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ABSTRACT 

The maintenance of ecological communities through space and time is driven by 

complex processes which often operate simultaneously. Understanding the mechanisms 

that underlie patterns of species diversity and coexistence across scale remains a key 

focus for ecologists. Empirical experiments across large spatial and temporal scales are 

critical to rigorously test prevailing ecological theory and identify context dependencies.  

Such studies are necessary to determine regional variation in the effects of local-scale 

processes, which should be explicitly incorporated into the examination of 

macroecological patterns. 

The striking richness of species concentrated at low compared to higher 

latitudes—known as the latitudinal diversity gradient— is one of the most well-

documented patterns of global biodiversity. Ecologists continue to test hypotheses that 

can explain this broad-scale pattern, and, recently, the biotic interactions hypothesis 

(BIH) has received clear empirical support in both terrestrial and marine systems. Under 

the BIH, the relative strength of species interactions (e.g. competition, predation) 

increases toward the tropics and serves to maintain the high diversity of species observed 

there. Despite accruing support for the BIH, interaction outcomes can be quite variable 

and little is known about the extent and the drivers of variability in these community-

scale processes that shape regional patterns.   

In my dissertation, I explore how multiple processes (e.g. predation, competition, 

and disturbance) shape patterns of assembly and coexistence through empirical 

examination of subtidal marine hard-substrate communities across varying spatial and 

temporal scales. To achieve this, I conducted standardized experiments in nearshore 
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habitats across four biogeographic regions spanning 47-degrees of latitude of the eastern 

Pacific Ocean and across ocean basins in the tropics (Pacific and Atlantic Panama). 

Among my research objectives I was able to: (1) explore variation in consumer effects on 

prey community structure across latitude and identify key attributes of predator 

communities that shape impacts on prey in the tropics, (2) examine mechanisms 

contributing to coastal and seasonal variation in consumer pressure that underlies 

stronger predation in tropical communities, and (3) uncover a strong nested structure in 

networks of competing species across latitude that contributes to enhanced tropical 

coexistence. 

My dissertation provides novel insights into the complex nature of consumer-prey 

interactions across latitude, with particular focus on tropical communities, which have 

been identified as important hotspots for predation based on theoretical predictions and 

prior experimental studies. Further, results reported here improve our understanding of 

underlying mechanisms and the context dependencies of interactions that contribute to 

coexistence in diverse ecological communities. These large-scale experiments on 

naturally assembled communities provide critical insights into the processes that 

contribute to biodiversity maintenance and ecosystem functioning in a changing world.  
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CHAPTER 1 

INTRODUCTION 

1.1. Biogeographic Patterns of Species Diversity and Interactions 

A central aim in ecology is to understand the mechanisms that influence global 

patterns of species distribution, co-occurrence, and overall community structure. The 

latitudinal diversity gradient (LDG) of increasing species richness from the poles to the 

tropics is one of the most well-documented biogeographic patterns (Willig et al. 2003, 

Hillebrand 2004). Generality of this large-scale pattern has been established across a 

variety of taxa spanning terrestrial and aquatic biomes (Roy et al. 2000, Witman et al. 

2004, Fuhrman et al. 2008, Jenkins et al. 2013; but see Torchin et al. 2015 for parasites), 

however its origin remains a topic of debate.  While numerous hypotheses have been 

proposed to explain the LDG (Pianka 1966, Willig et al. 2003), recent support has 

centered on an evolutionary mechanism (Mittelbach et al. 2007, Fine 2015).  

One commonly evoked evolutionary hypothesis for the LDG, the biotic 

interactions hypothesis (BIH), posits that the tropics are characterized by stronger species 

interactions that promote increased diversification (Dobzhansky 1950, Mittelbach et al. 

2007, Schemske et al. 2009). The BIH further suggests that the mechanisms governing 

diversity vary such that community assembly and composition at high latitudes is 

regulated by abiotic processes, whereas biotic interactions dominate assembly in the 

tropics (Mittelbach et al., 2007). Recent empirical research has emerged in support of 

stronger predation pressure in tropical communities (Freestone et al. 2011, 2020, 2021, 

Roslin et al. 2017, Reynolds et al. 2018). In contrast, mixed support for the BIH has been 

presented for patterns of herbivory (Poore et al. 2012, Lim et al. 2015, Chen et al. 2017, 
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Longo et al. 2019, Heck et al. 2021), highlighting the importance of understanding the 

context dependency of biotic interactions (Chamberlain et al. 2014, Maron et al. 2014). 

Few studies have empirically examined the BIH using naturally assembled 

communities of interacting species, despite the recognized ecological complexities of 

competitive interactions and consumer-prey dynamics. Accordingly, large-scale studies 

including realistic suites of species are necessary to determine regional variation in the 

effects of complex local-scale processes and to ultimately link community ecology with 

macroecology (Beck et al. 2012, Witman et al. 2015)  

1.2 Variability and Context Dependency in Species Interactions 

In recent decades, mechanistic understanding of how communities assemble has 

evolved from being primarily focused on competition to incorporating other biotic 

interactions (e.g., predation, parasitism, and facilitation) as well as additional factors such 

as regional species pools, dispersal, and environmental filters (HilleRisLambers et al. 

2012). Integrating broad-scale observations with small scale experimentation is essential 

for uncovering patterns and processes that operate across scales and understanding the 

generality of ecological phenomena in complex systems (Connell and Irving 2008, 

Witman and Roy 2009). 

When scaling from local to regional assembly processes, different interaction 

dynamics between local communities may result in increased variability in species 

composition among local communities in a given area (i.e. beta-diversity; Anderson et al. 

2006, Freestone and Inouye 2015). Despite consumer-prey interactions operating on a 

local-scale, varying interactions across a heterogenous landscape can have important 

large-scale consequences (Kissling and Schleuning 2015), such that consumers may have 



  3 

a positive, negative or no effect on the ability of species to coexist (Chase et al. 2002). 

Further, biotic stress in the form of consumers can alter the predicted outcomes of 

competitive interactions along abiotic stress gradients (Smit et al. 2009). In other 

examples, small-scale disturbances have been linked to the maintenance of plant diversity 

by promoting the coexistence of competitive and subdominant species in a community 

(i.e. IDH, Huston 1979, Cadotte 2007) (i.e. diversity; Chase et al., 2002).  

Temporal shifts in communities of predators and prey also have important 

implications for coexistence (Chesson 2000a). In tropical communities, high consumer 

pressure can mediate temporal turnover in prey communities, increasing the variability in 

coupled predator-prey interactions across spatial scales and over long temporal scales 

(Freestone and Inouye 2015). Despite increasing evidence highlighting the important role 

of predators in maintaining high species diversity and promoting coexistence in the 

tropics, many studies have focused on manipulating specific focal groups of predators 

(Jeanne 1979, Bertness et al. 1981) and prey (Heck and Wilson 1987, Vermeij 1987, 

Stachowicz and Hay 2000). Consumer-prey relationships operate within a complex 

framework and often involve interactions among multiple consumers and prey across a 

range of trophic levels and life stages (Polis and Strong 1996, Wollrab et al. 2013).   

Exploring how predator effects can change through time across different stages of prey 

assembly can serve to test the generality of biogeographic interaction patterns under 

varying temporal contexts. Further, empirical approaches implemented in naturally 

assembled communities and replicated across broad temporal and spatial scales are 

central to capturing the inherent biological complexities that underlie ecological systems 

(Levin 1992, Witman et al. 2015). 



  4 

1.3 Experimental Approach 

My dissertation presents empirical data collected from manipulative field 

experiments on marine hard substrate communities in nearshore habitats, spanning from 

tropical to subarctic latitudes. Sessile marine invertebrates typically colonize hard-

substrates where space can be a primary limiting resource and form multiphyletic 

communities of organisms with a wide range of life history traits, such as bryozoans, 

ascidians, sponges, polychaetes, barnacles, hydroids and bivalves. These fauna also 

rapidly colonize experimental substrate, so they represent a particularly tractable model 

system for studying patterns of assembly and species interactions.  Therefore, I used 

experiments conducted in marine hard substrate systems across varying temporal and 

spatial scales to capture the ecological complexities driving patterns in naturally 

assembled communities  

To accomplish each of my research objectives, I used settlement panels (14x14 

cm PVC) that served as standardized substrate for the colonization of sessile marine 

invertebrates.  Panels were suspended in the water column and remained submerged for 

the duration of the experiment, which varied depending on the research question being 

addressed. Experimental manipulations used caging to limit the influence of 

macropredators on prey communities during assembly (Chapters 2-4) as well as periodic 

removals of biomass serving as random physical disturbance (Chapter 4), allowing for 

quantification of how these processes shape communities across different spatial and 

temporal scales.  Upon retrieval, I examined experimental communities live under a 

stereomicroscope and recorded community level data such as biomass, taxonomic 

richness, and composition. Along with caging experiments, Chapter 2 and Chapter 3 use 
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in situ underwater videography to capture consumer-prey interactions and directly 

quantify predation intensity in naturally assembled communities. 

To examine latitudinal variation (Chapters 2 & 4), I focused on four distinct 

regions across the continuous Pacific coastline of North and Central America: Ketchikan, 

Alaska (55°N, 131°W), San Francisco Bay, California (37°N, 122°W), La Paz, Baja 

California Sur, Mexico (24°N, 110°W), and Panama Bay, Panama City, Panama (8°N, 

79°W). Each of the four regions included three study sites in which experiments were 

conducted, for a total of twelve sites spanning 47-degrees of latitude. To capture temporal 

variability in consumer-prey interactions, experiments were implemented at two stages of 

prey community assembly.  Experiments focusing on early assembly prey communities 

were conducted after 3 months and late assembly experiments were conducted after 12 

months of in situ assembly and growth. 

To quantify underlying variation in tropical consumer-prey interactions and 

identify drivers of variation operating at coastal and seasonal scales (Chapter 3), I 

conducted experiments in nearshore marine communities along tropical coastlines of the 

western Atlantic and eastern Pacific oceans across the Isthmus of Panama during wet and 

dry seasons. In addition to manipulative experiments replicated across ocean basins and 

seasons, I compiled fisheries independent data collected from roving diver surveys as part 

of the Reef Environmental Education Foundation (REEF) volunteer fish survey project. 

The REEF observational dataset encompasses almost two decades of tropical dive survey 

data amassed from over 1,800 dives across a large geographic extent and serves as a 

complement to my experimental field research. Further information regarding 
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experimental design used to address specific research questions is available in the 

Methods section for the following three chapters. 

In this dissertation, I explore how multiple processes (e.g. predation, competition, 

and disturbance) influence assembly and coexistence in natural communities through 

empirical examination of subtidal marine hard-substrate communities across a range of 

spatial scales. In Chapter 2, I quantify the impact of consumers on prey in naturally 

assembled communities across latitude and use a model-based framework to identify 

important characteristics of predator communities that predict impact across stages of 

prey assembly.  Chapter 3 takes a deeper dive into consumer effects in tropical 

communities and demonstrates spatial and seasonal variation in consumer pressure, with 

results highlighting the importance of diversity for the structure and maintenance of 

tropical communities. In Chapter 4, I shift focus to competition and the factors that shape 

competitive dynamics across time and latitude.  I use a modeling approach to empirically 

estimate the degree of competitive intransitivity in sessile marine invertebrate 

communities and test how different ecological processes, specifically variable predation 

and disturbance, shape the structure and strength of competitive networks. This 

dissertation provides novel insights into the complex nature of consumer-prey 

interactions across latitude, with particular focus on tropical communities which have 

been identified as important hotspots for predation based on theoretical predictions and 

prior experimental studies. Further, results reported here improve our understanding of 

underlying mechanisms and the context dependencies of interactions that contribute to 

coexistence in diverse ecological communities.  
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CHAPTER 2 

CONSUMER DIVERSITY DRIVES STRONG EFFECT  

OF PREDATION IN THE TROPICS 

2.1 Abstract 

Biotic interactions are predicted to be stronger in the tropics compared to higher 

latitudes, contributing to observed patterns of global biodiversity. While increased 

consumer diversity and more complex food webs are expected to occur in tropical 

communities, the trophic dynamics that underlie strong regional effects of predation are 

not well understood. In this chapter, I explored how 1) consumers impact prey 

community structure across latitude and prey assembly stage and 2) community level 

characteristics of interacting predators contribute to observed changes in prey structure.  I 

used a standardized exposure experiment paired with in situ videography in four coastal 

regions spanning 47 degrees of latitude of the eastern Pacific Ocean to quantify species-

specific feeding rates on sessile marine invertebrate communities and test whether 

consumer pressure invoked changes in prey community structure. Additionally, I used a 

multivariate model-based framework to identify elements of the observed predator 

community that best explain compositional change in prey communities.   

I found that mid- and high-latitude prey communities experienced low consumer 

pressure and no effect of predators on community structure, while low latitude 

communities experienced strong consumer pressure by a diverse assemblage of predators 

and striking changes in community structure. While tropical predator communities were 

consistently more diverse than those at higher latitudes, models reported here indicate 

that consumer-prey interactions can be context dependent.  Predator diversity was the 
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best predictor of prey compositional change in early assembly prey communities, 

however, a lower diversity of predators was observed at later stages of prey assembly and 

the presence of key taxa became the best predictor of prey change. Therefore, my results 

suggest that both standing diversity of predator communities and the identity of predators 

sampled from a diverse species pool are both important drivers of strong regional 

interaction effects. 

2.2 Introduction 

One of the most well documented patterns of global biodiversity is the latitudinal 

diversity gradient, characterized by high species richness in the tropics declining with 

latitude toward the poles (Willig et al. 2003, Hillebrand 2004). How such remarkable 

diversity is maintained in tropical ecosystems has been a longstanding question in 

ecology and evolution, central to understanding the processes that shape communities 

across broad spatial scales. Several theoretical predictions focused on both ecological and 

evolutionary processes have been offered, with some tested empirically across systems, 

but debate in the literature remains (Fischer 1960, Pianka 1966, Willig et al. 2003, 

Mittelbach et al. 2007).  

The biotic interactions hypothesis, which suggests that the mechanisms 

controlling diversity may vary such that abiotic processes regulate community assembly 

at high latitudes, whereas species interactions are more dominant in the tropics, provides 

a potential explanation for the latitudinal diversity gradient (Schemske et al. 2009). 

Recent focus has been placed on documenting global patterns of biotic interactions, 

namely predation, across latitude, with empirical studies demonstrating stronger 

predation and disproportionate effects on species richness in tropical compared to 
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temperate regions (Freestone et al. 2011, 2020, 2021), and higher overall attack rates on 

prey at lower latitudes (Roslin et al. 2017, Longo et al. 2019).  Broad empirical support, 

however, has been mixed (see Chen et al. 2017, Loughnan and Williams 2019), and 

understanding the generality and context dependency of biotic interactions in contributing 

to global diversity patterns remains a key knowledge gap in ecology (Chamberlain et al. 

2014, Kissling and Schleuning 2015).   

Predation has long been considered a major eco-evolutionary force exerting top-

down influence on patterns of species diversity, with implications for coexistence (Paine 

1966, Menge and Sutherland 1976a, Vermeij 1987).  Despite increasing evidence 

highlighting the important role of predators in maintaining high species diversity and 

promoting coexistence in the tropics, empirical understanding of the drivers of this effect 

is limited and many studies have focused on manipulating specific focal groups of 

predators (Jeanne 1979, Bertness et al. 1981) and prey (Heck and Wilson 1987, Vermeij 

1987, Stachowicz and Hay 2000).  Consumer-prey relationships operate within a 

complex framework and often involve interactions among multiple consumers and prey 

across a range of trophic levels and life stages (Polis and Strong 1996, Wollrab et al. 

2013). 

Predators are undeniably linked to important ecosystem services (e.g. prey 

suppression), but disentangling the role of different predator community attributes and 

forming broad predictions about impact has been difficult to accomplish, given the 

complexity and context dependency of species interactions (Bruno and Cardinale 2008, 

Chamberlain et al. 2014).  Predator diversity has been widely shown to strengthen top-

down control (Duffy et al. 2007, Griffin et al. 2013), with significant impacts on prey 
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structure and organization in diverse communities of the tropics (Menge and Lubchenco 

1981). The mechanism by which diverse predator guilds can produce strong impacts on 

prey communities can change under different environmental or biological contexts, and 

can be a result of increased probability of including a particularly influential species with 

a disproportionately large impact (i.e. selection effect), or the inclusion of multiple 

species with complementary and additive impacts (i.e. niche complementarity; Loreau 

and Hector 2001). Differences in predator foraging behavior and prey choice are often 

limited by functional differences in the predator guild. Depending on the suite of 

predators present, differential selectivity of prey items can occur, leading to distinct 

functional impacts on prey communities (McCoy et al. 2011).  Further, functionally 

diverse predator guilds may be able to partition prey resources by attacking in different 

ways or at different points in space and/or time, thereby allowing diverse predator 

assemblages to control prey populations more effectively (Griffin et al. 2013) .  

In addition to predator diversity effects on prey communities, temporal shifts in 

communities of predators and prey have important implications for coexistence (Chesson 

2000a). In tropical communities, high consumer pressure can mediate temporal turnover 

in prey communities, increasing the variability in coupled predator-prey interactions 

across spatial scales and over long temporal scales (Freestone and Inouye 2015). 

Integrating broad-scale observations with small scale experimentation is essential for 

uncovering patterns and processes that operate across scales and understanding the 

generality of ecological phenomena in complex systems (Connell and Irving 2008, 

Witman and Roy 2009). Further, exploring how predator effects can change through time 

across different stages of prey assembly can serve to test whether previously reported 
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biogeographic interaction patterns are supported under varying temporal contexts. 

Moreover, empirical approaches implemented in naturally assembled communities and 

replicated across broad temporal and spatial scales are central to capturing the inherent 

biological complexities that underlie ecological systems (Levin 1992, Witman et al. 

2015).  

Given the potentially critical role of predators in shaping prey community 

structure and ecosystem function, I sought to quantify how predation intensity in 

naturally assembled communities influences change in prey composition across latitude 

and to identify underlying characteristics of predator assemblages responsible for driving 

overall consumer effects.  Using a standardized experiment across 47-degrees of latitude, 

I hypothesized that predation intensity would be both stronger in the tropics and 

influenced by specific characteristics of the predator community, which can vary spatially 

and across stages of prey community assembly. Specifically, I expected to observe 

greater impacts on prey where predator diversity was high and for this diversity effect to 

be consistent across spatial and temporal scales.  

2.3 Methods 

2.3.1 Study Sites and Organisms 

Sessile marine invertebrates that commonly colonize hard substrate, and their 

associated natural predators, serve as an excellent model for understanding fundamental 

ecological processes that determine the structure and persistence of natural communities 

(e.g. trophic interactions). Sessile invertebrates are particularly tractable for manipulative 

studies because they rapidly colonize experimental substrate and form diverse, 

multiphyletic communities that include organisms with a wide range of life history traits 
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(e.g. barnacles, bivalves, polychaetes, and tunicates). For the latitudinal component of my 

study, I focused on four distinct regions across the continuous coastline of the Pacific 

coast of North and Central America: Ketchikan, Alaska (55°N, 131°W); San Francisco 

Bay, California (37°N, 122°W); La Paz, Baja California Sur, Mexico (24°N, 110°W); 

Panama Bay, Panama City, Panama (8°N, 79°W) (Freestone et al. 2021). Experiments 

were deployed on floating pontoons (i.e. marina docks) at three sites within the four 

regions, for a total of twelve sites spanning 47-degrees of latitude. Sites, which were all 

recreational marinas, were chosen to constrain abiotic conditions across the gradient (e.g. 

high salinity, low wave action) and to capture random spatial variability in biological 

processes within each region. To capture temporal variability in consumer-prey 

interactions, experiments were implemented at two stages of prey community assembly.  

Experiments focusing on early assembly prey communities were conducted after 3 

months and late assembly experiments were conducted after 12 months, representing 

different times of the year in each region.  After Experiments were deployed in Alaska in 

June 2015, Panama in December 2015, California in May 2016, and Mexico in June 

2017, to coincide with periods of high recruitment and productivity in all regions 

(Freestone et al. 2021). 

2.3.2 Latitudinal Exposure Experiment 

I used short-term, three-day predator exposure experiments to assess predation 

impact and intensity on mature prey communities across latitude. Settlement panels 

(14x14cm, PVC), representing uniform model habitat, were deployed at each site for 

either three or twelve months of in situ prey recruitment and community development. 20 

panels were abraded on one side to facilitate invertebrate recruitment and caged using 
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plastic aquaculture fencing material (6.35 x 6.35 mm mesh size), which has proven to be 

an effective means to exclude macropredators (Freestone et al 2021, Torchin et al 2021).  

Caging panels allowed all prey communities to develop under low predation and 

provided an opportunity for direct, paired measurements of predation impact and 

intensity upon exposure to ambient predation. Each caged panel was mounted to a brick 

(for weight) and suspended face down in the water column at 1-meter depth using nylon 

rope attached to a floating dock, providing 10 replicate panels for each time point per site 

(N=210).  Hanging the panels at a fixed depth from floating docks allowed for vertical 

movement with tides, controlling for the depth at which predator interactions occur. 

Additionally, hanging the panels limited the influence of bottom substrate and restricted 

access for benthic predators, allowing us to focus on fish as a primary predator guild. 

Cages were maintained every two weeks over the course of the experiment, to reduce 

exterior biofouling and inspect for any structural issues with the caging material. The 

experiment was replicated in all regions at both time points, except for in Mexico at 

twelve months of development. One site in Panama (NI), experienced significant loss of 

panels due to strong currents over the first 3 months of the experiment, so a full set of 

experimental units was deployed again in April 2016 to be used for 12-month sampling.  

After 3 and 12 months of in situ recruitment and community assembly, ten 

colonised panels per site were retrieved, sampled, and then redeployed for the predator 

exposure experiment.  Upon initial retrieval (i.e., before predator exposure), each panel 

community was examined live under a stereomicroscope with a 50 point grid (7 x 7, plus 

one random point) non-destructively overlaid to quantify percent coverage of each 

morphospecies to the lowest possible taxonomic level, often species.  Panels were then 
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redeployed in their initial locations at 1-meter depth, with five randomly assigned panel 

communities per site exposed to ambient predation (cages removed; N=60), and the 

remaining five panels re-caged as controls (N=60). To obtain measurements of predator 

impact on prey composition, prey communities were photographed each day.  After the 

three-day exposure period all exposed and control panels were retrieved and assessed for 

final percent cover of species, again in a non-destructive manner, for use in latitudinal 

comparisons of predator impact on prey composition.   

To observe predator-prey interactions in situ and quantify predation intensity from 

my paired experiments measuring predator impact, I used high-definition GoPro HERO4 

cameras to film diurnal predation on each of the exposed communities. Upon 

redeployment, exposed panels were mounted to small racks that held the cameras a fixed 

distance (0.4m) from the panel, with the panel oriented vertically in the water column to 

maximize ambient light. Exposed panels with cameras and control panels in cages were 

deployed simultaneously on the first morning of exposure once sufficient ambient light 

enabled filming.  Filming continued for approximately 2-3 hours and was repeated each 

morning of the three-day experiment. To characterize predator activity and diversity, I 

viewed the first four hours of continuous video footage for each exposed prey 

community, generally two hours from the first and second days of exposure, rendering a 

total of 60 hours of observation for each region per assembly period.  Predator identity 

(i.e. species) and total strikes per predator taxa were recorded for all interactions 

observed on each prey community.   
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2.3.3 Consumer Effects on Tropical Prey Communities 

To identify features of the predator community that underly strong consumer 

effects, which I observed only in tropical communities (Panama), I focused on Panama 

for detailed analysis of predation intensity and impact.  Several community metrics were 

calculated for predator communities observed in Panama, using data from the four hours 

of video observation for each exposed panel: predator richness, taxonomic diversity 

(Shannon-Wiener, H'), functional diversity (using phylogenetic species variability as a 

proxy; Helmus et al. 2007), and vector coordinates obtained from non-metric 

multidimensional scaling analysis of predator composition (NMDS1, NMDS2). I chose to 

include vector coordinates from NMDS ordination to account for differences in species 

composition of interacting predators at the panel scale that are not captured by taxonomic 

diversity measures. Input matrices for predator taxonomic diversity, functional diversity, 

and species composition used total strikes as a measure of abundance for each observed 

taxa per panel.  Therefore, metrics represent patterns of predator activity rather than 

abundance per se.  All community metrics were computed in the R Environment for 

Statistical Computing (R Core Team, 2019). Taxonomic diversity and NMDS were 

computed using the package ‘vegan’ (Oksanen et al. 2019). Phylogenetic species 

variability (PSV), which incorporates phylogenetic relatedness, but is not dependent on 

total richness (Helmus et al. 2007, Helmus and Ives 2012) was calculated using the 

package ‘picante’ (Kembel et al. 2010) with a phylogenetic tree built using TimeTree 

(Kumar et al. 2017).  

Given that predator community data were collected using video footage over the 

first two days of the exposure period, prey percent cover was recorded from still images 
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at the end of the second day of exposure to allow for a more relevant comparison between 

predation intensity and change in prey composition over this timescale. Percent cover 

was estimated from images by overlaying a digital grid of 50 points (7 x 7, plus one 

random point) on each panel photograph using the image-processing program, ImageJ 

1.8.0 (Abràmoff et al. 2004). To control for uncertainty associated with species-level 

identification from photos, morpho-functional group was used as the lowest taxonomic 

unit in this assessment.  I then quantified the change in prey composition that occurred 

over exposure as the percent cover losses between the initial and day-two compositional 

assessments, for use in paired analyses with predator activity. 

2.3.4 Data Analysis 

To test for predation impacts on prey communities across latitude, at both early 

and late stages of community assembly, I used multivariate mixed models with species 

abundance data from control and exposed prey communities, before and after exposure. I 

constructed a Bray–Curtis dissimilarity matrix of untransformed percent cover data from 

the final day-three compositional assessment for each region and prey assembly time (3 

or 12 months). Using a PERMANOVA routine (Anderson 2001) with a priori planned 

contrasts of post-exposure communities vs all controls and pre-exposure communities, I 

then tested how much variation in these matrices of prey composition was attributable to 

predation during the in situ exposure period. To compare model effect sizes across the 

latitudinal gradient and stages of prey assembly, analyses were conducted separately for 

each region and assembly period. Models were constructed with fixed factors of 

treatment and time (pre/post), the focal contrast, random factors of site and panel nested 

within site, and their interactions. Panel was included as a random factor to account for 
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the non-independence of percent cover estimates recorded from the same panel at pre- 

and post-exposure. Models were computed from 9999 permutations, and Monte Carlo 

tests were used to calculate p-values (Primer v7.0.13, Quest Research Limited, Auckland, 

New Zealand). Further, I explored key attributes of observed predator communities 

across latitude and prey assembly time: richness, diversity, and total predation rates. 

Richness of observed predators and the diversity of strikes (H', calculated using strikes 

per predator taxa) were calculated at local (panel community), site, and regional scales 

and total predation rate were assessed at regional scales for each assembly period 

To assess key community characteristics that underly predation impact and 

intensity in tropical Panama, I used both prey composition and predator strike data from 

in situ videos to examine the effects of (1) predator diversity, (2) predator composition, 

and (3) the influence of key predator taxa on change in prey composition associated with 

exposure to predation. Three sets of multivariate generalized linear models (MGLM) with 

negative binomial error distributions (log link) were fit to the matrix of prey 

compositional change (i.e., losses between initial and day-two assessments). Each set of 

models, constructed to test different attributes of the predator community, contained two 

predictor variables, tested independently and in combination. Models that focused on 

predator diversity used taxonomic (H') and functional (PSV) diversity metrics and 

predator composition models used vector coordinates (MDS1, MDS2) as predictor 

variables. Models testing the influence of key predator taxa used strike rates of the top 

two predator taxa as the predictors: i.e., White-spotted puffer (Arothron hispidus) and 

Pacific sergeant major (Abudefduf troschelii) for 3-month experiments and Finescale 

triggerfish (Balistes polylepis) and White-spotted puffer (Arothron hispidus) for 12-
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month experiments. A resampling framework (n = 1000) was used to account for non-

independence of prey functional groups sampled from the same experimental panel and 

used in the response matrix and of sites sampled from the same region.  Models were 

computed using the manyglm function in the R package ‘mvabund’ (Wang et al. 2012, 

2020), which fits separate univariate generalized linear models to the abundances of each 

morpho-functional group in the response matrix, then derives a multivariate test statistic 

(Wald value) to test for differences across groups. To aid interpretation, a model selection 

procedure was employed, first using AICc to identify the most parsimonious model from 

of each set (i.e. diversity, community, and key taxa) where AICc was the lowest among 

the group of nested models and lower than the intercept-only model (∆AICc > 2), then 

retaining models with statistically significant predictor variables (p < 0.05). 

To explore spatial and temporal patterns in tropical predator communities I tested 

how much variation in predator composition was attributable to prey assembly time (3- or 

12-months) using PERMANOVA in the same manner as for prey communities. I 

calculated Bray–Curtis dissimilarity matrices for predator communities using strike rates 

per predator species as the abundance measure. Models had a fixed factor of time, a 

random factor of site, and their interaction. 

 

2.4 Results 

2.4.1 Latitudinal Exposure Experiment 

After the three-day exposure period, I observed strong impacts of predators on 

prey composition only at low latitudes, and this effect varied over time with a two-fold 

stronger impact on 3-month tropical prey communities compared to 12-month 
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communities (effect size of treatment contrast [defined as square root of coefficient of 

variation]: 3mo = 23.51, 12mo = 11.02)(Fig. 2.1).  

 

Figure 2.1 Effect of predator exposure on prey community composition across latitude.  

Effect sizes (y-axis values) reported as the estimates of components of variation (square 

root) from treatment contrasts in PERMANOVA models for each region and prey 

development time (3 or 12-month). 
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Figure 2.2 (a) non-metric multidimensional scaling (nMDS) plot for prey communities at 

two stages of community development in Panama.  Symbols indicate treatment 

combination, colored by site.  Each point is a prey community on a panel, and closer 

relative proximity among points indicates greater compositional similarity. Strong 

separation of post-exposure communities (circles) from controls and pre-exposure 

communities indicates difference in composition attributed to predation over exposure 

experiment. (b-e) panel photos for three month (b,c) and twelve month (d,e) prey 

communities pre- and post- exposure to ambient predation, respectively.  
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In Panama, prey communities that were exposed to predation demonstrated shifts 

in composition at 3 months (Fig. 2.2a; exposure contrast: Pseudo-F1/2 = 3.88, p = 0.049) 

and, to a lesser extent, at 12 months (Fig. 2.2a; exposure contrast: Pseudo-F1/2 = 2.32 , p 

= 0.0905) of community development, with considerable reductions in cover of several 

prey taxa over the exposure period (Fig. 2.2b). Weak effects of predator exposure on prey 

composition were also detected in Mexico 3-month communities (Fig. 2.5; exposure 

contrast: Pseudo-F1/2 = 2.87, p = 0.0698), but the effect was more than three times 

stronger in Panama for the same assembly period (effect size of treatment contrast: 

Panama= 23.51, Mexico= 7.64). I observed random variability in prey composition 

among sites in all regions (p<0.05), but effects of predator exposure in Panama exceeded 

this random variability. No observable effects of predators on prey composition were 

detected for exposed prey communities at higher latitudes (contrasts: p > 0.10).  

Observed predation, which was consistently more intense in the tropics, was by 

predator communities composed entirely of teleost fish. Species richness and diversity of 

interacting predators were consistently higher in Panama, from local to regional scales, 

compared to other regions (Fig. 2.3a). The total number of fish strikes observed in 

Panama was over twice that of Mexico and orders of magnitude higher than California or 

Alaska (Fig. 2.3b; Table 2.2). Predator diversity and total strikes rates were consistently 

low in both 3- and 12-month communities at high latitudes, while in Panama, the total 

number of strikes on 12-month communities was higher compared to 3-month 

communities (Fig. 2.3b, Fig. 2.4a). Despite higher predation rates observed in later 

assembly (12-month) prey communities in Panama, interacting predators observed in 3-

month communities harbored over 50% greater diversity and had a stronger effect on 
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prey composition (Fig. 2.3b, Fig. 2.4 a,b; 3-month H' = 1.3, 12-month H' = 0.85). Across 

all regions and time points, 22 species of fish were observed to strike prey communities, 

with three species in Alaska, one in California, three in Mexico, and 13 in Panama. All 

species observed in Mexico and Panama were classified as reef-associated fish, with the 

three species in Mexico representing a subset of species observed in Panama. Of the 13 

species in Panama, 11 were observed at 3 months and nine at 12 months, with four 

species and two species unique to each time period, respectively (Table 2.2).  
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Figure 2.3 Predator diversity and intensity of interactions observed from exposure 

experiments were consistently higher in tropical Panama communities. (a) Predator 

richness across scale (b) Total predator strikes by region and prey assembly time. Mean 

richness values (+/- SE) are shown for local (panel) and site scales, total richness is 

shown for regional scales.  Shannon diversity index values (H') are shown above bars in 

(b). Data for three month predator communities reproduced from Freestone et al. 2021. 
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Figure 2.4 Predator diversity and impact on prey composition was stronger in tropical 

Panama communities at early prey assembly stages (3 month) despite greater intensity 

(i.e. total strikes) in late assembly (12 month) communities.  (a) Total predator strikes in 

Panama for each assembly time, colored by predator taxa (Table S1). Data for three 

month predator community in (a) reproduced from Freestone et al. 2021. (b) Static photo 
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from exposure video showing an assemblage of fish predators interacting with a panel 

colonized by prey at 3 months of development in Panama.  

2.4.2 Consumer Effects on Tropical Prey Communities 

At a local scale, substantial variability in predator diversity was observed across 

sites in Panama for both 3- and 12-month experiments, with up to a ten-fold difference in 

strike rates and a two-fold difference in predator richness among the three sites (Fig 2.3a; 

Table 2.3). Predator composition did not predictably change between 3- and 12-month 

experiments, however a significant shift in composition was observed for two of three 

sites.  Compositional shifts were observed for two sites that were sampled at a different 

time of year between experiments, but not for the site that was sampled at the same time 

of year (Fig. 2.6; site × time: F2,24= 2.74, p= 0.001; pairwise comparisons for each site: 

FM: t= 1.88, p= 0.013, LP: t = 2.03 p= 0.009, NI: p = 0.076).  

Predator community dynamics underlying strong effects of consumers in the 

tropics varied by prey assembly stage.  Consumer effects on early assembly prey 

communities were driven by taxonomic diversity of the predator community (Table 2.1; 

Shannon-diversity Wald value = 6.266, p <0.001), while key predator taxa influenced 

change in prey composition for later stage prey communities (Table 2.1; key taxa [white-

spotted puffer]: Wald value = 4.791, p <0.001). Univariate tests did not uncover 

differential responses for any individual prey morpho-functional group, indicating that 

consumer impacts generally occurred at the community scale and were not limited to 

specific prey.   
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Table 2.1 Model results reveal a temporal signal in predator impacts on prey, with 

taxonomic diversity of predators shaping predation impact on early assembly prey 

communities and the presence of a novel predator driving impact on prey at later 

assembly stage. Results from multivariate generalized linear models. Test statistic and  

p-values given only for models selected based on AICc selection criteria described in 

methods. Best supported models in bold.  

 

 

 

Model Predictor(s) n pars N AICc 
∆ AICc 

(from null) 

Wald 

value 
P 

3-month               

composition MDS1 + MDS2 8 15 795.54 2.98     

composition MDS1 6 15 795.30 2.74     

composition MDS2 6 15 796.57 4.01     

diversity 

Shannon-diversity +  

Functional diversity 8 15 795.31 2.75     

diversity Shannon-diversity 6 15 780.03 -12.53 6.266 <0.001 

diversity Functional diversity 6 15 798.86 6.30     

key taxa 

White-spotted puffer +  

Sergeant major 8 15 777.24 -15.32     

key taxa White-spotted puffer 6 15 800.13 7.57     

key taxa Sergeant major 6 15 772.77 -19.79   

intercept    4 15 792.56 0      

12-month               

composition MDS1 + MDS2 8 15 807.83 5.01     

composition MDS1 6 15 800.87 -1.96     

composition MDS2 6 15 814.59 11.77     

diversity 

Shannon-diversity +  

Functional diversity 8 15 823.36 20.53     

diversity Shannon-diversity 6 15 816.81 13.99     

diversity Functional diversity 6 15 804.43 1.61     

key taxa 

White-spotted puffer + 

Finescale triggerfish 8 15 787.42 -15.41     

key taxa White-spotted puffer 6 15 783.66 -19.16 4.791 <0.001 

key taxa Finescale triggerfish 6 15 808.26 5.43     

intercept   4 15 802.82  0     
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2.5 Discussion 

Evidence from standardized experiments replicated across latitude, spanning from 

the tropics to the subarctic, revealed that communities of predators at low latitudes are 

more diverse than those at higher latitudes and harbor key predator taxa, both of which 

contribute to stronger interaction intensity and impact on tropical prey communities at a 

regional scale. During short term three-day exposure experiments conducted on prey 

communities at both early and late assembly stages, the observed suite of interacting 

predators was consistently more diverse in the tropics than at higher latitudes. Similarly, 

tropical prey communities experienced more intense predation across stages of assembly 

compared to consistently low intensity in high latitude communities. At a regional scale 

in Panama, the most diverse predator communities were observed interacting with early 

assembly prey communities, with consumers also eliciting the strongest impact at a local 

scale. Despite higher intensity, the comparatively lower diversity of interacting predators 

observed for late assembly prey communities in Panama resulted in weaker impacts.  

Observed predator diversity in Mexico was lower than at either assembly stage in 

Panama, resulting in substantially weaker impacts on prey communities. In contrast, few 

predator species were observed at high latitudes and predation had no discernable impact 

on prey communities at either assembly stage. By combining direct observations of 

predators and paired measurements of predation impact on prey in tropical communities, 

I provide evidence for temporal signals in predation strength.  Taxonomic diversity of 

predators significantly shaped predation impact on early assembly prey communities, 

while impacts on later stage communities were driven by the presence of a single, key 

predator species. Taken together, these findings support previous work documenting 
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stronger predation at low latitudes (Freestone et al. 2011, 2020, 2021, Roslin et al. 2017), 

but also demonstrate that despite an overall strong effect of predators at a regional scale, 

predation can be characterized by substantial spatial and temporal variability at a local 

scale, with differential impacts throughout prey assembly and development.  

I observed a strong relationship between predator taxonomic diversity and 

predation impacts across spatial scales in early assembly prey communities at low 

latitudes. Not only were predator communities more diverse at a regional scale in the 

tropics, but higher diversity was also observed at sample (panel) and site levels and 

associated with stronger impacts across all scales. Indeed, consumer diversity can 

strengthen top-down control of prey communities (Loreau M. and Hector. A. 2001), with 

a growing body of literature demonstrating that diversity effects on ecosystem function 

are robust across systems and trophic levels (Bruno and Cardinale 2008, Srivastava et al. 

2009, Duffy et al. 2017). While support for this widespread ecological phenomenon has 

most commonly been drawn from small-scale experiments that directly manipulate 

diversity and richness of focal communities, results reported here represent observations 

from naturally assembled communities across scales. 

Beyond taxonomic diversity, functional differences among predators may 

enhance diversity effects by partitioning prey across a range of functions, creating the 

potential for niche complementarity (sensu Tilman 1999).  Recent empirical studies 

testing the role of consumer richness and diversity in controlled experiments have found 

evidence for both sampling effects and complementarity, with the potential for sampling 

effects to be driven by the presence of a single, functionally distinct, species (e.g. 

Lefcheck and Duffy 2015), however, consumer functional diversity failed to predict 
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change in prey composition in my experiments. The absence of functional influence 

observed here can potentially be explained by relatively low distinctness among predator 

species from the same taxonomic grouping (e.g. puffer/porcupinefish) and a single taxa 

being a stronger interactor than others (e.g. White-spotted puffer). Additionally, recent 

field experiments quantifying fish feeding pressure in hard-substrate communities 

documented a significant interaction between temperature and functional composition of 

consumers, where the relative influence of key consumer feeding guilds varied 

predictably with temperature (Longo et al. 2019). Therefore, I might expect the influence 

of predator function to be more important at larger spatial scales with higher variability in 

environmental conditions compared to the relatively low variability in temperature 

among my sites in the tropics.   

Mechanisms responsible for strong diversity effects can also be context dependent 

and are often not uniform across space and time (Chamberlain et al. 2014). For example, 

predator assemblages characterized by high taxonomic diversity generally do not produce 

a stronger effect on prey density than a monoculture of the most effective species (Griffin 

et al. 2013), suggesting that species rich communities may simply be more likely to 

contain highly effective species (sampling effect; Tilman 1999).  My results show that, at 

later assembly stages, change in prey communities was driven by the presence of a key 

predator taxa, highlighting the potential for strong per capita effects of important 

consumer species.  Notably, the key species observed here, white-spotted puffer 

(Arothron hispidus), was absent from the site with weakest effect from the 3-month 

experiment and present only at the site with strongest effect from 12-month experiments. 

Further, the observed strike rate for this species was higher on early assembly prey 
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communities (3-month) compared to late assembly (12-month), suggesting that consumer 

novelty can compensate for lower intensity. In fact, high intensity of predation does not 

always translate to high removal rates and strong impacts on prey communities.  Biomass 

removal can depend on predator morphology and function, with gape limitations and prey 

selectivity, among others, being important determinants of per capita predator effects. 

Further, intense predation resulting in high biomass removal can influence recovery in 

prey communities, which can also be dependent on the identity and growth form of prey 

consumed and the history of disturbance (Jurgens et al. 2017, Bonfim et al. unpublished 

manuscript). The results reported here suggest that the effects of consumers in mutli-

predator systems can be context dependent and support results from previous studies 

highlighting the importance of diversity for maintaining function in complex ecological 

systems (Griffin et al. 2013, Kissling and Schleuning 2015). 

Behavior can also influence how predators assemble and partition resources in 

diverse communities (Schmitz 2007, Catano et al. 2014).  While triggerfish, Balistes 

polylepis, were the dominant species in terms of total strikes observed from late assembly 

prey communities, their target prey largely consisted of hard-bodied organisms (e.g. 

barnacles, bivalves) which often required multiple strikes to remove, potentially reducing 

per capita removal rates.  Additionally, I observed that the mere presence of triggerfish 

could invoke some degree of interference competition with other predators.  In contrast to 

other predator assemblages observed from exposure videos, triggerfish visits never 

included additional species, and even displayed intraguild interference. Triggerfish are 

known to exhibit particularly territorial and aggressive behavior (Simmons and 
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Szedlmayer 2012), supporting observations from my experiments and potentially limiting 

the opportunity for other predators to access prey.  

Direct observations of predation intensity reported here represent a subset of the 

diurnal exposure period. While I deliberately focused my analysis on the change in prey 

composition that occurred over the period of observation, additional diurnal and 

nocturnal predation beyond what was captured by continuous video footage likely 

contributed to observed impact. Therefore, observed predation intensity, and 

accompanying predator community metrics such as diversity, may actually represent 

conservative estimates.  Nevertheless, clear patterns emerged highlighting that both 

predator diversity and the influence of key predator taxa at a local scale give rise to 

stronger impacts of predation on tropical prey communities at regional scale. Beyond the 

sources of variability studied here, environmental variability can produce seasonal and 

interannual shifts in communities of predators and prey. Specifically, the Pacific coast of 

Panama is characterized by pronounced wet and dry seasons annually, with coastal 

upwelling reducing sea surface temperatures during the dry season. El Niño Southern 

Oscillation (ENSO) phases substantially influence seasonal upwelling throughout the 

eastern tropical Pacific Ocean, with greater temperature anomalies produced under strong 

El Niño/La Niña compared to weak or neutral ENSO.  The timing of my experiments 

coincided with El Niño conditions in 2015-2016, however, seasonal differences were 

confounded with prey assembly stage in all regions, therefore, drawing conclusions about 

the influence of variability in abiotic conditions is beyond the scope of this study. The 

response of fish fauna to environmental perturbations, such as faster currents and lower 

water temperatures associated with upwelling conditions, can vary depending on species-
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specific abiotic tolerance and preference, consequently affecting patterns of consumption 

(Lamb et al. 2020). Moreover, the extent to which upwelling influences aggregate 

measures of consumer pressure in the tropics is not well resolved (Sellers et al. 2020), 

and may even result in a net decrease in consumer effects due to metabolic constraints 

experienced under colder water temperatures (Carr et al. 2018b, Sellers et al. 2021). Still, 

despite high spatiotemporal variability in consumer-prey interactions, higher diversity 

and stronger impacts of predators were observed in tropical Panama communities 

compared to higher latitudes, and these patterns were consistent across spatial scales.   

My field experiments conducted on naturally assembled communities combined 

with direct quantification of predator activity provide novel insights into the complex 

nature of consumer-prey interactions across latitude, with particular focus on the tropical 

communities, which have been identified as important hotspots for predation based on 

theoretical predictions (Mittelbach et al. 2007, Schemske et al. 2009) and prior 

experimental studies (Freestone and Osman 2011, Roslin et al. 2017, Freestone et al. 

2020). Observed predation intensity and impact on prey was consistently stronger in 

diverse tropical communities, a result that was observed from local to regional scales in 

Panama and varied with prey assembly stage.  The role of both standing predator 

diversity and individual species in contributing to strong cumulative impacts of predators 

on prey communities in the tropics, highlighted here, represents a valuable addition to the 

mechanistic understanding of processes that shape patterns of diversity. Future work in 

this direction would benefit from testing the variability in interactions across temporal 

and spatial scales under varying environmental conditions. The importance of 

understanding the underlying dynamics and ecological consequences of these consumer-
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prey interactions is further highlighted in the context of global change and anthropogenic 

threats to marine ecosystems, which contribute to significant distributional shifts and 

declines in predator populations worldwide.  
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2.6 Supporting Information 

 

 

Figure 2.5 Non-metric multidimensional scaling (NMDS) plot for prey communities at 

three months of community development in Mexico (exposure contrast: Pseudo-F1/2 = 

2.87, p = 0.0698).  Symbols indicate treatment combination, colored by site.  Each point 

is a prey community on a panel, and closer relative proximity among points indicates 

greater compositional similarity. Strong separation of post-exposure communities 

(circles) from controls and pre-exposure communities indicates difference in composition 

attributed to predation over exposure experiment.   
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Figure 2.6 Compositional shifts in predator communities were observed at later prey 

assembly stages when sampled at different times of the year (site × time: p= 0.001; FM, 

LP: p < 0.05). Non-metric multidimensional scaling (NMDS) plot for predator 

communities observed from 3-month (circles) and 12-month (crosses) exposure 

experiments in Panama.  Each point is a predator community on a panel, colored by site, 

and closer relative proximity among points indicates greater compositional similarity 

based on strike rates. Two samples with no predators observed (i.e. zero strikes) were 

removed from analysis (FM, 3-month) and one high strike rate outlier (FM, 12-month) 

was removed for purposes of visualization. 
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Table 2.2 Fish predators observed in all regions by time point (prey assembly stage).  

Total strikes represent the number of strikes on invertebrate prey communities observed 

for each species across four hours of in situ video observation.  Robertson and Allen 

(2015) informed fish identifications. Data for 3-month predator communities reproduced 

from Freestone et al. 2021. *species not observed at time point; ** no observations 

available 

 

 

 

  
Species Common name 

Total strikes 

(3mo/12mo) 

Panama Abudefduf troschelii Pacific sergeant major 444 / 16 

 Acanthurus xanthopterus Yellowfin surgeonfish * / 11 

 Aluterus monoceros Unicorn filefish (juvenile) 5 / * 

 Arothron hispidus White-spotted puffer 534 / 194 

 Balistes polylepis Finescale triggerfish * / 1442 

 Canthigaster punctitissima Spotted sharpnose puffer 50 / * 

 Chaetodon humeralis Threebanded butterflyfish 21 / 6 

 Diodon holocanthus Longspined porcupinefish 44 / 7 

 Diodon hystrix Spotfin porcupinefish 11 / * 

 Kyphosus elegans Cortez sea chub 2 / 59 

 Lutjanus guttatus Spotted rose snapper 4 / * 

 Pomacanthus zonipectus Cortez angelfish 51 / 132 

 Stegastes flavilatus Beaubrummel 1 / 2 

Mexico Abudefduf troschelii Pacific sergeant major 439 / ** 

 Balistes polylepis Finescale triggerfish 8 / ** 

 Chaetodon humeralis Threebanded butterflyfish 9 / ** 

California Gasterosteus aculeatus williamsoni Threespined stickle-back 7 / 9 

  UnknownSFM * / 3 

Alaska Embiotoca lateralis Striped surfperch 82 / 15 

 Sebastes "sp.2" (juv) Rockfish 2 / 0 

 Sebastes sp. Rockfish 2 / 1 

 Syngnathus leptorhynchus Bay pipefish 0 / 1 
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Table 2.3 Table of fish predators observed among three sites in tropical Panama by time 

point (prey assembly stage).  Total strikes represent the number of strikes on invertebrate 

prey communities observed for each species across four hours of in situ video 

observation.  Robertson and Allen (2015) informed fish identifications. *species not 

observed at time point for all sites. 

  Total strikes (3mo/12mo) 

Species Common name FM LP NI 

Abudefduf troschelii Sergeant major 5 / 1 11 / 0 428 / 15 

Acanthurus xanthopterus Yellowfin surgeonfish * / 8 - * / 3 

Aluterus monoceros Unicorn filefish (juv) - - 5 / * 

Arothron hispidus White-spotted puffer 233 / 0 - 301 / 194 

Balistes polylepis Finescale triggerfish * / 1328 * / 114 - 

Canthigaster punctitissima Spotted sharpnose pufferfish 2 / * 30 / * 18 / * 

Chaetodon humeralis Threebanded butterflyfish - 21 / 6 - 

Diodon holocanthus Longspined porcupinefish - 21 / 1 22 / 6 

Diodon hystrix Spotfin porcupinefish - - 11 / * 

Kyphosus elegans Cortez sea chub 0 / 59 - 2 / 0 

Lutjanus guttatus Spotted rose snapper - 4 / 0 - 

Pomacanthus zonipectus Cortez angelfish - - 51 / 132 

Stegastes flavilatus Beaubrummel 0 / 2 - 1 / 0 
     

 

 

Site totals: 240 / 1398 87 / 121  839 / 350 
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CHAPTER 3 

BIOGEOGRAPHIC AND SEASONAL DIFFERENCES  

IN CONSUMER PRESSURE UNDERLIE  

STRONG PREDATION IN THE TROPICS 

3.1 Abstract 

Biotic interactions are predicted to be stronger in the tropics compared to higher 

latitudes, contributing to observed patterns of global biodiversity. While increasing 

evidence suggests predation is stronger at lower latitudes, interaction strengths can be quite 

variable, and little is known about the extent and the drivers of variability that shape these 

ecologically important interactions. A variety of factors, including environmental 

variability and anthropogenic influence, can contribute to compositional differences in 

communities of predators or prey and generate increased variability in interaction strength.  

In this chapter, I tested for spatial and seasonal differences in predation across two tropical 

coastlines (Pacific, Atlantic) of the Isthmus of Panama. I predicted that a higher diversity 

of interacting predators, which I expected to observe in coastal areas of the Tropical West 

Atlantic, would contribute to a stronger impact of predation. Using standardized 

experiments focused on communities of sessile marine invertebrate prey and their 

associated predators, I quantified the impact of predation on prey communities and 

measured predation intensity with species-specific consumption rates. I also used fishery-

independent presence/absence and abundance data collected from locations along these 

tropical coastlines by the Reef Environmental Education Foundation (REEF) to test for 

differences in observed fish predator assemblages between coasts.  
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Results from field experiments reported here reveal higher predation rates and 

stronger effects of predators on prey biomass and composition in Pacific communities, 

especially during wet/no upwelling season, with lower overall levels of predation on the 

Atlantic.  Predation was locally variable in both Pacific and Atlantic communities and 

influenced by seasonal upwelling regimes in the Pacific. While the observed suite of 

predators from my experiments in Atlantic communities was not more diverse than in the 

Pacific, stronger predation pressure was related to higher diversity at a local and seasonal 

scale. Further, I found that despite high predator diversity, only a few taxonomic and 

functional groups contribute to strong signals of predation in these tropical hotspots for 

predator-prey interactions.  Data compiled from extensive REEF dive surveys suggest 

higher levels of diversity in Atlantic subtidal communities, but disproportionate 

abundances across specific groups of fish predators between coasts. Taken together, these 

results highlight the importance of diverse predator assemblages and the contribution of 

individual taxa to the structure and maintenance of tropical communities.   
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3.2 Introduction 

Predation has long been considered a major ecological and evolutionary force 

exerting influence on patterns of species diversity, with implications for coexistence 

(Menge and Sutherland 1976b, Holt 1977, Vermeij 1987, Shurin and Allen 2001). From a 

biogeographical perspective, high species diversity in the tropics compared to higher 

latitudes may, at least in part, be maintained by strong biotic interactions, including 

predation (Schemske 2009). Empirical understanding of the drivers of this strong effect, 

however, is limited and many studies have focused on specific focal groups of predators 

(Jeanne 1979, Bertness et al. 1981) and prey (Heck and Wilson 1987, Stachowicz and 

Hay 2000). Recent focus has been placed on documenting global patterns of biotic 

interactions, namely predation, in natural communities across latitude, with empirical 

studies demonstrating stronger predation and disproportionate effects on prey 

communities in tropical compared to temperate regions and higher overall attack rates on 

prey at lower latitudes (Freestone et al. 2021; Freestone et al., 2011; Roslin et al., 2017). 

Predators can limit local prey diversity and increase compositional turnover at small 

spatial scales via consumptive interactions (Freestone and Inouye 2015), while niche 

partitioning and increased specialization can occur across large spatial scales (Mittelbach 

et al. 2007), both of which may contribute to a greater compositional divergence that 

underlies coexistence in diverse tropical communities.  

While the overall effect of predation can be strong in the tropics, interaction 

strengths can also be quite variable, and I know little about the extent and drivers of the 

variability that shape these ecologically important interactions. Variable interaction 

strength in the tropics can affect species coexistence across space and time (Chesson 
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2000b), likely shaping patterns of biodiversity in our most species rich regions on Earth 

(Rosenzweig 1995).  To date, however, experiments conducted in temperate regions are 

overrepresented in the literature and outpace those from the tropics (Clarke et al. 2017), 

leaving the greatest amount of uncertainty in the regions where consumer interactions are 

likely to be the strongest.  Indeed, rates of predation can vary by an order of magnitude 

even within a single region and season in tropical communities (Freestone et al. 2021), 

suggesting that variability across larger spatial and temporal scales could be more 

dramatic.  Further, such variable interaction strength in the tropics may affect my ability 

to detect broadscale patterns, such as latitudinal shifts in interaction strength (Schemske 

et al. 2009), without sufficient sampling effort to capture maximum measures.  

Interactions can be context dependent and influenced by the suite of interacting species 

present or abiotic conditions at the time of measurement (Chamberlain et al. 2014), which 

can in turn influence interpretation. A complex suite of factors likely shapes the extent 

and magnitude of variability in predation strength in the tropics, but biogeographic and 

seasonal drivers likely have particular importance to regional variability (Torchin et al. 

2021).  Few studies, however, have explored these drivers using a multi-scale 

standardized experimental framework.  

One such driver of variability in interaction strength is consumer diversity, which 

can vary across scale, ranging from meters (Repetto et al. in prep) to thousands of 

kilometers (Freestone et al. 2021), and across seasons.  Small-scale experimental 

evidence suggests that a more diverse suite of consumers can elicit stronger top-down 

effects of grazing (Lefcheck and Duffy 2015b) and predation (Griffin et al. 2013) than 

less diverse communities. This diversity effect, however, can be strongly influenced by a 
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single strong interacting species, suggesting that sampling an important consumer species 

from a diverse species pool may underlie increased interaction strength (i.e., sampling 

effect Tilman 1999). Additionally, diverse communities are also more likely to harbor 

predator species with distinct functional relevance, increasing the potential for enhanced 

consumptive effects (Griffin et al. 2013).  Therefore, functional differences among 

species may be more important than taxonomic differences in shaping overall interaction 

strength (Longo et al. 2019), which can vary across broad spatial and temporal scales.  

Beyond differences in predator diversity, seasonal environmental fluctuations can 

also drive interaction variability, even in the relatively stable tropics, with the extent of 

these fluctuations differing among regions.  Although conditions in the tropics tend to 

promote more consistent recruitment and growth year-round compared to the more 

seasonal higher latitudes  (Freestone and Osman 2011), the inter-tropical convergence 

zone (ITCZ) produces pronounced wet and dry seasons annually that shape both 

climactic patterns as well as oceanographic processes. In marine systems, seasonal 

differences can cause changes to coastal upwelling regimes that bring cold, deep water to 

the surface and act as nutrient subsidies to coastal waters (O’Dea et al. 2012), shaping 

many continental margins across the globe. Moreover, location-specific changes in the 

frequency, intensity and duration of upwelling events can influence ecological processes 

in marine systems. Tropical upwelling has been linked to decreased metabolic rates of 

consumers and altered predator-prey interactions that result in dampening of top-down 

control and decoupling of species interactions (Witman et al. 2010, 2017, Vinueza et al. 

2014, Bruno et al. 2015, Carr et al. 2018a). The scope of empirical experiments and the 

diversity of the communities studied (often with few focal species), however, have been 
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limited, and questions regarding the influence of large scale climatic cycles and 

associated upwelling on the long-term stability of tropical marine communities remain 

(Sellers et al. 2020, 2021).  

To explore spatial and temporal drivers of variability in predation strength in the 

tropics, I used standardized quantitative experiments replicated through time in naturally 

assembled sessile marine invertebrate communities along the Pacific and Atlantic coasts 

of Panama. The Isthmus of Panama is uniquely situated at the crossroads of two tropical 

ocean basins with varying degrees of seasonal upwelling and regional species pools of 

both predators and prey, making it ideal for studying predation variability in the tropics.  

Using two experimental approaches combined with publicly available data on predator 

diversity, I tested the hypothesis that predation strength will be greater where regional 

diversity of predators is higher (i.e., Atlantic basin; Floeter et al., 2008), and seasonally 

variable between tropical coasts due to differing regimes of coastal upwelling (i.e., more 

pronounced in the Pacific basin; O’Dea et al., 2012). I define predation strength by 

quantifying both predation intensity (i.e., consumption rates) and impacts on prey 

community structure and composition, thereby including several critical components of 

the predator-prey interaction (Freestone et al. 2021). I therefore integrate multiple 

experimental and observational approaches to examine the variability in and drivers of 

predation, providing a novel perspective on the processes that shape this key interaction 

in the tropics.    

 

 

3.3 Methods 
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3.3.1 Study System 

Sessile marine invertebrates that colonize hard substrates are taxonomically and 

functionally diverse, widespread in coastal habitats across the globe, and readily preyed 

upon (Freestone et al. 2011, Hiebert et al. 2019), making them ideal for examining 

species interactions. These organisms are particularly tractable for manipulative studies 

because they rapidly colonize experimental substrate and form diverse, multiphyletic 

communities that include organisms with a wide range of life history traits (e.g. ascidians, 

barnacles, bryozoans, tube-dwelling polychaetes). To quantify trophic interactions and 

capture predation effects on these prey communities, I focused on invertivorous reef fish 

as predators in this system. Tropical reef fish communities harbor an exceptional 

diversity of form and function, with many common species being widely distributed, 

conspicuous, and easily identified. Communities of sessile invertebrates and reef fish can 

be found interacting on hard substrates across the globe, making them an ideal model to 

test how species interaction vary across broad spatial and temporal scales.  

The geographic location and evolutionary history of the Isthmus of Panama offers 

a unique opportunity to explicitly test factors that influence temporal and spatial 

variability of predator effects in tropical marine communities. The Pacific coast of 

Panama undergoes strong seasonal changes in abiotic conditions due to seasonal 

upwelling during the dry season that may impact subtidal fauna in coastal communities. 

At the regional scale, upwelling driven by El Niño Southern Oscillation (ENSO) 

increases primary production that fuel marine food webs. While El Nino events represent 

a relatively low-frequency stressor at the regional scale in the tropical eastern Pacific, the 

magnitude of such events can be very large, with temperature anomalies often spanning 
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months to years.  In contrast, the Atlantic coast of Panama is situated in the 

comparatively shallow Caribbean Basin, which experiences relatively stable oceanic 

conditions year-round, with the exception of short-term pulsed disturbances (e.g. 

hurricanes). Further, these two coastal regions represent distinct tropical ocean basins that 

are considered sister biogeographic regions, with a shared evolutionary history 

characterized by strong taxonomic similarities and a common faunal heritage prior to the 

rise of the Central American isthmus 3 million years ago (Floeter et al. 2008, Leigh et al. 

2014, Robertson and Cramer 2014, O’Dea et al. 2016).  While the Caribbean basin of the 

tropical west Atlantic Ocean has been documented to harbor a greater richness of marine 

species compared to the tropical eastern Pacific over recent and evolutionary time 

(Miloslavich et al. 2011, Bowen et al. 2013, Torchin et al. 2021), a long history of human 

impact and degradation has been linked to regional declines in a number of predatory reef 

fish (Paddack et al. 2009, Stallings 2009) and shallow water corals which provide vital 

structural habitat for a diversity of fauna (Gardner et al. 2003, Alvarez-Filip et al. 2009). I 

thus used manipulative experiments paired with direct observations on communities of 

reef fish and their invertebrate prey along the tropical Atlantic and Pacific coasts of 

Panama (Fig. 3.1) to quantify the impact and intensity of predation under varying 

spatiotemporal conditions.  
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Figure 3.1 Map of study locations for exclusion (circles) and exposure (triangles) 

experiments on Atlantic and Pacific coasts of Panama. 

 

3.3.2 Predator Exclusion Experiments 

To test and compare impacts of predation on community assembly between 

oceans and across seasons, I used 14x14 cm PVC panels that served as substrate for 

colonization of sessile invertebrates (Ruiz & Hewitt, 2002; Chang, Brown, Crooks, & 

Ruiz, 2018) and constructed a cage around a subset of panels using heavy-gauge 

polyethylene cage netting (mesh size = 7mm) to restrict access of macropredators such as 

fishes. Three predation treatments were used: (1) predator exclusion (caged), (2) control 

(no cage), and (3) cage control (partial cage).  Partial cages were constructed with the 
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same caging material but had only four sides to control for shading and alteration of flow 

dynamics due to the caging material.  These standardized sampling units allowed us to 

control for substrate type, community age, depth, and orientation in my analysis. Panels 

were sanded on one side to create a rough surface (target surface for recruitment), 

attached to a brick for weight, and hung in a horizontal position with the sampling  

surface facing the benthos.  Ten replicates of each of the three predation treatments were 

suspended 1m below the water surface at mean low water from surface structures of 

docks, ports, and marinas in a stratified, random design at each of three sites on each 

coast (Atlantic, Pacific) during both tropical wet (no-upwelling; August-November 2012) 

and dry (upwelling; December-March 2014) seasons.  Temperature data loggers (Onset 

HOBO pendants) were deployed at each site to record hourly water temperatures at 1-m 

depth for the duration of the experiment. Cages were maintained every two weeks over 

the course of the experiment, to reduce exterior biofouling and inspect for any structural 

issues with the caging material.  

After three months of in situ assembly and development, I retrieved the 

experimental invertebrate communities for live analysis and sampling.  I first 

photographed the community and estimated invertebrate biomass by recording the wet 

weight of each community, including the standardized panel, upon retrieval (see Torchin 

et al., 2021).  I then identified species and measured species composition of sessile 

invertebrates for five communities (i.e., panels) per site. Specifically, I examined each 

community live under a dissecting microscope, noting each morphologically distinct 

sessile invertebrate and estimated percent cover of each taxa using an overlay grid of 50-

points uniformly distributed across the surface of the panel. Sessile invertebrates were 
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identified to the lowest possible taxonomic group (species whenever possible), based on 

commonly used external diagnostic characteristics. Environmental conditions 

(temperature, salinity, dissolved oxygen, water clarity) were measured at each site every 

two weeks during cage maintenance and at the beginning and end of each 3-month 

period, and temperature data loggers (onset HOBO Pendant Temp-Light, Onset 

Computer Corporation) were deployed at each site for the duration of the experiment. 

To test for spatial and seasonal impacts of predation during community 

development, I quantified variation in three attributes of prey communities: biomass, 

taxonomic diversity, and composition.  Biomass and taxonomic diversity (Shannon-

Wiener index, H’) were modeled using an ordinary least squares (OLS) linear mixed 

model. Biomass was natural logarithm (LN) transformed to meet model assumptions.  

Models included fixed factors of region, treatment, and their interaction.  Random factors 

were site and the interaction between site and treatment, each nested within region.  For 

each model, planned contrasts were used to compare differences between the response 

variable under ambient predation (no cage and partial cage) versus low predation 

(predator exclusion cage) for each region. All linear models were performed in the R 

statistical computing environment v3.6.2 (R Core Team, 2019) using the lme4 package 

v1.1-21 (Bates et al. 2015), MuMIn package v1.43.17 (Bartoń 2020), and emmeans 

package v1.5.4 (Lenth 2021).  

To test for predation impacts on prey community composition, I analyzed 

abundance data using multivariate mixed models (PERMANOVA, Anderson, 2001) on 

Bray Curtis similarity measures.  Given the number of species unique to each coast, 

analyses were conducted separately.  Models included fixed factors of season and 
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treatment with the focal contrast (caged vs. controls), a random factor of site, and their 

interactions.  Models were computed from 9999 permutations, and Monte Carlo tests 

were used to calculate p-values.  Model effect sizes were compared by examining the 

(square root) estimates of components of variation. 

3.3.3 Predator Exposure Experiments 

I used short-term, two-day predator exposure experiments on mature prey to 

assess predation impact and intensity between coasts and seasons to complement 

measurements of predation impact on community assembly that were assessed in the 

predator exclusion experiments. I used the same field approach described above except 

that ten caged settlement panels (mesh size = 6.35mm) were deployed at each of four 

sites along each coast during wet (no-upwelling; September-December 2018) and dry 

seasons (upwelling; December 2018-March 2019). In these experiments, all prey 

communities developed under reduced predation and were inspected before being 

redeployed for direct, paired measurements of predation impact and intensity in naturally 

assembled communities. This design allows for a focused measure of short-term predator 

effects because all prey communities develop in the absence of predators and paired data 

are collected from mature prey communities before and after exposure to ambient 

predation.   Similar exposure experiments on the Atlantic (Freestone et al. 2011) and 

Pacific (Freestone et al. 2021) coasts of Panama resulted in significant reductions in 

overall abundance and biomass demonstrating high predator activity even over short time 

scales. Water temperatures were recorded hourly at each site in the same manner as the 

exclusion experiments. 
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After three months, 10 panels per site were temporarily retrieved, photographed, 

and weighed to estimate biomass before being redeployed with cameras to capture 

predator activity in situ.  A live, non-destructive assessment of each panel was performed 

in the field to identify all morphospecies to the lowest possible taxonomic level.  Panels 

were then redeployed in their initial locations at 1m depth, with five randomly assigned 

panel communities per site exposed to ambient predation and the remaining five panels 

re-caged as controls. To directly observe predator-prey interactions in situ and assess 

predation intensity, I used high-definition GoPro HERO4 cameras to film diurnal 

predation on each of the exposed communities (5 panels/site, N=40 per season). The 

exposed panels were mounted to small racks that held the cameras a fixed distance 

(0.4m) from the panel, with the panel oriented vertically in the water column to maximize 

ambient light. Experiments and cameras were deployed simultaneously on the first 

morning of exposure, and a consistent filming period (7am-12pm) was maintained 

throughout the experiment.  Filming continued for approximately 2+ hours and was 

repeated each subsequent morning of the two-day experiment. After the two-day 

exposure period, all exposed and control panels were retrieved, photographed live, and 

weighed to estimate biomass.  Another live assessment of each panel was performed in 

the field to identify all morphospecies present after exposure. Photographs were used to 

estimate percent coverage of each morphospecies to the lowest possible taxonomic level, 

using the species lists collected in the field as a reference.  A digital grid (7 x 7, plus one 

random point) consisting of uniform intersections was overlaid on each panel photograph 

using the image-processing program, ImageJ 1.8.0 (Abràmoff et al., 2004). All 
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photographs were cropped so that all images were of equal dimensions and resolution 

prior to grid overlay.  

To test for the magnitude of impact of predators, I compared differences in prey 

community biomass after short-term exposure to predation to initial biomass of exposed 

and control (re-caged) communities. Biomass data (LN transformed) was analyzed with 

an OLS model with fixed effects of region, exposure treatment (exposed or control), 

sampling interval (before or after redeployment), and all interactions.  Random effects 

nested in region were site and the interactions between site and exposure treatment, 

sampling interval, and panel.  Planned contrasts were used to test for differences in 

biomass of controls and exposed panels before and after redeployment for each coast and 

season combination.  

To test for predation impacts on prey community composition over the short-term 

exposure period, I analyzed prey abundance data using multivariate mixed models.  I 

constructed a Bray–Curtis dissimilarity matrix of untransformed percent cover data for 

each coast and season and used a priori planned contrasts comparing exposed and control 

communities before and after the exposure period to test how much variation in these 

matrices of prey composition was attributable to predation. Models were constructed for 

each coast and season with fixed factors of treatment and sampling interval (pre/post), the 

focal contrast, random factors of site and panel nested within site, and their interactions. 

Panel was included as a random factor to account for the non-independence of percent 

cover estimates recorded from the same panel at pre- and post-exposure. Models were 

computed from 9999 permutations, and Monte Carlo tests were used to calculate p-values 

(Primer v7.0.13, Quest Research Limited, Auckland, New Zealand). Model effect sizes 
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were compared by examining the (square root) estimates of components of variation 

(Anderson et al. 2008). 

 As a sample of predator activity from the exposure experiments, I processed the 

first three hours of continuous video footage for each prey community, for a total of 60 

hours of observation for each coast and season, and 240 hours across the experiment. 

Total strikes per predator taxa and, when possible, targeted prey taxa were recorded for 

each panel.  For each exposed panel, predator taxonomic diversity (Shannon-Wiener, H’) 

and functional diversity (using phylogenetic species variability as a proxy) were 

calculated using data from the three hours of video observation in the R Environment for 

Statistical Computing (R Core Team, 2019). Taxonomic diversity was computed using 

the R package ‘vegan’ (Oksanen et al. 2019). Phylogenetic species variability (PSV), 

which incorporates phylogenetic relatedness, but is not dependent on total richness 

(Helmus et al. 2007, Helmus and Ives 2012) was calculated in the R package ‘picante’ 

(Kembel et al. 2010) with a phylogenetic tree built using TimeTree (Kumar et al. 2017). 

Taxonomic and functional diversity data did not meet normality assumptions, so a 

Kruskal-Wallis test was used to examine coastal and seasonal differences in diversity.  

3.3.4 REEF Dive Surveys 

To test for underlying differences in fish diversity that could contribute to 

variation in predation intensity and impact across the two tropical ocean basins, I used 

fisheries-independent data obtained from the reef environmental education foundation’s 

(REEF’s) volunteer fish survey project (REEF citation). These data were collected by 

volunteers using SCUBA and roving diver techniques. From the REEF database, I 

compiled data collected from Northern Hemisphere survey locations in areas of the 
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tropical western Atlantic (TWA) and tropical eastern Pacific (TEP) along the Central 

American coastline, excluding oceanic islands and limited to geographic areas ranging 

from Colombia to southern Mexico (6º-14.5ºN, 79º-93ºW). These boundaries were 

chosen to correspond with major clusters of sites previously identified for fish species in 

this region (Robertson and Cramer 2009, 2014). I focused my analysis on fish families 

found to be important consumers from the predator exposure experiment, therefore I 

included only teleost species, with the exception of small cryptic reef species (e.g. gobies, 

blennies), large piscivorous mesopredators (e.g. tuna, barracuda), and exclusively 

demersal species (e.g. sole, rockfish).  Sites with less than three surveys available were 

excluded from the analysis, as was one site that was extremely oversampled compared to 

all others, resulting in 97 total sites from the TWA surveyed an average of 12.5 times 

(median = 9) and 63 sites from the TEP surveyed an average of 8.36 times (median = 8). 

Surveys varied in bottom time for each coast (mean bottom time ± SE: 

Atlantic=66.2±23.3, Pacific=51.5±29.3). All available survey data from the REEF 

database as of November 2019 (representing survey dates ranging from July 2000-August 

2019) fitting the above criteria were used to calculate an abundance score for each 

species per survey. The abundance score is an estimate of species abundance that 

accounts for non-sightings and is calculated by multiplying the sighting frequency (%SF) 

and density score (D) recorded for each species per survey. Because qualitative density 

scores were used in dive surveys, abundance score values were weighted (Single=1, 

Few=2, Many=3, and Abundant=4) and are bound between 1-4 (see REEF).  To compare 

differences between coasts in the diversity of reef-associated fish species that act as 

important consumers of invertebrates, abundance scores were compiled into a species by 
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site matrix to calculate Shannon-Wiener diversity index (H’) for all sites per coast. 

Coastal differences in fish diversity were examined using a Kruskal-Wallis test. Species 

accumulation curves were computed using the R package, vegan (Oksanen et al. 2019).  

3.4 Results 

3.4.1 Predator Exclusion Experiments 

Predation generally had a stronger impact on composition and biomass of prey in 

Pacific communities during wet/no upwelling season.  Biomass was higher in the 

predator exclusion (caged) treatment relative to controls (no cage and partial cages), but 

only during the wet season on the Pacific coast (Fig. 3.2a; Coast × Treatment × Season: 

F2/31.0=17.17, p < 0.0001; contrasts: Pacific wet season: t=7.44, p< 0.0001, Pacific dry 

season & Atlantic wet/dry season: p>0.05).  The impact of predators on prey composition 

was also stronger in Pacific communities across both seasons (Fig. 3.3a).  Predator 

exclusion had a strong and consistent effect on community composition in the Pacific 

(Fig. 3.3a; treatment contrast: Pseudo-F1/2=3.1, p=0.031), but not in the Atlantic 

(treatment contrast: p>0.05).  Despite significant effects of caging on prey composition 

across both seasons in Pacific communities, the effect of predators during Pacific wet/no 

upwelling season was nearly 30% stronger than in dry/upwelling season (effect size of 

treatment contrast [defined as square root of coefficient of variation]: wet = 34.47, dry = 

26.94). Random spatial variability contributed to differences in prey community 

composition and treatment effects of predators among sites on both coasts (p<0.05), but 

consistent effects beyond this random variability were found in Pacific communities. I 

did not detect an effect of predator exclusion on prey taxonomic diversity over 

community development during wet or dry seasons for either coast (contrasts: p>0.05). 
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Wet season temperatures remained above 28°C (mean: 29.3±0.5°C) for Pacific sites in 

the Gulf of Panama, but reached a daily minima of 23.6°C (mean: 25.1±0.7°C) in the dry 

season under upwelling conditions (Fig. 3.8). Along the Atlantic coast in the Caribbean 

Basin, daily temperatures never dropped below 26°C for either season (mean wet: 

29.5±0.5°C, mean dry: 28.5±0.3°C). 
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Figure 3.2 Independent lines of evidence from exclusion (a) and exposure (b) 

experiments show significant impacts of predators on prey community biomass in Pacific 

communities during wet/no upwelling seasons but not during dry/upwelling season. No 

significant effects were detected for Atlantic communities. Biomass (LN biomass, g) 

reported as estimated marginal means. Asterisks indicate significant treatment contrasts 

(α=0.05).   
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3.4.2 Predator Exposure Experiments 

I observed strong effects of predators on prey after short-term exposure periods 

only in Pacific communities, providing results that were consistent with the predator 

exclusion experiments.  Prey community biomass was significantly reduced upon 

exposure to predation, but only in Pacific wet season communities (Fig. 3.2b; Coast × 

Exposure Treatment × Season × Sampling Interval: F5/186.4=24.39, p<0.0001).  During the 

wet/non-upwelling season in Pacific communities, I observed a striking reduction in 

biomass of prey communities that were exposed to predation (t=6.29, p<0.0001), while 

no change in biomass was detected with exposure during the Pacific dry/upwelling 

season or either season on the Atlantic (p>0.05). 

The impact of predators on prey composition was nearly four-fold stronger in 

Pacific communities during wet/non-upwelling season than during dry/upwelling season 

or during either period in the Atlantic (Fig. 3.3b).  Short term exposure to predation had a 

strong and consistent effect on prey community composition in the Pacific during 

wet/non-upwelling season (Fig. 3.3b; exposure treatment contrast: Pseudo-F1/2=7.45, p < 

0.001, control contrast: Pseudo-F1/2=2.25, p > 0.05), but not during Pacific dry/upwelling 

season (exposure treatment and control contrasts: p>0.05) or in the Atlantic (exposure 

treatment and control contrasts: p>0.05).  During the exposure experiments, wet season 

temperatures remained above 25°C (mean: 28.9±0.5°C) for Pacific sites in the Gulf of 

Panama but reached a daily minima of 20°C (mean: 23.7±2.2°C) in the dry season under 

upwelling conditions (Fig. 3.8). Along the Atlantic coast, water temperatures remained 

stable across seasons and never fell below 27°C (mean wet: 29.4±0.5°C, mean dry: 

28.9±0.4°C). 



  58 

 

Figure 3.3 Strong impacts of predators on prey composition in Pacific communities. 

Non-metric multidimensional scaling (nMDS) plots for prey communities from (a) 

predator exclusion and (b) predator exposure experiments.  For panel b, only Pacific wet 

season (no upwelling) communities are shown, with treatment contrast colored by site 

and darker shades indicating stronger effect. No significant effects on prey composition 

were detected in dry season (upwelling) or in Atlantic communities. Symbols indicate 

Control, Pre

Control, Post Exposed, Post

Exposed, Pre

Partial Cage
No Cage
Full Cage

Wet season
(no upwelling)

Dry season
(upwelling)

(a)

(b)



  59 

treatments. Each point represents a single prey community, with greater distance between 

points indicating greater dissimilarity. 

Observations from in situ video footage revealed that reef-associated fish were the 

exclusive predators on my invertebrate communities during the diurnal sampling periods.  

The total number of fish strikes observed in Pacific wet season (non-upwelling) 

experiments was four times greater than Atlantic wet season or Pacific dry season and 

over twice that of Atlantic dry season (Fig. 3.4).   

Figure 3.4 Higher predator diversity and total strikes were observed during Pacific wet 

season (no upwelling) compared to dry season, and Pacific communities were 

consistently more diverse than Atlantic communities. 
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Across both coasts and seasons, I observed fifteen fish species striking 

invertebrate communities, with eleven species in Pacific communities (8 wet season, 3 

dry season species) and five species in Atlantic communities (4 wet season, 1 dry season 

species). Only three species in the Pacific, and no species in the Atlantic, were observed 

in both seasons.  One species was shared between coasts (Table S1).  Functional diversity 

of interacting predators at the scale of individual prey communities was higher in Pacific 

wet season compared to dry season (Fig. 3.5b; Kruskal–Wallis test: H = 9.59, p = 0.001), 

while taxonomic diversity showed no difference across seasons (Fig. 3.5a; p > 0.05). 

Taxonomic and functional diversity metrics could not be computed for Atlantic exposure 

experiments because there were no observations of more than one predator species 

interacting with a single panel community, in those cases diversity metrics were scored as 

zeros.  
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Figure 3.5 While no seasonal difference was observed for (a) taxonomic diversity 

(Shannon diversity index, H’), (b) functional diversity (Phylogenetic species variability, 

PSV) of observed fish predators from the Pacific exposure experiments was higher in wet 

season compared to dry season.  Data represent observations from individual prey 

communities (panels) pooled across sites for visual comparison. Data are shown as mean 

values +/- SE. Observations from Atlantic predator communities never included more 

than one species per sample, thus all diversity metrics were zero and there was no 

difference across seasons. *** indicates significant difference, p<0.001. 

 

3.4.3 REEF Dive Surveys 

In total, 115 species from 16 families in the tropical western Atlantic (TWA) and 

89 species from 18 families in the tropical eastern Pacific (TEP) were included in my 

analysis. Regional species richness observed from REEF dive surveys was nearly 30% 

***
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higher among Atlantic sites compared to Pacific sites (ATL: 115, PAC: 89; Fig. 3.9).  

Species diversity of reef fishes was significantly higher in the Atlantic at the scale of 

individual sites (Fig 3.6;  Kruskal–Wallis test: H = 247.69, p < 0.0001) and striking 

differences in abundance of major fish groups were apparent at this scale, with some 

groups functionally missing from each coast (Fig. 3.7, Fig. 3.10).  Asymptotic species 

accumulation curves demonstrated that sampling effort was sufficient to capture the 

regional species pool.   

 

 

Figure 3.6 Coastal differences in species diversity (Shannon diversity index) of fish 

communities from REEF dataset (ATL = tropical western Atlantic, TWA; PAC = tropical 

eastern Pacific, TEP). Each point represents a surveyed site.  Outliers are indicated with 

individual data points. 
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Figure 3.7 Abundances by coast for a subset of fish families from the REEF dataset that 

include consumer species commonly observed from exposure videos.  Species from the 

order perciformes (top) and tetraodontiformes (bottom) are included. Violin plots 

represent distributions of fish abundance scores by coast (Atlantic = light blue, Pacific = 

dark blue). Each point represents a species recorded at a distinct dive site, grouped by 

family. Fish silhouettes were added using the R package fishualize and are not to scale 

(Schiettekatte et al. 2019). 
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3.5 Discussion 

While predation was observed to be strong in marine communities of Panama, as 

is predicted to occur in the tropics (Mittelbach et al. 2007, Schemske et al. 2009), I 

observed striking variability in predation impact and intensity, likely having important 

consequences for food web dynamics and ecosystem function at the regional scale.  The 

impact and intensity of predation was consistently stronger in Pacific compared to 

Atlantic communities, but this effect varied seasonally and was strongest under weak/no 

upwelling conditions. Independent experiments conducted across years and sites for two 

tropical coasts consistently revealed strong, but locally variable, effects that were more 

pronounced during wet/non-upwelling season in the Pacific. Predation reduced biomass 

and impacted prey composition during the wet/non-upwelling season of the Pacific, over 

three months of community assembly in the predator exclusion experiment, as well as 

during the short-term exposure experiment that was deployed in a subsequent year using 

different sites combinations than the exclusion experiment, indicating consistently strong 

predation impacts emerging at substantially different temporal scales and stages of 

community development.  Predation did not reduce prey biomass or shape prey 

composition in Atlantic communities, or in Pacific communities under tropical upwelling 

conditions.  

Direct observations of predators interacting with naturally assembled prey 

communities revealed a more diverse assemblage of fish predators in Pacific 

communities, with more than double the number of species observed and higher 

predation rates, suggesting stronger predation intensity in Pacific communities. While my 

experiments did not reveal a difference in predator diversity at the scale of individual 
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prey communities across seasons in the Pacific, I show that the stronger effect of 

predation during the wet/non-upwelling season was characterized by a higher functional 

diversity of interacting predators.  Overall, I observed more striking impacts of predators 

on prey in Pacific communities, despite independent lines of evidence from the REEF 

surveys that point to higher regional richness and local diversity of consumers and prey 

harbored in Atlantic communities. While observed richness of marine communities in the 

Caribbean Basin has historically been considered higher compared to the tropical eastern 

Pacific (Miloslavich et al. 2011, Bowen et al. 2013), Caribbean fish species have 

experienced region wide declines in recent years, mostly attributed to overfishing and 

habitat loss/degradation (Paddack et al. 2009, Stallings 2009, Cramer 2013, Alvarez-Filip 

et al. 2015). For example, triggerfish (Balistes polylepis) were observed as important 

consumers from my exposure experiments in the Pacific but were completely absent in 

the Atlantic from both my experiments and REEF data (Table 3.1; Fig. 3.7, Fig. 3.10). In 

fact, two congeneric species of triggerfish with tropical Atlantic distributions are listed on 

the IUCN Red List of Threatened Species due to declining populations (Liu et al. 2015a, 

2015b). Both species, the gray triggerfish (Balistes capriscus) and the queen triggerfish 

(Balistes vetula), are threatened by commercial (Scott-Denton et al. 2011) and artisanal 

(Garrison et al. 2004) fisheries and are also susceptible to predation by the invasive 

Lionfish, Pterois volitans, throughout the greater Caribbean (Bejarano et al. 2015). Not 

only are reef fish experiencing declines due to extraction, but the coral habitat on which 

they rely has undergone unprecedented change in recent decades, leading to alternative 

algae-dominated states and associated change or loss of function (Graham et al. 2015).  
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Given increasingly wide support for a positive relationship between biodiversity 

and ecosystem function (Tilman et al. 2014) and the importance of consumer interactions 

to maintaining function (Duffy 2002), species loss can substantially alter ecosystem 

processes, particularly when functional redundancy is limited (Micheli and Halpern 

2005). Fisheries-independent dive survey data from the REEF revealed significantly 

higher taxonomic diversity of fish predators at a local scale in the Atlantic, however some 

groups of consumers were functionally absent from Atlantic surveys despite greater 

sampling effort in that region.  Increased functional diversity of predator guilds can 

enhance ecosystem functioning, suggesting that unique traits may elicit complementary 

functions that can be more important drivers of predator effects on diversity than purely 

taxonomic distinctions (Gamfeldt et al. 2015).   

Exclusion experiments revealed strong and consistent impacts of predation on 

community composition across both the wet/non-upwelling and dry/upwelling season.  

However, my exposure experiments only demonstrated strong impacts on composition 

during wet/non-upwelling season.  Given that the exclusion experiments took place over 

three months of prey community assembly and development, with the potential for 

predators to interact throughout the duration of that time, the timescale under which 

predator effects were observed in short-term exposure experiments may not have been 

sufficient to detect strong predation signals, especially under upwelling conditions.  

Further, differences in oceanographic conditions with experimental timing may explain 

the stronger impacts observed. Exclusion experiments took place at the start of the 2014-

2016 El Niño event, which was characterized by reduced upwelling and warm 

temperature anomalies compared to ENSO neutral phases (NOAA).  Weak equatorial 
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upwelling under El Niño and accompanying warm ocean temperature anomalies can 

potentially lead to stronger consumer pressure than under neutral upwelling conditions 

due to temperature-dependent predation. Indeed, temperature can be an important 

predictor of consumption rates (Reynolds et al. 2018, Longo et al. 2019). In fact, cold 

upwelled waters may weaken top-down control by slowing consumer metabolic rates 

(Bruno et al. 2015, Sellers et al. 2021) with even small changes in water temperature 

reducing consumer activity (Sanford 1999).   

Despite comparatively low research effort and scarcity of data from tropical 

regions, clear and compelling evidence has recently emerged in support of stronger 

predation in tropical communities relative to higher latitudes (Roslin et al. 2017, Longo et 

al. 2019, Freestone et al. 2020). My results demonstrate the importance of considering 

context dependence of these ecologically important species interactions in space and time 

when developing future research. As unprecedented declines in biodiversity, along with 

extreme weather events and temperature anomalies, are predicted to increase under global 

change, documenting these interaction patterns under a variety of different biotic and 

abiotic contexts can help define how they contribute to the maintenance of diverse 

ecological communities.  
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3.6 Supporting Information 

Table 3.1 Table of observed fish predators by coast and season. Values represent the total 

number of strikes on invertebrate prey communities observed for each species across 

three hours of in situ video observation. Robertson and Allen (2015) informed fish 

identifications.  

 Atlantic Pacific 

 Wet Dry Wet Dry 

Abudefduf saxatilis 

 

 

 

1    
Abudefduf troschelii   95  
Aluterus scriptus 371  1  
Arothron hispidus   3 190 

Balistes polylepis   1517  
Canthigaster rostrata 25  0  
Chaetodon humeralis   30 78 

Diodon holocanthus   13 130 

Diodon hystrix   1  
Kyphosus elegans   28  
Lutjanus apodus (juv) 8    
Archosargus rhomboidalis  648   

      

Totals 405 648 1688 398 
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Figure 3.8 Colder daily average temperatures were experienced by Pacific predator and 

prey communities during dry/upwelling season in exposure experiments (2019) than in 

exclusion experiments (2014). Temperature profiles are shown for one site, among site 

variability in temperature was not significant. 
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Figure 3.9 Accumulation curves showing the rarefaction of species richness of fishes for 

(a) Atlantic and (b) Pacific sites from the REEF dataset. Shaded area represents 95% 

confidence interval around the asymptote. 
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Figure 3.10 Abundances by region for a subset of fish families from the REEF dataset.  

Each point represents a species recorded at a distinct dive site, grouped by taxonomic 

family. 
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CHAPTER 4 

NESTEDNESS IN COMPETITIVE INTRANSITIVITY  

CONTRIBUTES TO COEXISTENCE ACROSS LATITUDE  

4.1 Abstract 

Global biodiversity patterns are characterized by increasing species richness from 

the poles to the tropics.  Although the underlying mechanisms of this biogeographic 

pattern have not been fully elucidated, the biotic interactions hypothesis has strong 

evolutionary roots and suggests that biological interactions, such as competition and 

predation, serve to maintain tropical biodiversity. Despite the potentially strong effects of 

competition in shaping natural communities, few empirical data exist to demonstrate 

latitudinal interaction patterns. Intransitive competition, defined as competitive networks 

lacking hierarchy, may be common in nature and enhance coexistence even when species 

compete strongly.  However, the role of intransitivity in structuring communities and the 

relative importance of other factors, such as predation, influencing these competition 

networks remains unclear.  Using standardized settlement panels in nearshore habitats 

across three biogeographic regions spanning 47 degrees of latitude, we quantified 

competitive intransitivity among sessile marine invertebrate communities and tested 

whether predation or random physical disturbance influences intransitivity. 

We found that communities were characterized by largely transitive (i.e. 

hierarchical) networks, driven by hierarchy among dominant subsets of species that mask 

a nested structure of greater intransitivity among subordinate species.  Despite theoretical 

predictions to the contrary, neither predation nor disturbance had discernable effects on 

intransitivity. Results presented here suggest that incomplete dominance within a subset 
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of competing species contributes to strong nestedness that enhances coexistence in 

diverse tropical communities. 

4.2 Introduction 

A primary focus in ecology is to understand the underlying mechanisms that 

influence species co-occurrence, distribution, and overall community structure. The role 

of competition as a mechanism for coexistence in natural communities has driven a rich 

history of ever-evolving ecological theory (Paine 1984, Tilman 2004, Barabás et al. 

2018). Although mechanistic understanding of how communities assemble has expanded 

to incorporate other biotic interactions (e.g., predation, parasitism, and facilitation), as 

well as environmental and demographic processes (Kraft et al. 2015), the role of 

competition in community assembly processes and diversity maintenance across large 

spatial scales remains unclear (Goldberg and Barton 1992). While the competitive 

exclusion principle predicts that intense competition among species necessarily results in 

local extinctions of subordinate species (Hardin 1960), modern theory suggests that 

competitive intensity should lead to consistent species loss only in situations where 

intense competitive hierarchies prevail (Laird and Schamp 2006, Allesina and Levine 

2011). Completely transitive competition (i.e. linear dominance hierarchy), however, 

seems to be rare in nature (Taylor et al. 1990, Soliveres et al. 2015).  Thus, increased 

competitive intensity should not cause consistent loss of inferior competitors, but may 

instead alter interaction networks and shuffle species abundance distributions, leading to 

less predictable impacts on coexistence. 

The context dependency of biotic interactions can lead to increased variation in 

the strength of interactions along a latitudinal gradient, having important consequences 
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for species within a community that compete for shared resources. Further, temporal and 

environmental heterogeneity can increase opportunities for niche differentiation, thereby 

generating different competitive scenarios that can generate even weak intransitivity and 

enhance coexistence (Suding et al. 2004, 2008, Allesina and Levine 2011, Soliveres et al. 

2015).  Early work on the relationship between abiotic and biotic stressors predicted 

consumers to exert their strongest influence on communities in low stress environments 

by reducing competition (Menge and Sutherland 1976a, 1987). While predators often 

reduce the intensity of competition in short-term studies (Gurevitch et al. 2000), theory 

and empirical evidence suggests consumers may have a positive, negative, or no effect on 

coexistence (Chase et al. 2002).  In other words, even under strong predation, consumers 

may act to shuffle species abundance distributions and composition, while having little to 

no effect on prey diversity.  

Predation may play an important role in shaping prey community structure and 

altering competitive regimes, with implications for coexistence (Kneitel and Chase 2004).  

Predators may contribute to the removal of specific prey species (e.g. specialist 

predators), thereby controlling the abundance of competitive dominants (Paine 1969) or 

reducing abundance of rare species (Spiller and Schoener 1998), or they can 

indiscriminately remove biomass in prey communities (e.g. generalist predators) (Holt 

2009).  Given the documented patterns of higher species richness (Hillebrand 2004) and 

greater influence of predation (Freestone et al. 2011, Roslin et al. 2017) at lower 

latitudes, predators might be expected to directly impact competition networks in tropical 

prey communities. Stronger influence of predators in the tropics may therefore contribute 

to higher intransitivity of competition and enhanced coexistence in prey communities.  
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Disturbance can also mediate the impact of competition in communities by 

maintaining local biomass at low levels such that resource supply exceeds demand 

(Taylor et al. 1990), but the impact of disturbance on network architecture is rarely tested 

using experimental approached that span large spatial scales. Compositional changes 

following small-scale disturbance have been well documented in plant communities 

(Huston 1979), with potential mechanisms including reduced competition (Lenssen et al. 

2004, Violle et al. 2010) or changes to the competitive hierarchy (Suding and Goldberg 

2001). The role of physical disturbance in shifting competitive dynamics could be 

influenced by the removal of nearby competitors, or an indirect consequence of the 

removal of particularly influential species or functional traits (Haddad et al. 2008, De 

Bello et al. 2013). Depending upon the processes involved, patches of altered community 

composition within a matrix of more established communities can increase the diversity 

of a system (Petraitis et al. 1989). Little is known, however, about how disturbance can 

alter competition networks in natural communities across large spatial scales. 

Interference competition is characterized by a range of outcomes, from low 

complexity competitive hierarchies with decidedly dominant species to highly complex 

intransitive networks consisting of many equally capable competitors. Intransitive 

competition, defined as competitive networks lacking hierarchy, may be common in 

nature and enhance coexistence even when species compete strongly (Laird and Schamp 

2006).  Recent empirical evidence has demonstrated a positive relationship between 

competitive intransitivity and species richness in natural plant communities (Soliveres et 

al. 2015, Soliveres and Eldridge 2020), supporting mathematical and conceptual models 

of enhanced coexistence via competition when no species is a universally weak 
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competitor (e.g. Gilpin 1975, Petraitis 1979, Wooton 2001, Laird and Schamp 2006).  

Strong nestedness in intransitive networks could lead to the underestimation of the degree 

of intransitivity when considering all the species in the community. This nestedness 

would reflect a high degree of intransitivity among species with similar abundances but a 

low level of intransitivity among all the species together. This suggests greater 

opportunity for intransitivity between ecologically similar species but a strong 

competition hierarchy between species with contrasted dominances in the field (i.e., rare 

vs. dominant species). Previous observational studies in marine intertidal communities 

have suggested a transition from strictly hierarchical interactions to complex networks of 

high intransitivity with decreasing latitude (Barnes 2002), however the scope of this work 

has been limited to single taxonomic groups. Theoretical predictions suggesting that 

intransitivity in competition networks may be a key mechanism for the maintenance of 

diversity were first presented by Gilpin (1975), however empirical research on this 

subject has remained scarce due to practical difficulties of linking a large number of 

pairwise experiments to observed abundances of interacting species (Soliveres and Allan 

2018).  

Historical experimental approaches investigating competitive interactions and 

intransitivity of competition have focused on using observable pairwise species 

interactions from few species to infer the influence of competition on species abundance 

patterns (Petraitis 1979, Buss 1980). Further, due to constraints in collecting whole-

community interaction data, previous studies have focused on pairwise interactions 

across few species, even in species-rich systems. Newly developed models, however, 

have allowed for a ‘reverse-engineering’ approach in which species abundances, rather 
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than arduous pairwise interactions, can be used to infer the competitive dynamics, 

specifically intransitivity, that underlie the observed abundance patterns over time and 

space (Ulrich et al. 2014).  This approach allows for the consideration of naturally 

assembled communities of competing species, therefore providing a better picture of the 

full competitive regime shaping assembly and composition in natural communities.  

Using a large-scale manipulative experiment, I sought to understand how different 

ecological contexts, specifically variable predation and disturbance, shape the structure 

and strength of competitive networks across time and latitude. I tested the following 

hypotheses: (1) predators mediate competition, such that increased intransitivity would be 

observed under strong predation as is expected in tropical communities, (2) the degree of 

intransitivity is positively related to physical disturbance (i.e. gap creation from physical 

disturbance will increase intransitivity), (3) competition networks are nested and 

dominant species drive transitive competition (i.e. strong hierarchical structure) within 

communities, and (4) competitive intransitivity and co-occurrence will differ between 

early and late assembly as competition is generally thought to increase in intensity at later 

stages of community development. The scope of and scale of these experiments, with 

extensive experimental manipulations carried out along a diversity gradient of naturally 

assembled communities ranging from high temperate to tropical latitudes, provides a 

novel test of community attributes that shape the structure of competitive networks and 

promote coexistence. 
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4.3 Methods 

4.3.1 Study System 

Sessile marine invertebrates that typically colonize hard substrate are especially 

suitable for competition studies because space is recognized as a primary limiting 

resource (Dayton 1971, Osman 1977, Sutherland and Karlson 1977) and all settling 

organisms occupy the same trophic level, providing a ‘pure’ competition community of 

interacting species (Pimm and Lawton 1977). These organisms are tractable for 

manipulative experiments because they rapidly colonize experimental substrate and form 

diverse, multiphyletic communities that include organisms with a wide range of life 

history traits (e.g. ascidians, barnacles, bryozoans). The global distribution of these 

communities in nearshore habitats facilitates broad geographic comparisons across 

temporal and spatial scales (Barnes 2002, Freestone and Inouye 2015, Lavender et al. 

2017, Torchin et al. 2021, Tamburini et al. 2021).  

Standardized experiments were conducted across the continuous coastline of the 

Pacific coast of North and Central America: Ketchikan, Alaska (55°N, 131°W); San 

Francisco Bay, California (37°N, 122°W); La Paz, Baja California Sur, Mexico (24°N, 

110°W); Panama Bay, Panama City, Panama (8°N, 79°W)(Freestone et al. 2021). To 

capture the ecological variability inherent to each region, three random sites were 

selected in each region, for a total 12 study sites across the latitudinal gradient. To test 

and compare the structure and strength of competitive networks across latitude, I used 

14x14 cm PVC panels that served as substrate for colonization of sessile invertebrates 

(Ruiz et al. 2009).  Each experimental unit (i.e, panel) was abraded on one side (target 
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surface for recruitment), mounted to a brick (for weight), and suspended face down in the 

water column at 1-meter depth using nylon rope attached to a floating dock.  Sites, which 

were all recreational marinas, were chosen to constrain abiotic conditions across the 

gradient (e.g. high salinity, low wave action) and to capture random spatial variability in 

biological processes within each region. Two experimental durations were employed (3 

months and 12 months) to explore the structure and strength of competitive networks at 

an early and late stage of community assembly.  Experiments were deployed in Alaska in 

June 2015, Panama in December 2015, California in May 2016, and Mexico in June 

2017, to coincide with periods of high recruitment and productivity in all regions (see 

Freestone et al. 2021 for additional details on site selection and methods).   

To test the effect of predators on competition in these communities, I used caging 

(mesh size = 6.35mm) that allowed for recruitment and growth of sessile invertebrates on 

panels, but restricted access of macropredators.  Three predation treatments were used: 

(1) predator exclusion (caged; reduced predation), (2) control (no cage; ambient 

predation), and (3) partial cage control (ambient predation).  Partial cages were 

constructed with caging material on four sides only, with one side open on the horizontal 

plane facing the seafloor, to control for potential physical alterations due to caging 

material while still allowing access of predators.  Cages were maintained every two 

weeks over the course of the experiment, to reduce exterior biofouling and inspect for 

any structural issues with the caging material. In Mexico, caging treatments were only 

carried out for 3 months of assembly due to logistical constraints.  

To test the effect of physical disturbance on competitive networks, I performed 

standardized biomass removals to compare periodically disturbed communities to un-
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manipulated controls, while controlling for disturbance frequency and intensity. Sessile 

invertebrate communities were disturbed by in situ biomass removals performed using a 

putty knife (2.54 cm) to manually scrape settled organisms from the surface of the panel. 

All scrapes were uniformly performed in a linear fashion, with the same panel orientation 

across replicates.  Three disturbance treatments were used: (1) control (no removal), (2) 

low disturbance (18% of surface area coverage removed) and (3) high disturbance (54% 

of surface area coverage removed). Removals were performed on a standardized schedule 

following initial panel deployment and the frequency of disturbance was consistent 

across regions. Five biomass removals were conducted over the course of one year (1, 2, 

6, 10 and 11 months after initial deployment). Therefore, 3-month communities were 

subjected to two biomass removals (1 and 2 months post deployment), and 12-month 

communities underwent all five removals. These biomass removals acted as a physical 

disturbance and opened space (i.e. gap creation) for new colonizers in these communities, 

thereby releasing a primary limiting resource.  

Predation and disturbance treatments were fully crossed, yielding nine 

experimental treatments testing the individual and interactive effects of predation and 

disturbance on competitive networks (N = 1,080 experimental communities from all 

regions). There were no systematic differences in species composition among controls 

(no cage/partial cage) in any region (Freestone et al., 2021), therefore only no cage and 

full cage panels were used to test effects of predation under a balanced statistical design. 

Here, I report results across five replicates of each treatment (caged/open; no/high/low 

disturbance) at three sites within the four regions, for a total of 675 experimental 

communities across twelve sites spanning 47-degrees of latitude. After three and twelve 
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months of in situ recruitment and community assembly, five colonized panels per 

treatment per site were retrieved and photographed.  I measured species composition of 

sessile invertebrates by examining each panel community live under a dissecting 

microscope and estimating percent cover of taxa using an overlay grid of 50-points (7 x 

7, plus one random point) uniformly distributed across the surface of the panel. Sessile 

invertebrates were identified to the lowest possible taxonomic group (species whenever 

possible), based on commonly used external diagnostic characteristics.  

 

4.3.2 Data Analysis  

4.3.2.1 Intransitivity and Importance of Competition 

The degree of competitive intransitivity was calculated for each site and treatment 

combination (n=18/region: 2 predation treatments*3 physical disturbance treatments*3 

sites), with the five replicate communities (i.e., panels) used to describe each network per 

assembly period. Intransitivity values were calculated using the Markov chain approach 

(Ulrich et al. 2014) in the free software Transitivity (Ulrich 2013). This method allows 

for the assessment of (1) the level of intransitivity within a given competition network, 

and (2) the degree to which competition predicts observed species abundances. The 

model is built under the assumption that, at equilibrium, observed species abundances 

should be equal to the dominant eigenvector of a hypothetical species by species 

transition matrix (containing the probability that one species replaces another on a given 

panel). I simulated a total of 100,000 randomly generated patch-transition matrices and 

used the 100 best-fitting matrices (i.e. best correlation between dominant eigenvector and 

observed species abundance) to compute intransitivity metrics for each community. To 
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test independent effects of predation and physical disturbance on intransitivity, models 

were run separately for each site and treatment combination. Input matrices were species 

x communities (i.e., panels) and included only species that were live at the time of 

observation with percent cover greater than 2% (dead species and those occurring on only 

one point per panel were removed since competition coefficients are unreliable for very 

rare species).  

The metric for intransitivity (I) can range between 0 (complete competitive 

hierarchy) and 1 (complete competitive intransitivity) and is based on the number of 

competitive reversals modeled from the community (Laird and Schamp 2006, Ulrich et 

al. 2014).  In addition to the level of intransitivity, this approach computes a measure 

(Match) of how well the simulated Markov chains fit observed abundance. This metric 

can be interpreted to indicate the importance of competition for assembly of the 

experimental community, with values close to 1 implying that competition is strongly 

driving observed composition patterns and departure from 1 suggesting mechanisms 

other than competition (e.g. abiotic conditions) are structuring communities (Soliveres 

and Allan 2018, Soliveres and Eldridge 2020).   

To test for nestedness in competitive networks, I computed intransitivity and 

importance of competition metrics for a) whole communities containing all observed 

species and b) a subset of species from each community, with dominant species removed 

(non-dominant). For the latter community, I defined the dominant species pool as those in 

the upper quartile (75%) by abundance per region.  Quartiles were calculated after 

excluding species occurring on less than five points total per region to remove the 

influence of extremely rare species. 
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To test for independent and interactive effects of latitude, predation, disturbance, 

community type (i.e., nestedness), and assembly time on the structure of competition in 

sessile invertebrate communities, I modeled competitive intransitivity and importance of 

competition using generalized linear mixed models (GLMMs).  Models were constructed 

to explore patterns during early community assembly, using 3-month data only, and to 

compare early and late assembly using both 3- and 12-month data.  Global models for 3-

month communities had fixed factors of region, predation treatment, biomass removal 

treatment, community type (whole community vs. non-dominant component) and two-

way interactions between region and treatment (to test the interactive effects of predation 

and disturbance across latitude) and region and community type (to test for nested 

structure across latitude).  Models comparing 3- and 12-month communities included a 

fixed factor of assembly period and two- and three-way interactions between assembly 

period, region, and community type, in addition to the above factors. Mexico was 

excluded from models using 12-month data to allow for a balanced statistical design. 

A model selection procedure using Akaike information criterion corrected for 

small sample size (AICc) was used to determine which terms from the global model were 

best supported.  The model with the lowest AICc was selected as the final model.  In 

cases where multiple competitive models had similar AICc values, model terms that were 

common amongst the competitive models were retained and tested in the final model.  

Pairwise comparisons of estimated marginal means were computed using a Tukey 

adjustment. When modeling both competitive intransitivity and importance of 

competition, I used a Gaussian error distribution and identity link function. To generate 

the analyses and figures, I used the packages DHARMa (Hartig 2020), emmeans (Lenth 
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2021), glmmTMB (Brooks et al. 2017), MuMIn (Bartoń 2020), and tidyverse (Wickham 

et al. 2019) within the R statistical computing environment (version 3.6.2; R Core Team 

2019). 

4.3.2.2 Co-Occurrence 

To quantify the influence of random, positive, or negative species associations on 

the assembly and coexistence of species in my experimental communities, I performed a 

co-occurrence analysis based on probabilistic models of pairwise species associations 

using presence-absence data at the panel scale across all sites in each region (Veech 

2013, 2014).  This distribution-free approach estimates whether pairwise co-occurrences 

among species are more (i.e. positive association) or less (i.e. negative association) 

frequent than co-occurrences expected by chance, controlling for sample size and species 

rarity (Griffith et al. 2016). Separate models were computed for each region by predation 

treatment (ambient vs. reduced predation) and assembly time (3- or 12-month) across all 

removal treatments (N=45/region/predation treatment/time). Analysis of competitive 

networks did not reveal an effect of disturbance on intransitivity or importance of 

competition, therefore biomass removals within each region and predation treatment were 

pooled for co-occurrence analysis.  Species pairs with an expected co-occurrence < 1 

were removed from the analysis and random associations were defined as those that do 

not deviate from expected co-occurrences by more than 0.1 × the total number of samples 

(default values; Griffith et al. 2016). Co-occurrence values were calculated separately for 

each region, assembly period (3/12 month), caging treatment (no cage/full cage), and 

community subset type (whole, non-dominant, dominant only). 
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4.4 Results 

4.4.1 Intransitivity and Importance of Competition 

Competition in naturally assembled communities across latitude was 

characterized by strong nestedness of intransitivity operating within strict competitive 

hierarchies shaped by dominant species. Over a three-month period of community 

assembly, competitive intransitivity was consistently low (i.e. hierarchical) among 

communities in all regions with dominants included (i.e. “whole” community, p>0.05). 

When the influence of dominant species was removed, higher levels of intransitivity were 

detected, but only in lower latitude communities and with the observed effect over 70% 

stronger in Panama compared to Mexico (GLMM Region x Community type; Wald X2, p 

< 0.001; Panama: t=7.30, p < 0.001, Mexico: t=4.20, p=0.001; Fig. 4.1a). This nestedness 

in competitive intransitivity was not detected in three-month communities at higher 

latitudes (Alaska, California: p > 0.05).   

After three months within each region, the importance of competition was higher 

when dominant species were included, except for in Alaska (GLMM Region x 

Community type: Wald X2, p < 0.001; Panama: t=8.88, p < 0.001, Mexico: t=6.90, p < 

0.001, California: t=4.62, p < 0.001, Alaska: p>0.05; Fig. 4.1b). Match values (emmeans) 

ranged from 0.55 in Mexico to 0.64 in Panama and 0.65 in California, suggesting that 

competition explained a significant amount of variation in community composition 

within these regions. Among communities of non-dominant species, the importance of 

competition was low and consistent across all regions, except for California where 
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competition was more important in this subset of the community compared to lower 

latitudes (Fig. 4.1b).  

 

 

Figure 4.1: Effect of region and community type on a) competitive intransitivity and b) 

importance of competition in early assembly (3-month) communities, reported as 

estimated marginal means (+/- SE) averaged over predation treatments and biomass 

removals. Shared letters indicate no significant difference between groups (α=0.05). 
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Competitive intransitivity levels were consistently low for whole communities 

across community assembly and characterized by strong nestedness. When comparing 

competitive intransitivity in early and late assembly communities, assembly time was not 

a significant predictor of competitive intransitivity (GLMM Duration: Wald X2, p = 

0.087). Consistent with intransitivity patterns at early assembly stages (Fig. 4.1a), no 

difference in competitive structure was observed across regions for whole communities 

(pairwise comparisons: p>0.05), but removing dominant species resulted in higher levels 

of intransitivity in all regions (GLMM Region x Community type: Wald X2, p=0.003; 

Panama: t=7.53, p < 0.001, California: t=3.62, p=0.005, Alaska: t=2.99, p = 0.036; Fig. 

4.2a). Further, the difference in intransitivity between community types in Panama was 

nearly three times higher compared to Alaska and double that of California, with 

enhanced intransitivity among non-dominant species in the tropical communities 

(p<0.05). The importance of competition was consistently higher throughout community 

development when dominant species were included, except in Alaska where this 

difference was only detected in later assembly stages (GLMM Region x Community type 

x Duration: Wald X2, p=0.001; Fig 4.2b-c). In California, the importance of competition 

at later assembly stages was higher than in either Alaska or Panama, a result that was 

consistent across community types (p < 0.05).  

In early assembly communities and when comparing early and late assembly 

communities, competitive intransitivity was not influenced by predation or physical 

disturbance.  The predation treatment and biomass removal treatment effects were not 

retained in the final models (Table 4.1), despite very strong predation operating in the 
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tropics (Freestone et al. 2021) and disturbance treatments that regularly removed over 

50% of the standing biomass.   

While the effect of biomass removal was also not retained in models for 

importance of competition, predation treatment effects did help explain these values.  

Caging had a significant effect on the importance of competition after three months, but 

only in Alaska, with communities under ambient predation being more strongly 

influenced by competition (GLMM Region x Predation treatment; Wald X2, p=0.03; 

Alaska: t=3.22, p=0.03; California, Mexico, and Panama: p>0.05; Fig. 4.4). When 

comparing both early and late assembly, predation increased the importance of 

competition in all regions (GLMM Predation treatment; Wald X2, p=0.011).  In total, 34 

morphospecies from Alaska (6 in dominant group), 47 from California (9 dominant), 79 

from Mexico (13 dominant), and 84 from Panama (14 dominant) were included in 

analysis for early assembly communities. For late assembly communities, 50 

morphospecies from Alaska (9 in dominant group), 29 from California (5 dominant), and 

76 from Panama (13 dominant) were included in analyses. 
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Figure 4.2 Effect of region on a) competitive intransitivity, and importance of 

competition in (b) early assembly (3-month) and (c) late assembly (12-month) 

communities, reported as estimated marginal means (+/- SE) averaged over predation 

treatments and biomass removals (a-c) and assembly time (a). Shared letters indicate no 

significant difference between groups. b-c depict results of three-way interaction (region 

× community type × assembly time) from a single model but are plotted separately for 

ease of visualization (α=0.05).   
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4.4.2 Co-Occurrence 

Co-occurrence in communities of naturally assembled sessile invertebrates across 

all regions were characterized predominantly by random species associations. Across all 

regions under ambient predation, the proportion of species associations classified as non-

random were consistently low, especially in Panama (6.6%).  When dominant species 

were removed from analysis, communities also demonstrated low proportions of non-

random species associations, ranging from a maximum of 33.8% in California to a 

minimum of 8.3% in Panama.  When only dominant species were included in the 

analysis, the proportion of non-random associations more than doubled in all regions, 

except for Panama, with 40% of pairwise species associations in Alaska (13.3% 

negative), 69.4% in California (33.3% negative), and 47.8 in Mexico (27% negative) 

classified as non-random (Fig. 4.3a).  Consistent with early assembly communities, 

species associations at late assembly stages were largely comprised of random 

associations (Alaska: 5.7%, California: 19.7%, Panama: 10.4%) with slightly higher 

proportions of non-random associations among dominant species compared to whole 

communities in Alaska (8.3%) and California (30%), but not in Panama (10.9%)(Fig. 

4.3b). Co-occurrence patterns for communities under reduced predation (Fig S4.5) were 

largely consistent with those from ambient predation. 

 

 

 

 

 



  91 

 

 

 

Figure 4.3: Species association profiles for 3-month (a) and 12-month (b) panel 

communities within each region under ambient predation. 
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4.5 Discussion 

 Important differences emerged in the structure of competitive networks 

across latitude, providing novel insight into mechanisms that likely underlie high tropical 

biodiversity.  While communities across latitude were characterized by hierarchical 

competition, excluding dominant species revealed competitive networks that were 

markedly more intransitive in the tropics than at higher latitudes, and this was consistent 

across two timescales of community assembly.  Contrary to my predictions, neither 

strong tropical predation nor substantial physical disturbance altered levels of 

intransitivity in sessile invertebrate communities in any region.  In addition, communities 

in the tropics were characterized by proportionately more random associations, as might 

be expected for intransitive dynamics, but interestingly, these random associations were 

common even among dominant taxa in the tropics. Together, these results support the 

hypothesis that nestedness in competitive networks, measured by competitive 

intransitivity, is stronger at low latitudes and helps to maintain high levels of tropical 

species richness.  

Dominant species bolstered the hierarchical structure of communities across all 

regions, with their effect on the overall structure of competitive networks more 

pronounced in the tropics. Competition among whole communities of interacting species 

was largely hierarchical (i.e. transitive) across the latitudinal gradient, masking a nested 

intransitive network structure. Only when dominant species were removed from my 

analysis were latitudinal differences detected, suggesting that the influence of dominant 

species is greater in tropical communities compared to high latitudes. Dominant taxa 
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were generally characterized by a greater number of non-random species associations, 

including both positive and negative patterns of co-occurrence at higher latitudes and at 

earlier stages of community assembly, and inclusion of these taxa in community analyses 

increased the importance of competition in all regions by late-stage assembly. Further, 

greater intransitivity among non-dominant species in the tropics suggests that while 

dominant species contribute more to hierarchical structure, intransitivity among suites of 

subordinate species drives strong nestedness that contributes to enhanced coexistence in 

tropical communities. This result aligns with the expectation that intransitive networks 

may promote coexistence and highlights that these dynamics likely occur within a nested 

(non-dominant) subset of the community (Soliveres et al. 2015, Soliveres and Allan 

2018).  

While I expected that predators would mediate competition, such that increased 

intransitivity would be observed under strong predation, my results show no effect of 

predation on intransitivity level among networks of competing species. Results from 

these and other experiments across latitude have shown that strong predation in this 

system in the tropics can shape prey recruitment and patterns of diversity (Freestone et al. 

2011, 2020), control abundance of non-native species (Freestone et al. 2013, Torchin et 

al. 2021), alter functional trait profiles (López and Freestone 2021), and substantially 

reduce prey biomass and alter composition (Freestone et al. 2021). Further, tropical 

predator communities in this system have been shown to be more diverse, with higher 

predation rates and larger body sizes compared to higher latitudes (Freestone et al. 2021), 

largely mirroring the findings from other aquatic and terrestrial systems (Roslin et al. 

2017). Despite the ability of predators to shape these core characteristics of prey 
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communities, I found no evidence for changes to competitive intransitivity or overall 

network topology with stronger predation.  Instead, predators may invoke a 

compensatory effect among prey that shifts composition while maintaining network 

structure and overall levels of intransitivity across different suites of interacting prey 

species. While effects of predation can be much weaker at higher latitudes, predation 

increased the importance of competition at later stages of community development in all 

regions. 

Similarly, I found no observable effects of disturbance (biomass removal) on 

competitive network structure, despite the repeated removal of over 50% of the standing 

biomass that generated substantial open space in communities that are commonly space 

limited. While open space (i.e. gaps) would intuitively decrease overall competitive 

intensity, disturbance can act as a selective force on species traits (Helmus et al. 2010, 

Mouillot et al. 2013) resulting in compositional shifts due to altered interactions and/or 

colonization limitation. The biomass removals performed here could serve to reduce or 

eliminate priority effects (Fukami 2015) and reset the rank order of species at a local 

scale, potentially resulting in a strong effect on composition despite similar patterns of 

network structure and intransitivity among competing species.  For example, colonial and 

solitary growth forms may respond differentially to gap creation, where modular growth 

of colonial species drives community structure under disturbance and basal growth of 

solitary species dominates space occupation in undisturbed environments (Bonfim et al., 

In Prep).  Further, the presence and local abundance of non-native species can shape 

recovery after disturbance.  Non-native species often possess a suite of traits that confer 

increased invasion potential, such as rapid reproduction and space occupation (Mason et 
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al. 2008, Lord et al. 2015; but see Parker et al. 2013) especially under scenarios where the 

incipient community is less effective at limiting their abundance (Dias et al. 2020, López 

and Freestone 2021, Torchin et al. 2021).  Indeed, the communities studied here represent 

a mosaic of native and introduced species, with the proportional richness of each varying 

from local to regional scales. Although disturbed communities often undergo 

compositional shifts, changing the identity of dominant species, the overall competitive 

structure and intransitive dynamics among species can remain unchanged. 

I found that networks of competing species in naturally assembled marine hard 

substrate communities across latitude are characterized by a nested structure that 

underlies enhanced coexistence in tropical communities. Additionally, while I expected 

other processes, like predation and disturbance, to alter intransitive competition networks, 

my evidence suggests that competition among species follows a largely consistent 

structure despite species replacement and compositional differences associated with 

biomass removal. By viewing competitive interactions along a continuous gradient 

ranging from strongly hierarchical to strongly intransitive, I show that even when species 

co-occurrences are mostly random, the nested structure of competitive intransitivity 

within natural communities can promote coexistence. Taken together, these findings 

suggest that competitive intransitivity is prevalent among subsets of species in diverse 

assemblages and helps to maintain species richness throughout stages of community 

assembly. 
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4.6 Supporting Information 

 

Figure 4.4 Effect of predation treatment (caging) on the importance of competition in 3-

month (a) and 12-month (b) panel communities, reported as estimated marginal means 

averaged over community types (a-b) and region (b)(+/- SE). Asterisks indicate a 

significant difference between treatments (α=0.05).   
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Figure 4.5: Species association profiles for 3-month (a) and 12-month (c) panel 

communities under reduced predation. 
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Table 4.1: Model selection for competitive intransitivity and importance of competition.  

Models with ∆AICc ≤ 2 plus the null model are shown. Bold indicates the best model, 

selected based on commonality among competitive models. 

 

  

Response variable model terms df logLik AICc ∆AICc AICcWt

Region + Community type + Region:Community type 10 160.25 -298.9 0 0.59

Null: intercept-only 3 126.07 -246 52.88

Region + Community type + Predation treatment + 

Region:Community type + Region:Predation treatment 14 76.64 -122 0 0.39

Region + Community type + Region:Community type + Predation 

treatment 10 71.42 -121.2 0.82 0.26

Region + Community type + Region:Community type + Predation 

treatment 11 72.31 -120.6 1.41 0.19

Null: intercept-only 3 15.55 -24.94 97.08 0

Region + Assembly time + Community type + Region:Community 

type 8 233.81 -450.9 0 0.10

Region + Community type + Region:Community type 7 232.36 -450.2 0.75 0.07

Region + Assembly time + Community type + Region:Community type 

+ Community type:Assembly time + Region:Assembly time + 

Region:Community type:Assembly Time 13 238.67 -449.5 1.42 0.05

Region + Assembly time + Community type + Predation treatment + 

Region:Community type + Region:Predation treatment 11 236.39 -449.4 1.46 0.05

Region + Assembly time + Community type + Region:Community type 

+ Community type:Assembly time 9 234.12 -449.4 1.56 0.04

Region + Assembly time + Community type + Biomass removal + 

Region:Community type 10 235.13 -449.2 1.75 0.04

Null: intercept-only 2 193.47 -382.9 68.02

Region + Assembly time + Community type + Predation treatment 

+ Region:Community type + Community type:Assembly time + 

Region:Assembly time + Region:Community type:Assembly Time 14 94.21 -158.3 0 0.09

Region + Assembly time + Community type + Predation treatment + 

Biomass removal + Region:Community type + Community 

type:Assembly time + Region:Assembly time + Removal:Predation 

treatment Region:Community type:Assembly Time 18 98.58 -157.6 0.67 0.07

Region + Assembly time + Community type + Predation treatment + 

Region:Community type + Community type:Assembly time + 

Region:Assembly time + Region:Predation treatment + 

Region:Community type:Assembly Time 16 96.07 -157.3 0.94 0.06

Region + Assembly time + Community type + Predation treatment + 

Biomass removal + Region:Community type + Community 

type:Assembly time + Region:Assembly time + Region:Predation 

treatment + Removal:Predation treatment + Region:Community 

type:Assembly Time 20 100.52 -156.6 1.66 0.04

Null: intercept-only 2 11.17 -18.3 139.9

Intransitivity, 3mo

Importance of competition, 3mo

Intransitivity, 3mo + 12mo

Importance of competition, 3mo 

+ 12mo
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SUMMARY 

This dissertation provides novel insights into the complex nature of species 

interactions across latitude. The main objectives of my dissertation research included:  

(1) exploring variation in consumer effects on prey community structure across latitude 

and identifying key attributes of predator communities that shape impacts on prey in the 

tropics, (2) examining mechanisms contributing to coastal and seasonal variation in 

consumer pressure that underlie stronger predation in tropical communities, and (3) 

quantifying how different ecological contexts, specifically variable predation and 

disturbance, shape the structure and strength of competitive networks across time and 

latitude. These objectives were accomplished using large-scale experiments conducted in 

naturally assembled marine hard-substrate communities in nearshore habitats spanning 

47-degrees of latitude.  

Tropical communities, which have been identified as important hotspots for 

species interactions based on theoretical predictions and prior experimental studies, 

harbor diverse suites of predators and prey. Previous studies in tropical marine systems 

addressing the drivers of spatial and temporal variability in predation have largely been 

based in temperate regions and generally focused on a few target species (but see Witman 

et al. 2010, 2017). Therefore, we are still faced with great uncertainty in regions where 

interactions are predicted to be strongest. Further, these interactions can be context 

dependent and influenced by the suite of interacting species present or abiotic conditions 

at the time of measurement, which can in turn influence interpretation of broad-scale 

patterns.  



  100 

To achieve a deeper understanding of the processes that underlie strong regional 

effects of consumers in the tropics, I conducted experiments across varying temporal and 

spatial scales in low latitude communities.  In Chapter 2, I explored variation in consumer 

effects on prey community structure across latitude and identified key attributes of 

tropical predator communities that shape impacts on prey. Compiling observations from 

240 hours of video footage collected from four geographic regions spanning 47-degrees 

of latitude, I found clear patterns highlighting the importance of both predator diversity 

and the influence of key predator taxa. Communities and sites with the highest diversity 

of predators, which also harbored high impact predator species, were associated with the 

strongest impact on prey communities. These results suggest that the maintenance of 

predator diversity at local scales shapes the stronger impacts of predation observed at 

regional scales in the tropics compared to higher latitudes.   

In Chapter 3, I explored variation in consumer pressure at biogeographic and 

seasonal scales in the tropics. I found that the impact and intensity of predation was 

consistently stronger in Pacific compared to Atlantic communities, but this effect varied 

seasonally and was strongest under weak/no upwelling conditions.  Cold upwelled waters 

may weaken top-down control by slowing consumer metabolic rates (Bruno et al. 2015, 

Sellers et al. 2021) with even small changes in water temperature reducing consumer 

activity (Sanford 1999). The potential for such contrasting results to be generated with 

different sampling seasons further highlights the need to understand environmental and 

ecological contexts and incorporate relevant information when drawing conclusions 

about broad-scale patterns.  
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In addition, direct observations of predation events revealed a more diverse 

assemblage of fish predators in Pacific compared to Atlantic communities, with more 

than double the number of species observed and higher predation rates. While marine 

communities in the tropical western Atlantic (TWA) generally harbor a greater richness 

of species compared to the tropical eastern Pacific, Caribbean fish species have 

experienced region wide declines in recent years, mostly attributed to overfishing and 

habitat degradation (Paddack et al. 2009, Stallings 2009). Numerous TWA reef fish 

species with unique functional relevance are threatened by overharvesting due to 

commercial and artisanal fisheries and are also susceptible to predation by the invasive 

species, such as the lionfish. Not only are reef fish experiencing declines due to 

extraction, but the coral habitat on which they rely has undergone unprecedented change 

in recent decades, leading to alternative algae-dominated states and associated change or 

loss of function (Graham et al. 2015).  Promising evidence from a recent meta-analysis 

demonstrates that protection designation such as “marine protected areas (MPA)” 

promotes predator accumulation, with the potential to restore predatory function (Cheng 

et al. 2019). However, not all MPAs are created equal, and the capacity for increased 

function depends on the quality of the unfished reserve (De Santo 2013, Singleton and 

Roberts 2014).  

Despite the growing body of evidence supporting stronger predation pressure in 

tropical communities (Bertness et al. 1981, Freestone et al. 2011, 2021, Fine 2015, Roslin 

et al. 2017), the effects of strong predation on the relative importance of competition 

remains unclear (Suding et al. 2004, 2008, Allesina and Levine 2011, Soliveres et al. 

2015).  While predators have been shown to reduce the intensity of competition in short-
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term studies (Gurevitch et al. 2000), theoretical and empirical work under modern 

coexistence theory suggests consumers can have a positive, negative, or no effect on 

coexistence (Chase et al. 2002).  In Chapter 4, I used a modeling approach to empirically 

estimate the degree of competitive intransitivity in sessile marine invertebrate 

communities across latitude and demonstrated strong nestedness in competitive networks 

that underlies enhanced tropical coexistence. Suprisingly, I did not find evidence for 

interactive effects of predation or random physical disturbance on the structure of 

competitive networks or the relative importance of competition in any geographic region. 

Instead, models revealed a nested structure of competition, where dominant species 

contribute to greater hierarchical competition within communities and coexistence is 

maintained by increased intransitive competition among subordinate species. This result 

suggests that incomplete dominance within a subset of competing species strengthens 

coexistence in diverse communities. Given the strong influence of dominant species on 

hierarchical competition, the nested structure reported here could only be observed when 

quantifying competitive interactions for sub-groups of species within a community.  

Overall, these findings support results from previous research in plant systems 

highlighting the need to quantify competitive intransitivity under different scenarios to 

uncover complex nested structures (Soliveres et al. 2015, 2018).  Further, results here 

demonstrate a novel framework for quantifying the effects of predation and physical 

disturbance on intransitivity in natural communities. 

Findings from large-scale experiments on naturally assembled communities, like 

those presented here, provide critical insights into the processes that contribute to 

biodiversity maintenance in a changing world. As identified throughout this dissertation, 
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mechanisms governing species interactions are complex. Testing the generality of 

ecological processes operating across broad spatial and temporal scales requires 

understanding context dependencies interwoven throughout empirical research and 

adopting a more continuous view of experimental design and community response.  As 

natural systems are being altered by human activities at unprecedented rates, 

understanding the mechanisms that mediate coexistence and promote ecological function 

in the most species rich regions on Earth is of critical importance to the fields of 

community ecology and macroecology.  
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