020).
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4.6 Supporting information

Figure 4.5 Effects of disturbance on functional diversity (RaoQ-presence) and expressed

as estimated marginal means from a LMM. LMM interaction of interest P > 0.05.
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Figure 4.6 Randomizations to calculate SES values were performed by constraining
richness per community and species frequency per site from the community matrices.
Distributions of standard effect size (SES) of RaoQ (non-abundance weighted) pooled by
treatment for each region and assembly time and shown with box-plots. Lines within
boxes are medians, box ends are quartiles, whiskers extend to values no larger than 1.5
times quartiles, and dots represent outliers. Non-random trait distributions correspond to
solid colored box-plots, random distributions are white box-plots. SES significantly
greater or smaller than zero are based on Wilcoxon signed-rank tests. **** P < 0.0001;

*** P <0.001; **P<0.01;* P <0.05
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CHAPTER 5
CONCLUSIONS

In the present study, | show trait-based assembly can be influenced by different
mechanisms across time and latitude in marine communities. Further, | provide evidence
demonstrating that biotic interactions play an important role in the assembly of
communities at local scales, while physical disturbance can disrupt ongoing mechanisms
of assembly. Within a single region, primary assembly filters shifted with time. In the
tropics, for example, both predation and competition influenced assembly at early and
late assembly stages, respectively, while disturbance influenced trait patterns during late
assembly only. In the subtropics, predation had an intermediate effect on trait patterns
during early assembly, but disturbance had a strong influence on trait responses later in
assembly. Competition also influenced later stages of assembly at higher latitudes,
Alaska and California, but disturbance did not disrupt trait patterns at any assembly stage
in these high latitude regions. | therefore demonstrate that assembly processes are highly

dynamic and quickly change within a short time frame at all latitudes.

In my first chapter, | uncover trait mechanisms that lead to differential impacts of
predation across latitude while considering the evolutionary history of interacting species.
Despite growing evidence that predation can disproportionately impact prey communities
at lower latitudes, experimental studies that explore impacts of predators on the
functional architecture of prey across latitude are rare. Further, the evolutionary context
of predator-prey interactions is often overlooked even in smaller-scale studies. Under

global change, species invasions and novel interactions will continue to arise, thus it is
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important to expand our understanding of these novel dynamics. This study is the first to
determine trait responses of multiphyletic prey communities with distinct evolutionary
histories across a large geographic range, spanning the subarctic to the tropics. With
multiple lines of evidence, | show introduced prey are more susceptible to strong
predation in the tropics, and evolutionary histories between predators and prey are key to

detecting prey trait responses.

Understanding assembly is one of the fundamental goals in ecology. In my second
chapter, | demonstrate how trait based-assembly helps to detect mechanisms that lead to
changes in assembly across time and latitude. At high latitudes, colonizing strategies
were important during early assembly while competitive strategies influenced later
assembly. At lower latitudes, competitive dynamics were also important during later
assembly, but predation shaped the trait profile of communities to those that maximize
survival during early assembly. A lot of evidence support the hypothesis that predation is
stronger at lower latitudes (Freestone et al. in review), but uncovering specific
mechanisms prey communities use to respond and survive strong predation are rare.
Moreover, competitive strength is also predicted to vary across latitude, but | demonstrate
that competition maybe strong and influence later assembly at all latitudes. In this
chapter, | demonstrate trait-based approaches are valuable to detect patterns and

mechanisms of assembly and how these change with time across a large geographic scale.

Lastly, trait-based approaches were instrumental to determine when and where pulsed

physical disturbances impact marine communities, but also to reveal mechanisms by

79



which communities respond. While many studies support the hypothesis that disturbance
decreases functional diversity (Castro et al. 2018, Beiroz et al. 2018, McLean et al. 2019),
this study shows that factors such as latitude, assembly time, and the trait diversity of
each region can influence disturbance impacts on trait responses. Higher latitudes were
able to resist trait changes from repeated physical disturbance, while lower latitudes lost
trait diversity over time. Faster recovery and greater compositional turnover was
observed at lower latitudes (Bonfim and Freestone, in prep), but the trait profile of
disturbed communities was reduced and shifted to regenerative abilities and rapid
colonization after many rounds of physical disturbance. Therefore, disturbance does not
immediately impact the trait composition of low latitude communities but rather changes

may accumulate through time with repeated disturbance.

Trait-based ecology serves as a unifying principle to better understand coexistence
and assembly (Violle et al. 2007, Escudero and Valladares 2016). Both natural and
anthropogenic sources of disturbance as well as biotic filters influenced trait-based
assembly in nearshore marine communities, and interaction histories also shaped trait
responses. In my dissertation, | was able to provide novel understanding of biotic
interactions and disturbance impacts on marine communities from across 47 degrees

latitude by showing trait mechanisms that respond to ongoing stressors.
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