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ABSTRACT 

Biogeographic barriers have limit the movement of organisms, leading to 

speciation and shaping the development of unique regional biotas. Human-aided 

circumvention of biogeographic barriers, however, has increased the connectivity of 

isolated biotas, while changes in climate have been altering species geographic ranges, 

restructuring ecological networks, modifying ecological niche arrangements and 

increasing the frequency and intensity of natural pulse disturbances. In this context, 

examination of some of the most fundamental processes underlying the patterns of 

species diversity and community structure across biogeographical scales is therefore 

vital, especially as humans increasingly modify these relationships established over the 

course of geological history.  

The latitudinal diversity gradient is the most well-established and predominantly 

studied biogeographic diversity pattern on Earth. Higher tropical biodiversity with a 

decline towards higher latitudes occur in both hemispheres and has been observed for 

various systems including terrestrial, freshwater and marine. In my dissertation, I 

explored latitudinal variation in factors that can inform and modify fundamental 

ecological principles such as coexistence, community stability, and resistance. I studied 

communities of marine invertebrates across over 7000 km of continuous coastal habitat 

spanning 47-degree latitudinal range on the Eastern North and Central Pacific coast, from 

tropical Panama to subarctic Alaska. Experiments were based on the manipulation of 

recently recruited or adult communities of sessile marine invertebrates, such as barnacles, 

marine worms and encrusting colonial organisms. These organisms inhabit coastal 

ecosystems across continental scales and can colonize artificial substrates such as hull of 
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commercial vessels that travel across oceans serving as vectors for marine biological 

invasions. 

Among my three aims I was able to: (1) examine how the complementarity of 

ecological niches varies from the tropics to subarctic among recruiting taxa, and how the 

differentiation of these recruitment pulses through time help inform coexistence across 

large spatial scales; (2) document distinct resilience responses to pulse disturbances 

between lower and high latitude sites, while exploring the interplay between 

compositional and functional recovery in biological communities; and finally, (3) 

implement a novel component to pre-existing models to predict probability of biological 

invasions based on the distinct pressures of propagule introduction, environmental 

similarity between donor and recipient regions, and the potential for biotic resistance.  

My dissertation yields empirical evidence of processes varying with latitude, 

advancing our knowledge in some of the most fundamental questions in classic and 

contemporary ecology. Large-scale documentation of the mechanisms and processes that 

maintain global patterns of biodiversity are uppermost in the design of global 

conservation strategies, especially in a more connected world. 
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1. CHAPTER 1 

INTRODUCTION 

1.1 Ecological biogeography in a changing world 

Historically, biogeographic barriers were a dominant factor impeding the 

movement of organisms, leading to speciation, and shaping the development of unique 

regional biotas. This regional pool of species contains potential colonists of the 

community, and factors such as dispersal, environmental tolerances, disturbances and 

biotic interactions operate on different spatial and temporal scales to determine which 

species can colonize and persist on a local scale (Wisz et al., 2013). Examination of these 

processes underlying the patterns of species diversity is vital, especially as humans 

increasingly modify these relationships established over the course of geological history 

(Fine, 2015).  

Human-aided circumvention of biogeographic barriers has increased the 

connectivity of isolated biotas, fostering unprecedented homogenization of ecosystems 

(Rahel, 2007). Further, global warming and climate change have received a great deal of 

attention and it is generally expected that species will shift their geographic range in 

response to modified temperatures and precipitation (Roman-Palacios and Wiens, 2020). 

These changes in species ranges are already altering ecological networks and modifying 

niche arrangements (Saupe et al, 2019). In addition, other consequences of the current 

climatic crisis include higher frequency and intensity of natural pulse disturbances that 

disrupt biomass (e.g., fires and hurricanes) (Seidl et al., 2017). How communities 
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withstand disturbance, however, may hinge on geographic location (Hillebrand and 

Kunze, 2020). In this context, ecological biogeography provides an integrated synthesis 

that acknowledges both contemporary and historical factors underlying gradients of 

species diversity globally.  

1.2 Ecological processes varying across latitude 

The latitudinal diversity gradient (LDG) is the most well-established pattern of 

biogeographic diversity on Earth (Fine, 2015). Higher tropical biodiversity with a decline 

towards higher latitudes occurs in both hemispheres and has been observed for various 

systems, including terrestrial, freshwater and marine (Hillebrand 2004a, 2004b). 

Explaining the LDG is one of the greatest challenges in contemporary ecology and 

biogeography (Brown, 2014), and while several hypotheses posit mechanisms that 

contribute to this pattern, their predictions are historically more qualitative (Willig and 

Presley, 2017). Large-scale empirical studies, however, have become increasingly 

common (Ricklefs and Jenkins, 2011), with several emerging lines of evidence that other 

ecological processes that help maintain species diversity such as niche arrangements, 

resilience responses and biotic resistance may also hinge on latitude. 

Stabilizing mechanisms of coexistence help maintain high numbers of species in 

the tropics through niche differentiation (MacArthur, 1969; Saupe et al., 2019). By 

differentiating their range of use over a resource dimension, multispecies communities 

reduce the pressures of competitive exclusion and become more specialized (MacArthur, 

1958). Alternatively, species can increase the range of resources used through more 
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plastic tolerances and modify the arrangement of niches over a resource dimension (all 

more recently reviewed in Sjödin, Ripa and Per, 2018). There are likely distinct 

mechanisms influencing the arrangements of niches at temperate relative to tropical 

regions, and evolutionary history may be more predictive of niches in tropical clades 

(Papacostas and Freestone, 2016). While niche breadth patterns over large biogeographic 

gradients such as latitude have been widely explored for decades (Saupe et al., 2019), the 

accompanying latitudinal patterns of niche overlap are commonly overlooked. 

While competition for limiting resources is central to understanding coexistence, 

processes that increase the degree to which resources are limiting also affect community 

structure. Disturbance act as one of such structuring processes, often increasing niche 

opportunities for new taxa. Further, the speed and ability of a community to return to 

equilibrium following a disturbance, i.e., resilience, can be accelerated by factors such as 

productivity and recruitment (Palumbi et al., 2008). Productivity and recruitment, 

however, can vary across biogeographic gradients, such as latitude, suggesting that 

resilience may also hinge on geographic location (Hillebrand and Kunze, 2020). In 

addition, while composition and function are important components of ecological 

stability, the relationship between functional and compositional recovery across large 

spatial scales remains unresolved (Hillebrand et al., 2018) and yet to be tested in natural 

environments in a single standardized framework (Hillebrand and Kunze, 2020). 

Established non-native species can displace native species, change community 

structure and alter fundamental ecosystem and community processes (Molnar et al., 

2008). Efficient monitoring systems aiming conservation of species diversity must 
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account for spreading dynamics of next potential invaders and thus the likelihood of new 

introductions. Most of the commercial goods of the world are hauled by high tonnage 

vessels that serve as vectors to the transportation of species farther beyond their natural 

ranges (Banks et al., 2015). Invasive species are conspicuous in marine nearshore 

environments (Ruiz et al., 2000), and non-native species richness is higher in the 

temperate zone relative to the tropics (Sax, 2001). Evidence suggest that biotic 

interactions can reduce invasion success in marine systems and increase biotic resistance 

towards lower latitudes (Freestone et al., 2013, Kimbro et al., 2013), and the effects of 

predators limiting the development, establishment and spread of non-native species is one 

of the ecological mechanisms contributing to this pattern. The challenges associated with 

manipulation of biotic resistance, however, is reflected in the absence of this biotic filter 

in most invasion risk assessment models (for instance Seebens et al., 2015; 2019). The 

increased number of large-scale manipulative experiments looking at the effects of biotic 

interactions on community structure across biogeographic gradients opens an 

unprecedented opportunity for invasion risk models to capture more of the complexity of 

these systems and incorporate the potential for biotic resistance.  

In my dissertation, I explored latitudinal variation in factors that can inform and 

modify fundamental ecological principles such as coexistence, community stability, and 

biotic resistance. In Chapter 2, I examined how niche complementarity varies from the 

tropics to subarctic among recruiting taxa, and how the differentiation of these 

recruitment pulses through time help inform coexistence across large spatial scales. In 

Chapter 3, I documented distinct resilience responses between lower and high latitude 
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sites, while exploring the interplay between compositional and functional recovery 

geographically. Finally, I implemented in Chapter 4 a novel experimentally-derived 

component into existing modelling approaches to predict probability of invasions for 

three distinct regions. The developed model takes into account the distinct pressures of 

propagule introduction, environmental similarity between donor and recipient regions, 

and the potential for biotic resistance. My dissertation yields empirical evidence of 

processes varying with latitude, advancing our knowledge in some of the most 

fundamental questions in classic and contemporary ecology. Moreover, all 

experimentation was conducted under natural conditions, and field manipulations took 

place at several sites from the tropics to the subarctic zone.  

1.3 Experimental and modelling approach 

To examine latitudinal variation, the chapters of my dissertation included 

experimental components that spanned a 47-degree latitudinal range on the Eastern North 

and Central Pacific coast. This spatial range included over 7000 km of continuous 

nearshore habitat. Four main study regions were used: (1) subarctic Ketchikan, Alaska 

(55º N, 131º W), mid-temperate San Francisco, California (37º N, 122º W), subtropical 

La Paz, Mexico (24º N, 110º W) and tropical Panama City, Panama (8º N, 79º W). Each 

of the four regions included three study sites in which experiments were conducted, 

totaling 12 sampling locations (Figure 1.1). Sites were in different recreational marinas at 

least 10 km apart or separated by outer coast to ensure limited dispersal of organisms 

between sites. In addition, sites were located in the vicinities of commercial port systems, 
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being particularly suitable to address questions related to ship-borne invasions (Chapter 

4).  

 

Figure 1.1. Sampling regions and sites across Eastern Pacific. The points in the insets 

mark the three study sites in each region totaling 12 sampling locations. Figure from 

Freestone et al., 2021. 
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Dissertation chapters include manipulative experiments, modelling or a 

combination of both. Experiments were based on the manipulation of recently recruited 

or adult communities of sessile nearshore invertebrates. Sessile marine invertebrates form 

multiphyletic and multifunctional communities that assemble quickly from a swimming 

larvae that develop into sessile or sedentary adults. These organisms inhabit nearshore 

ecosystems across continental scales and form a particularly tractable and fast-growing 

system to assess short-term resilience to pulse disturbances and predation impact on 

community biomass. In addition, these organisms can colonize artificial substrates, 

including hulls of ships that travel across oceans  and that serve as vectors for marine 

biological invasions nearshore.   

Marine invertebrate communities were allowed to naturally grow and develop on 

Polyvinyl chloride panels (14 x 14 x 0.95 cm), used here as a standardized sampling unit 

and artificial model habitat. Clean panels were suspended in the water column and 

remained completely submerged for different time intervals: every two weeks, three 

months and one year. All experimental manipulations were carried out in situ to ensure 

lower possible thermal and desiccation stress. Details on each experiment can be found in 

each individual chapter under Methods. Upon retrieval, panels were carefully taken to a 

laboratory facility, where communities were weighted and examined under a stereoscope 

for identification of taxa and assessment of abundance. Experimental manipulation 

entailed periodic removals of biomass as pulse disturbances (Chapter 3) and community 

caging for the exclusion of fish predators (Chapter 4). In addition, environmental data 

monitoring was conducted at all study sites on a regular basis, and temperature and 
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salinity measurements were collected. Finally, to address specific questions in my 

chapters, I also employed modelling and simulation approaches. Models were either used 

in a novel framework (Chapter 2) or were modified to include novel elements and 

equations (Chapter 4). Indepth details are provided in each specific chapter. 
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2. CHAPTER 2  

STRONG NICHE DIFFERENTIATION DURING RECRUITMENT 

OCCURS ACROSS A BIOGEOGRAPHIC GRADIENT WITH  

HIGHER NICHE OVERLAP AT LOW LATITUDES 

2.1 Introduction 

The architecture of competitive interactions in a community determines the 

opportunity for coexistence or competitive exclusion (Case, 1990) and therefore the 

diversity of a system (MacArthur, 1969; Saupe et al., 2019). By partitioning resource use, 

niche overlap can be reduced alleviating intra- and especially interspecific competition 

(MacArthur, 1958; Chesson and Warner, 1981). Shifts in niche complementarity, 

however, can be constrained in ecological time by forces shaping species fitness (Costa-

Pereira et al., 2019), and compensatory mechanisms can emerge during the recruitment 

stage to optimize survival and reduce competition (Connell et al., 1984). Taxa likely 

evolve mechanisms of differentiating dispersal over important resource dimensions, and 

niche partitioning at early life stages can be an important factor shaping species 

coexistence across temporal and spatial scales (Chu and Adler, 2018), especially for taxa 

with complex life cycles marked by indirect development (Muths et al., 2011). While 

strong niche differentiation has long been considered a central mechanism of coexistence 

in the species-rich tropics (MacArthur, 1969; Saupe et al., 2019), studies that explore 

niche overlap and differentiation at early life stages across biogeographic scales are 

exceedingly rare. 
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Successful recruitment defines the composition of adult communities as priority 

effects can lead to establishment in the community throughout later stages of assembly 

(Connolly and Roughgarden, 1999); but recruitment dynamics can vary with latitude. 

Seasonality of recruitment can differ substantially across latitude and peak recruitment 

rates can vary by orders of magnitude between the temperate zone and the tropics 

(Connoly et al., 2001; Broitman et al., 2008; Freestone et al., 2009; Price et al., 2019), 

shaping the potential for colonization. Temporal complementarity in recruitment, which 

can promote coexistence (Stachowicz and Byrnes, 2006; Angert et al., 2009), may also 

shift with latitude. For example, asynchronous recruitment can be more pronounced in 

the tropics than in the temperate zone, allowing more finely partitioned competitive 

interactions among taxa (Usinowicz et al., 2017). Further, species niches may also be 

narrower in the tropics (MacArthur, 1969; Bolnick et al., 2010; Papacostas and Freestone, 

2016; Saupe et al., 2019), and greater niche complementarity during recruitment may 

result in lower niche overlap at lower latitudes.  

Significant overlap in one resource dimension may be reduced when two or more 

dimensions are considered, and such differentiation can reduce competition and promote 

coexistence (Pledger and Geange, 2009). Environmental filtering is an important force 

acting on species niches (Saupe et al., 2019) and variation in abiotic factors may 

determine the degree of overlap between species. Taxa with similar environmental 

tolerances can be more clustered over niche space, resulting in aggregated niches and 

higher overlap (Geange et al., 2011). Across temperature gradients, for instance, greater 

overlap can occur among recruiting taxa at sites with cooler temperatures (Reinhardt et 
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al., 2013) such as those at higher latitudes. Species niches may also shift under high 

recruitment densities (Menge and Sutherland, 1987), and by differentiating the timing of 

recruitment pulses, taxa can avoid competition during settlement when recruitment 

potential of the system is high. While temporal partitioning is commonly observed in 

biological communities and can optimize chances of avoiding competitive exclusion 

(Gao et al., 2020), the relative influence of temporal and resource specialization on niche 

complementarity across biogeographical gradients such as latitude remains unexplored.  

To clarify the patterns and drivers of niche complementarity in recruitment across 

latitude, I used a standardized approach to measure recruitment rates of sessile marine 

invertebrates in four regions of the northeastern Pacific coastline spanning 47 degrees of 

latitude. I hypothesized that 1) niche overlap would be non-random at all latitudes given 

the central role of niche partitioning in natural systems, and 2) greater niche 

complementarity among recruiting taxa would reduce niche overlap more in the tropics 

relative to higher latitudes. In addition, I expected 3) taxa would differentiate their niches 

through time to maximize the likelihood of recruiting when total recruitment in the 

system was low and competition was likely weaker. I employed an integrated 

multivariate niche approach providing insights into niche overlap, the relative 

contributions of distinct resource dimensions (or niche axes) and the distribution of those 

niches across niche space (Geange et al., 2011). I provide here a novel examination of 

niche complementarity across latitude with implications for the maintenance of patterns 

of diversity.   
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2.2 Methods 

2.2.1 Study system 

Subtidal sessile marine invertebrates (e.g., tunicates, barnacles, bryozoans) 

compose a diverse, multiphyletic assemblage and are ideal for exploring niche 

complementarity in recruitment across latitude due to their broad distribution across 

continents and defined reproductive cycles that can be monitored within a year. These 

invertebrates rapidly colonize and develop to adulthood on natural and artificial 

substrates, providing a fast-growing tractable system for measuring recruitment 

(Bracewell et al., 2018). Further, life cycles are marked by swimming mobile larvae and 

sessile adults with distinct non-overlapping niches at these different life stages (Warner 

and Chenson, 1985), enabling the study of niche distributions to specifically focus on the 

recruitment stage. 

To explore latitudinal variation associated with recruitment I selected four coastal 

bioregions: (1) subarctic Ketchikan, Alaska (55º N, 131º W), (2) temperate San 

Francisco, California (37º N, 122º W), (3) subtropical La Paz, Mexico (24º N, 110º W) 

and (4) tropical Panama City, Panama (8º N, 79º W).  Sampling was conducted at 12 

study sites across the latitudinal gradient, with three sites in each region that were 

separated sufficiently by distance and topography to limit the exchange of dispersing 

individuals (Freestone et al., 2021). Sites were high salinity (>30 ppt) recreational 

marinas. Ecological dynamics of invertebrates on artificial habitats at marinas can 

parallel those in more natural settings (Rodemann and Brandl, 2017), allowing marinas to 

serve as a testing ground for macroecological questions.  
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2.2.2 Recruitment rates 

Since substrate type, area and complexity can interact with rates of recruitment 

during community assembly (Chang and Marshall, 2016), I used standardized artificial 

substrate as a model habitat. Polyvinyl chloride (PVC) panels (14 x 14 x 0.95 cm) were 

abraded on one side to facilitate colonization by recruits, mounted on bricks, and hung 

face down from floating docks to avoid algal growth and encourage invertebrate 

settlement (Miller and Etter, 2008). To monitor recruitment, panels were suspended one 

meter below the water surface and exchanged every two weeks with clean panels for a 

total of 12 months, providing 26 sampling rounds per region. Tracking recruitment over a 

complete annual cycle allowed me to capture any inherent intra-annual variation related 

to climate seasonality, especially at higher latitudes. Experiments were initiated in Alaska 

in June 2015, California in May 2016, Mexico in June 2017 and Panama in December 

2015. I deployed nine panels at each study site per recruitment round for a total of 2,592 

panels across the four regions. Losses due to weather resulted in 24 missing panels (< 

1%) across the entire experiment. Of the nine panels deployed per site, three were 

covered in 6.35 mm mesh cages and three had partial cages (i.e., procedural cage control) 

to test for the effect of pelagic macropredators on recruitment as part of a parallel study. 

There were no systematic differences in the total number of recruits among treatments in 

any region (Freestone et al., 2021) and therefore all panels were used in this current study 

irrespective of treatment.    

Newly recruited communities were assessed for number and identity of 

individuals. Recruitment was quantified on a standardized area of the panel (100 cm2 on a 
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pre-assigned corner). Individuals were classified into thirteen distinct sessile morpho-

functional taxa based on a combination of growth forms and taxonomy (e.g., erect 

arborescent bryozoan, solitary erect tunicate; listed in Figure 2.1). Feeding strategy and 

reproductive output (i.e., larval supply) are related to the growth form of these sessile 

organisms (Llodra, 2002) and standardizing the taxonomic groups across latitude allowed 

me to focus on the characteristics and distribution of niches for functionally similar 

species even with variation in species richness across the gradient. On panels where 

specific taxa had very high abundances (density exceeded 2 individuals × cm-2), I 

subsampled recruit densities for those taxa by counting individuals on 10 randomly 

selected squares (1 cm2) and then extrapolated to estimate density for the full sampling 

area of the panel. In addition, given the difficulty associated with quantifying colonial 

branching organisms such as hydroids under high recruitment density, I removed this 

group from this analysis resulting in twelve taxa examined. 

2.2.3 Environmental variables 

To test the contributions of environmental niches on recruitment, I recorded 

temperature and salinity measurements at each site. Three HOBO temperature data 

loggers were deployed at each site to record water temperature every hour for the one-

year sampling period. Minimum, maximum and average temperatures were calculated in 

biweekly periods, ensuring that measurements coincided with deployment intervals of the 

panels. Salinity measurements were recorded during each round of panel retrievals from 

four standardized locations at each site and averaged for analysis. In the rare cases that 
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temperature or salinity data were unavailable from the field, I extrapolated environmental 

measurements from other sites if the coefficient of variation of environmental variables 

among sites within the region was low (cv < 0.05). 

2.2.4 Multivariate niche modelling and data analysis 

To test the hypothesis that niche complementarity in recruitment varies with 

latitude, I used a multivariate niche modeling approach to calculate average interspecific 

niche overlap among the recruiting taxa (Geange et al., 2011). This model accounts for 

multiple resource dimensions (or niche axes) of different data types (i.e., continuous, 

categorical, etc.) and provides three complementary analyses with which to explore niche 

complementarity. I first used a density model to help inform the degree of resource 

partitioning and the potential for interspecific competitive exclusion (Colwell and 

Futuyma, 1971). Pairwise niche overlap was calculated using kernel density functions by 

quantifying the overlapping area between density distributions of each pair of taxa in the 

dataset with values ranging between 0 (no overlap) and 1 (complete overlap). To allow 

me to make statistical comparisons of niche overlap among regions, I resampled the 

distributions of pairwise niche overlap values per region (n = 66) to create bootstrapped 

distributions with 1000 permutations (Mokhlins and Ibrahim, 2002; Saupe et al., 2019). I 

then tested for regional differences in these bootstrapped distributions with a linear 

model.  

Second, I used permutational null models to compare observed values of niche 

overlap with those generated by chance to determine if niche positions were non-random.  
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Null distributions of niche overlap were constructed by generating pseudo-values of 

permuted species labels so that all species were randomly placed in niche dimensions 

(Gotelli, 2000) and then calculating niche overlap as above. Randomizations were 

repeated 1000 times. Observed values of overlap that are higher than values obtained by 

chance suggest that a biological process is increasing niche overlap between the two 

species (Geange et al., 2011).  

Third, to investigate the spacing of niches over niche axes and therefore resource 

partitioning, I employed a dispersion analysis to test the homogeneity of niche 

distributions (Geange et al., 2011). I calculated the coefficient of heterogeneity as the 

relationship between the mean and variance of niche overlap values for each niche axis 

and for the multivariate average of all niche axes (Pledger et al., 2005). Complete niche 

differentiation occurs with equal mean niche overlap for each adjacent niche (i.e., 

minimum variance), indicating niches that are evenly distributed across niche space, or 

overdispersed, with competition restricted to overlapping niche areas. In the other 

extreme, groups of taxa with similar niches can cluster in one or more sections of the 

niche axis reaching maximum variance, and coexistence could occur through competitive 

tolerance or specialization through a decrease in niche breadth. I then calculated the 

proportion of maximum variance (Pledger et al., 2005) for each niche axis to identify 

evenly spaced niches (i.e., overdispersed; values near 0) and clustering (values near 1), 

and to generate a test statistic to differentiate observed values from the null expectation 

(Geange et al., 2011).   
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I tested six niche axes to represent temporal, environmental and competitive 

avoidance components of the niche. I used the date that recruitment samples were 

retrieved from the field (i.e., once every two weeks for one year) to define the temporal 

niche (continuous variable; Julian day). To assess environmental niches I calculated 

mean, minimum and maximum temperatures (continuous variable; oC) and mean salinity 

(continuous variable; ppt) that coincided with each recruitment interval. To estimate a 

measure of competitive avoidance, I predicted that taxa would have optimal peaks of 

recruitment when the total number of recruits in the community (i.e., recruitment density) 

was low. I calculated recruitment density (continuous variable) by summing all recruits 

identified on a panel at a given site and recruitment round in each region. Given that 

multiple panels were sampled at each site and multiple taxa were present on each panel, I 

included site and panel identifiers as categorical variables in the model. All analyses and 

simulations were performed in R version 4.0.3 (R Core Team, 2020). For niche 

modelling, I used the R code provided by Geange et al. (2011) as well as the packages 

lme4 (Bates et al., 2015), lmerTest (Kuznetsova et al., 2017) for linear models, and 

tidyverse (Wickham et al., 2019) and ggridges (Wilke, 2021) for data visualization. 

2.3 Results 

Recruitment in this marine system varied considerably along the latitudinal 

gradient in its timing and magnitude. Overall, the data include records of 844,447 

individuals recruiting into these communities over the course of the year with total 

observed recruitment per sample (i.e., panel) ranging from 0 to > 4,800 individuals. As 
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expected, recruitment followed similar phenological patterns as in other systems with 

strikingly different seasonality across latitude, shifting from seasonally compressed in the 

temperate zone to aseasonal in the tropics (Figure 2.1).  Total recruitment per two-week 

interval was also an order of magnitude greater in tropical Panama than in high latitudes, 

with mean per sample recruitment of 550 individuals with a maximum of  total count of 

recruit of nearly 60,000. In contrast, panels in Alaska never exceeded 900 individuals and 

had a mean of 40 individuals. While California also had a high number of recruits in 

some two-week intervals exceeding that of even Panama, mean per sample recruitment 

was 339 individuals, similar to Mexico with a mean of 212 recruits. All 12 morpho-

taxonomic groups were represented in the four focal regions but the sequence and volume 

of recruitment of each group differed substantially among regions. 
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Figure 2.1. Total number of recruits and per taxa totals across four different latitudes 

monitored for one year. Note the scale of the y-axis changes by region. Solid black line 

represents total number of recruits (sum of all taxa) for a given sampling interval. Recruiting 

taxa include: Sea anemones (Ane); Mussels, clams and oysters (Biv); Encrusting Bryozoans 

with sheet-like colonies (EncrBry); Arborescent hard-bodied colonial Bryozoans (ArbBry); 

Colonial soft-bodied upright Bryozoans (SftBry); Barnacles (Barnc); Soft tube building 

worms, Family Saballidae (SftTub); Calcareous long tube worms, Family Serpullidae 

(LngTube); Calcareous spiral tube worms, Family Spirorbidae (SprlTub); Sponges (Spng); 

Colonial ascidians with sheet-like colonies (ColTun); and Solitary ascidians (SolTun). While 

sampling was conducted once every twoo weeks (n = 9 panels/ site), totals of each panel were 

combined by site (n = 3) and month (n = 54 panels) for visual representation. 
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Niches overlapped more at lower than higher latitudes (Figure 2.2) demonstrating 

a broad biogeographic pattern in niche differentiation of recruiting marine species that 

contradicts expectations based on classic ecological theory. While niche overlap was 

greater at lower latitudes, peak niche overlap occurred in subtropical Mexico with the 

lowest overlap occurring in sub-arctic Alaska. Based on bootstrapped distributions, mean 

niche overlap differed among all regions including for overall overlap of the six niche 

axes (Figures 2.2A and 2.4A – Supplemental information, p < 0.001, F3, 3996 = 4.373e+04) 

as well as for the individual niche axis of time (Figures 2.2B and 2.4B, p < 0.001, F3, 3996 

= 2.865e+04) and recruitment density (Figures 2.2C and 2.4C, p < 0.001, F3, 3996 = 

2.415e+04). Further, null models confirmed that pairwise niche overlaps were non-

random for all regions and all focal niche axes (p < 0.001) indicating clear niche 

differentiation among taxa. In contrast to expectations that tropical niches would have 

less overlap, my results show greater overlap in the tropics and sub-tropics, an overall 

trend also observed for temporal niches and recruitment density niches separately. 
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Despite the greater niche overlap at lower relative to higher latitudes, time and 

recruitment density strongly shaped niche differentiation in all regions. Recruitment was 

evenly spaced along the temporal niche with dispersion values close to zero in all regions 

suggesting strong niche differentiation along this axis (Figure 2.3 A-D; Table 2.1). 

Figure 2.2. Pairwise niche overlap for each region across latitude. Points indicate 

pairwise overlap (0, no overlap; 1, complete overlap) for the12 taxa examined. (A) 

Average overall multivariate overlap; (B) Temporal niche overlap; (C) Recruitment 

density overlap. Regions are ordered from lower to higher latitude (left to right). 

Different letters indicate statistical difference (p < 0.01) from test conducted on 

bootstrapped distributions (Figure 2.4). 
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Recruitment was also more clustered towards low values of the recruitment density axis 

in extra-tropical regions, particularly California and Mexico (dispersion values closer to 

1), indicating that taxa in these mid-latitude regions generally recruit in greater numbers 

when relative recruitment density is lower in the community (Figure 2.3 E-H; Table 2.1).  

This clustering along the recruitment density axis, therefore, suggests that taxa are likely 

differentiating along other axes (e.g., time) to be able to recruit when relative densities 

are low. In Alaska, the dispersion value for recruitment density was intermediate likely 

due to a few recruitment pulses that occurred for some taxa at higher recruitment density 

(Figure 2.3E). In contrast, recruitment in Panama was more evenly spaced relative to 

recruitment density, a pattern that was again driven by some taxa that recruited in high 

abundances regardless of the recruitment density present, with peak recruitment of other 

taxa still occurring at low recruitment densities (Figure 2.3H). Environmental niches also 

contributed to niche differentiation in all regions and recruitment was generally evenly 

spaced along temperature and salinity niche axes (Figure 2.5, Table 2.1). The relative 

spacing of recruitment along each environmental niche, however, varied within and 

among regions. 
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Table 2.1. Dispersion analysis shows niche spacing of recruitment along six niche 

axes. Values are the proportion of maximum variance (i.e., coefficient of heterogeneity), 

with values close to zero indicating even spacing, and values close to 1 indicating 

clustering. Regions are listed from higher to lower latitude from top-down. Overall niches 

dispersion is calculated by averaging niche overlap over all niche dimensions in the 

model.  

 

 

 

Temporal 

niche 

Recruitment 

density 

Environmental niches 
Overall 

Mean 

Temperature 

Minimum 

Temperature 

Maximum 

Temperature 
Mean Salinity 

Sub-arctic  

Alaska 
0.001 0.491 <0.001 <0.001 <0.001 <0.001 <0.001 

Temperate  

California 
0.005 1.000 0.250 0.030 0.003 <0.001 0.001 

Subtropics  

Mexico 
<0.001 1.000 0.050 0.416 <0.001 <0.001 <0.001 

Tropics  

Panama 
<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
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Figure 2.3. Density distributions of Temporal niches and Recruitment density niches 

across four bioregions for the 12 morpho-functional taxa. Ridge lines are calculated 

using Kernel-density functions and area under each curve equals 1. Temporal niches (left 

panels; A, B, C, D) and recruitment density (right panels; E, F, G, H). Recruiting taxa 

abbreviated and color-coded following Figure 2.1 legend. Trailing tails of ridge lines 

were removed for clarity. 
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2.4 Discussion 

While strong niche complementarity occurred in all regions across the latitudinal 

gradient, niche overlap was greater at lower latitudes and the ecological and evolutionary 

mechanisms that likely shaped niche complementarity varied considerably among 

regions. Niche overlap was non-random in all regions and was greater at low latitudes 

when assessed across the niche axis of time and recruitment density and across six niche 

axes combined. Further, the dispersion of niches along niche axes suggested strong 

differentiation at all latitudes. Niches were spaced evenly across time in all regions which 

allowed many taxa, particularly at high latitudes, to recruit during times when recruitment 

density in the system was low. Niches were also evenly spaced along key environmental 

gradients in temperature and salinity showing further differentiation along these axes. 

These results suggest that competitive avoidance has shaped niches across the latitudinal 

gradient, particularly at higher latitudes, likely over ecological and evolutionary time. 

Greater niche overlap at lower latitudes, however, contradicts classic theory about the 

contribution of niche differentiation to coexistence in the most species rich places on 

Earth.  

Recruitment niches in all regions showed strong temporal partitioning despite 

striking variation in seasonality across latitude. Taxa that differentiate their recruitment 

pulses in time can avoid competition and allow for coexistence (Beckman et al., 2018). 

Temporal niches were evenly spaced, however, regardless of the size of the recruitment 

period. As a point of comparison, this temporal spacing occurred both in tropical Panama, 

where recruitment occurs year-round, and in subarctic Alaska, where the recruitment 
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period is substantially compressed due to the seasonal climate at higher latitudes (Figure 

2.6). Indeed, variation in abiotic conditions, such as temperature and salinity, clearly 

shape niche differentiation as well and temporal fluctuations in these variables may 

underlie differentiation along the temporal niche axis. Niche breadth at higher latitudes, 

however, was much narrower relative to the subtropics and tropics, where many 

individual taxa recruited throughout the year (Figure 2.3 A-D). Narrower niches 

staggered in time allowed for tighter niche packing at high latitudes rendering lower 

niche overlap values even during the shorter recruitment season. 

By differentiating niches in time taxa generally also recruited when the 

recruitment potential (i.e., larval pool) in the system was lower (Figure 2.3 E-H) thereby 

optimizing their chances for competitive avoidance and successful settlement, but this 

dynamic was weaker in the tropics. While recruitment in California and Mexico and to a 

lesser extent in Alaska was generally clustered during times of low recruitment density, 

some taxa in the tropics had recruitment peaks that occurred when recruitment density 

remained high (Figure 2.3H). Life-history differences among taxa in different regions 

may influence the potential for competitive interactions and the subsequent ecological 

and evolutionary trade-offs that shape these patterns of niche usage. Certain life history 

strategies in this system, such as colonial growth, can be more common at low latitudes 

for some taxonomic groups and can contribute to accelerated space recovery after 

predation or disturbance (Hiebert et al., 2019, Bonfim and Freestone in prep). Further, 

both colonial and solitary taxa can settle on or overgrow other taxa without causing 

mortality of the host (Rodriguez et al., 1993) and at low latitudes overgrowth dynamics 
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can weaken the competitive hierarchy and favor coexistence of competitors (Barnes 

2002). Competition for space, therefore, may not be the most important ecological filter 

for successful recruitment in the tropics.  

In contrast, predation can be more intense in the tropics than at higher latitudes 

(e.g., Schemske et al., 2009; Freestone et al., 2011; Roslin et al., 2017; Lavender et al., 

2017; Dias et al. 2020) with impacts on community biomass and composition (Freestone 

et al., 2021) as well as recruitment (Freestone et al., 2020). The intensity and impact of 

predation can vary over space and time (Freestone et al., 2021) and interaction history 

(López and Freestone, 2020). Taxa may gain an ecological and evolutionary advantage in 

having wide recruitment niches to maximize the likelihood of survival during periods 

when predation is weaker. Further, variation in the consumption rates of reproductive 

adults could dampen the potential for strong recruitment pulses to evolve. Therefore, the 

dynamics that shape variation in recruitment niches across latitude are likely more 

complex than environmental variation alone, and biotic interactions, playing out across 

ecological and evolutionary timescales and across multiple life stages, may drive niche 

partitioning during recruitment.   

Niche complementarity varied across biogeographic scales, and while competitive 

avoidance likely shaped niche complementarity at higher latitudes other evolutionary and 

ecological forces may mediate competition and help structure and maintain patterns of 

biodiversity in the tropics. Diverging from expectations, niches of recruiting taxa in the 

tropics had greater overlap and were wider than those at higher latitudes. While evenly 

spaced niches in the tropics along key dimensions such as time and environmental factors 
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suggests some level of niche complementarity, space did not appear to be a primary 

driver of recruitment niches in at least some tropical taxa. Other factors may therefore 

reduce niche overlap on a local scale and promote coexistence in the tropics, such as 

consumer pressure by keystone predators (Paine, 1966; Sommers and Chesson, 2019), 

disturbance regimes (Jentsch and White, 2019), and high spatial and temporal variability 

in composition (Freestone and Inouye, 2015). Despite the understood importance of the 

niche axes studies here, I acknowledge that the inclusion of additional resource 

dimensions may further refine my understanding of these niche overlap patterns, as 

species may tolerate overlap on one niche axis by differentiating on another.  

Nevertheless, the differing mechanisms driving recruitment niche differentiation and 

niche arrangements likely contribute to the coexistence of taxa across large spatial 

gradients such as latitude.  
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2.5 Supplemental information 

 

 

Figure 2.4. Niche overlap probability distribution in four regions across latitude. 

Bootstrapped distributions (1000 replications) of pairwise overlap (0, no overlap; 1, complete 

overlap) among 12 taxa from tropics to subarctic, for all tested niche axes (A), temporal 

niches (B), and recruitment density niches. Different letters indicate statistical difference (p < 

0.01). Regions are ordered from lower (left) to higher (right) latitude. 



 

 

30 

Figure 2.5. Density distributions of two of the four environmental niches across four 

bioregions for the 12 morpho-functional taxa. Ridge lines are calculated using Kernel-

density functions and area under each curve equals 1. Mean temperature niches (left 

panels; A, B, C, D) and mean salinity niches (right panels; E, F, G, H). Recruiting taxa 

abbreviated and color-coded following Figure 2.1 legend. 
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Figure 2.6. Intra-annual variation of salinity and temperature during experiments. 

Monthly means at 1m-depth of salinity (A, ppt) and temperature (B, oC) were obtained at 

each region where experiments were conducted. Shading around timeseries lines 

represent standard deviation from the mean.  
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3. CHAPTER 3 

LATITUDINAL VARIATION IN  

FUNCTIONAL AND COMPOSITIONAL RECOVERY 

 

3.1 Introduction 

Pulse disturbances are ubiquitous in natural systems (Jentsch and White, 2019), 

and biomass-altering disturbances have increased in frequency in response to global 

alterations of climate (Seidl et al., 2017). These natural disruptions of the structure and 

composition of the community can directly or indirectly create opportunities for new 

organisms to establish (Sousa, 1984). The rates at which communities approach a non-

disturbed reference (i.e., resilience) and recover can be accelerated by increased net 

primary productivity (Gillman et al., 2015) and recolonization dynamics in opened gaps 

(Connolly et al., 2001). Empirical insights on the diversity of responses to disturbances 

can aid our overall understanding of functional and compositional stability affecting 

resilience of communities (Hillebrand and Kunze, 2020). Differences in latitude can also 

reduce or accelerate recovery rates as significantly as disturbance alone (Leithead et al., 

2012; Cole et al., 2014), suggesting that biogeography is likely important to 

understanding and predicting resilience.   

Composition and function are two main aspects that define resilience and 

community stability. First, biomass - or the total weight of organic biological material - is 

often used to quantify functional responses to disturbance and therefore functional 

recovery (Hillebrand and Kunze, 2020). Biomass can capture changes in some of the 
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most biodiverse systems on Earth even more accurately than functional diversity indices 

(Lohbeck et al., 2015). Further, recovery after disturbances can be influenced by rates of 

colonization of open patches (Sousa, 1981), and quantifying available space can inform 

occupancy (Palumbi et al., 2008). Space availability is a primary limiting resource in 

many systems, and the ability to quickly reoccupy space can characterize a component of 

functional recovery that is complementary to biomass. While these factors are related, 

biomass and occupancy dynamics are affected by several distinct ecological factors. For 

instance, increased primary productivity can accelerate rates of biomass accrual (Gillman 

et al., 2015), while consistent recruitment of dispersing propagules can increase space 

occupancy over time (Layton et al., 2019).  

Some of the most productive systems on Earth are found at lower latitudes 

(Huston and Wolverton, 2009). In the tropics, productivity is much less seasonally 

variable allowing for longer growing seasons and quicker accumulation of biomass 

(Keeling and Phillips, 2007). Indeed, faster biomass recovery (i.e., functional recovery) 

may occur at low latitudes, while recruitment may also increase recovery rates after pulse 

disturbances in systems open to dispersal (Hillebrand and Kunze, 2020). Recruitment of 

dispersing propagules is known to vary geographically across latitudinal gradients in 

several systems, with lower seasonality in recruitment rates at lower latitudes (Freestone 

et al., 2009; Usinowicz et al., 2019, Bonfim et al., in prep). A consistent number of 

dispersing colonizers could underlie efficient space occupation at lower relative to higher 

latitudes (Barnes and Arnold, 2001). Collectively, longer growing seasons with higher 

levels of productivity and aseasonal recruitment may lead to faster functional recovery 
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towards the tropics. Tropical disturbance studies, however, are exceedingly rare and most 

empirical syntheses are biased towards the temperate zones of North America and Europe 

(Hillebrand and Kunze, 2020). Thus, few studies have tested effects of disturbance on 

resilience across latitude using a standardized experimental approach.  

In addition to functional recovery, compositional recovery defines the ability of a 

community to return to a similar taxonomic composition after disturbance, but the 

interaction between these two components of recovery and how they vary across latitude 

is largely unexplored. Functional recovery is more likely to occur with full compositional 

recovery, but incomplete compositional recovery could result in the same or lower 

functional recovery (Hillebrand et al., 2018). Functions can be restored even with 

incomplete compositional recovery if there is functional redundancy among newly-

established species and those from the undisturbed community (Biggs et al., 2020). 

Further, factors that affect community composition, such as diversity, hinge on 

geographical location (Hillebrand, 2004a) with more diverse communities towards the 

tropics. Temporal compositional turnover is also higher in the tropics (Freestone and 

Inouye, 2015), which may contribute to dynamic changes in community structure in 

response to disturbance more at lower rather than higher latitude. Nevertheless, distinct 

local processes shaping community assembly and stability at different latitudes likely 

influence the relationship between functional and compositional recovery (Jurgens et al., 

2017; Hillebrand and Kunze, 2020). 

 I tested the hypothesis that community resilience to disturbance hinges on 

geographic location using a standardized replicated experiment on marine invertebrate 
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communities across 47-degrees of latitude. I hypothesized that functional resilience 

varies with latitude and is faster towards the tropics, and that recruitment is an important 

mechanism accelerating rates of functional recovery, particularly space occupation. I 

further examined two alternative trajectories in community composition: 1) 

compositional recovery coincides with functional recovery; or 2) disturbance initiates a 

compositional shift regardless of the degree to which functions are restored. Since 

disturbance history and community age interact to determine recovery potential in 

tropical, temperate and high latitude systems (Pregitzer and Euskirchen, 2004; López et 

al., in prep), I tested these hypotheses across two community assembly timescales. 

Collectively, the large-scale manipulative experiments and observations documented here 

provide novel insight into how functional and compositional recovery can vary 

geographically.  

3.2 Methods 

3.2.1 Study system 

Subtidal sessile marine invertebrates inhabit nearshore ecosystems across 

continental scales and are an ideal model system to examine community resilience to 

disturbance across geographical scales. These multiphyletic communities include 

tunicates, bryozoans, cirripeds, tube-building worms, sponges, bivalves, and cnidarians 

with a variety of growth forms and reproductive strategies (Bracewell et al., 2018), and 

space is generally the primary limiting resource in this system. These communities 

quickly assemble in a few weeks from swimming larvae that develop into sedentary or 



 

 

36 

sessile adults, with seasonal peaks in recruitment from the subtropics to higher latitudes 

(Freestone et al., 2009; Vieira et al., 2016, Bonfim et al., in prep.). Further, these subtidal 

communities can be commonly found inhabiting natural and artificial substrates (e.g., 

docks and pilings) and thus provide an experimentally tractable and fast-growing model 

system to examine functional and compositional recovery. 

3.2.2 Biomass removal experiment 

Experiments were conducted in four study regions across 47-degrees latitude 

(7000 km) on the Pacific coasts of North and Central America: (1) subarctic Ketchikan, 

Alaska (55º N, 131º W), (2) temperate San Francisco Bay, California (37º N, 122º W), 

(3) subtropical La Paz, Mexico (24º N, 110º W) and (4) tropical Panama City, Panama (8º 

N, 79º W) (Freestone et al., 2021). To capture the ecological variability inherent to each 

region I ran my experiments at three sites in each region, for 12 study sites across the 

latitudinal gradient. Sites were recreational marinas with high salinity (average >30 ppt) 

separated by outer coast habitats or at least 10 km assuring limited larval dispersal among 

sites. While local scale processes may vary between natural and artificial habitats, 

marinas provide a reproducible system to test and examine macroecological questions 

(Rodemann and Brandl, 2017). 

To standardize for substrate type, habitat area, habitat complexity and community 

history, 14 x 14 x 0.95 cm abraded polyvinyl chloride (PVC) panels were used as 

simplified model habitat to study subtidal communities. Panels were sanded on one side 

to create a rough surface that facilitates settlement of sessile invertebrates. Panels were 
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individually mounted to a brick (for weight) and suspended at 1-meter depth below the 

water surface from floating docks. Panel deployment occurred during the seasonal peak 

of recruitment or productivity in each region; panels were deployed in Alaska in June 

2015, California in May 2016, Mexico in June 2017, and Panama in December 2015. 

Experiments were conducted on communities over two timescales, representing early (3-

months) and late (12-months) assembly stages.  

One challenge in examining community resilience across large geographical 

scales is the spatial variation in the intensity and frequency of disturbances that result 

from local processes (Jentsch and White, 2019). I therefore performed standardized 

biomass removal experiments (i.e., pulse disturbance) to compare disturbed communities 

to un-manipulated controls. Communities were disturbed iteratively by manually 

removing biomass in situ from random 1-inch wide (2.54 cm) vertical sections of the 

panel. Removals opened space for new colonizers, thereby providing a pulse of limited 

resource to these communities. Three disturbance treatments were applied: (1) control (no 

removal), (2) low disturbance (18% of surface area, approximately 36 cm2), and (3) high 

disturbance (54% of surface area, approximately 107 cm2). This approach controlled the 

intensity of disturbance with a high disturbance treatment that was severe enough to open 

large gaps but not completely decimate the community (Sousa, 1984). Manipulations 

were performed on a standardized schedule following panel deployment, and 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 
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deployment), and 12-month communities experienced all five removals. Each treatment 

was replicated five times (n = 15) at each of the 12 study sites, for both 3-month and 12-

month retrievals, for 360 experimental communities across the latitudinal gradient. 

To assess functional and compositional recovery from disturbance, I quantified 

community biomass, open space, and composition. Experimental panels were retrieved 

and weighed (wet weight, g) to measure community biomass. Percent cover for each 

taxon and open space (unoccupied by any organisms) was estimated using a 50-point 

grid, sampled with a stereoscope. Individuals when present were identified to the lowest 

taxonomic resolution possible and then categorized into thirteen standardized morpho-

taxonomic groups based on growth form and broad taxonomy (phylum, subphylum or 

order), with seven solitary and six colonial taxa (e.g., erect arborescent colonial 

Bryozoan, solitary erect Tunicate; listed in Figure 3.6 – Supplemental information). 

These groupings allowed me to standardize functional and taxonomic composition across 

biogeographic regions with distinct species pools and diversity. 

3.2.3 Recruitment experiment 

To explore recruitment as a mechanism of recovery I quantified newly recruited 

communities at the same sites where the biomass removal experiment was conducted 

with both experiments initiated simultaneously. Recruitment panels were the same as 

those used in the biomass removal experiment (14 x 14 x 0.95 cm, PVC with abraded 

surface) but were not manipulated for different disturbance treatments. I deployed and 

then retrieved nine panels every two weeks for one year at each study site. Of the nine 
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panels deployed in each sampling interval at each site three, had 6.35 mm mesh cages 

around the panels and three were procedural controls (i.e., partial cages) as part of a 

parallel experiment looking at the effects of predation on newly settled communities.  

There was no effect of predation exclusion treatment on total number of recruits in any of 

the regions (Freestone et al., 2021), therefore all panels were used in the current study 

without regard to treatment, with a total of over 2,500 replicates along the latitudinal 

gradient. Upon retrieval, individual recruits were quantified on a 100 cm2 standardized 

subsection of the panel using a stereoscope. I then used recruitment data for the weeks 

between the last biomass removal and retrieval of adult communities at 3-months and 12-

months to calculate a mean recruitment rate since last disturbance for each of the three 

sites in each region.  

3.2.4  Data analysis 

To examine latitudinal variation in functional recovery, I tested for the effect of 

disturbance intensity on biomass and open space over two community assembly time 

scales (3- and 12-months) across regions. Biomass (wet weight, g) and the relative 

abundance of open space were uncorrelated (r = - 0.06, p = 0.2) and modeled separately 

using the same predictor variables. I tested the fixed effects of region, disturbance 

intensity treatment (no removal - control, low disturbance - LD, and high disturbance - 

HD), assembly time scale (i.e., time; three and 12 months) and all interactions. Site 

(nested within region) and its interactions with treatment and time were included as 

random factors. For the response variable of open space, I first fit a series of linear 
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models which were then compared in two steps: (1) using model selection based on AICc 

values (corrected Akaike Information Criteria) to select the most parsimonious model; 

and (2) though inspection of post hoc residual diagnostics using visual assessments of 

normality, tests for overdispersion (DHARMa; Hartig 2020) and homogeneity of 

variances (Levene’s test; Fox and Weisberg, 2019). Models that had lowest AICc scores 

but violated the model assumptions were rejected. Thus, I fit four generalized linear 

mixed models (GLMM) with Poisson and negative binomial distributions with and 

without zero-inflation, and a linear mixed model (LMM) using point count data as an 

integer response. In addition, another LMM was fit using normalized relative abundance 

of open space with an arcsine square root transformation as a continuous response 

(hereafter, space model). Among the six models for open space, the space model was 

selected moving forward considering it was the only that met the homoscedacity 

assumptions. For biomass data, I fit an LMM on natural logarithmic transformed data 

(hereafter, biomass model).  

To test if recruitment rates contributed to functional recovery, I reran the biomass 

and open space models with recruitment as a continuous co-variate. Mean recruitment 

since last disturbance for each site was included as a smooth factor on the random 

predictor (Harison et al., 2018; Pedersen et al., 2019). F-statistics were calculated using 

Kenward-Roger approximations (Kenward and Roger, 1997; Chawla et al., 2014). 

Models with and without recruitment as a predictor were then compared using AICc 

scores. Finally, to test the main hypotheses that functional recovery varies with latitude at 

each time scale, treatment effects were calculated as a planned contrast in each region at 
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each assembly time scale for biomass and open space separately using Holm tests (Pike, 

2011). All analyses and visualizations were performed in R version 4.0.3 (R Core Team, 

2020) using the packages: glmmTMB (Brooks et al., 2017) for GLMMs; lme4 (Bates et 

al., 2015) and lmerTest (Kuznetsova et al., 2017) for LMMs; emmeans (Lenth, 2020) for 

multiple comparison analysis; car (Fox and Weisberg, 2019) for Levene’s tests; 

DHARMa (Hartig, 2020) for overdispersion tests of residuals; and tidyverse (Wickham et 

al., 2019) for data visualization.  

To test the hypothesis that disturbance can initiate a shift in compositional 

recovery I tested the effect of disturbance intensity on community composition of 

morpho-taxonomic groups across the two assembly time scales. I first calculated Bray-

Curtis dissimilarity distances among communities based on relative abundances of 

morpho-taxonomic groups. I then examined the fixed effects of region, treatment, and 

assembly time scale, the random effect of site (nested in region), and all their interactions 

on community dissimilarity using permutational multivariate analysis of variance 

(PERMANOVA; Anderson, 2001). Monte Carlo tests were used to calculate p values. I 

further performed pairwise comparisons to identify specific treatment and assembly time 

scale differences for each region and examined homogeneity of multivariate dispersions 

(PERMDISP) for levels of main effects and their interactions that were significant in the 

PERMANOVA. To explore the contribution of individual morpho-taxonomic groups to 

the dissimilarities among communities, I used similarity percentages analysis (SIMPER) 

to compare levels of the factors of time and treatment. I further focused on the 

contributions of colonial versus solitary growth forms to explore potential mechanisms 



 

 

42 

contributing to differences observed in the data. All simulations were performed on 

PRIMER v7.0.13 (Plymouth Marine Laboratory, UK). 

3.3 Results 

Disturbance increased open space at high but not lower latitudes, and recruitment 

rate was not a strong predictor of recovery. There was no effect of biomass removal on 

open space at lower latitudes at either community assembly time scale, despite the 

removal of over half of the standing biomass one month prior to retrieval (Figures 3.1 and 

3.4). In contrast, during early assembly in subarctic Alaska when overall community 

biomass was low, disturbance increased open space (Region × Treatment: F6/16.0 = 5.17, p 

= 0.003; Alaska 3-month contrasts: HD to control: t = -3.389, p = 0.041; LD to HD: t = 

4.75, p = 0.0009). Further, high disturbance produced a substantially stronger effect in 

Alaska at late assembly (Alaska 12-month, HD to control, t = -5.47, p = 0.0001). Overall, 

open space increased with latitude (Region: F3/8.0= 25.20, p = 0.0001) and space 

occupation was greater at late assembly (Time: F2/15.0 = 9.98, p = 0.0015). Recruitment 

rates did not improve model fit for either the space or biomass models, and only models 

without this predictor are reported. 

Biomass recovery occurred quickly in all regions during early assembly, but 

varied geographically during late assembly. Disturbance did not result in reduced 

biomass after three months, even for my high disturbance treatment.  During late 

assembly, high disturbance reduced biomass in three of the four regions (Figure 3.1; 

Time × Treatment: F2/15.0 = 10.5, p = 0.001; 12-month HD to control contrasts: Panama: t 
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= 4.26, p = 0.003; Mexico: t = 6.05, p = 0.00002; Alaska: t = 5.50, p = 0.0001), with a 

more moderate response to low disturbance in subtropical Mexico (Figure 3.1, Mexico 

12-month contrasts: LD to control, t = 3.72, p = 0.01). Biomass varied with assembly 

stage but only in Alaska (Figure 3.4; Region × Time: F3/8.0 = 9.50, p = 0.005; contrasts: 

Alaska: t = 4.01, p = 0.04; Panama, Mexico and California: p > 0.05). Overall, I observed 

variability in functional recovery across geographical scales with disturbance 

differentially affecting space availability and biomass recovery across different latitudes 

and stages of community assembly. 
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Figure 3.1. Open space and biomass recovery in response to disturbance across 

latitude. Mean effect size ± SE from planned contrasts on linear mixed model are shown. 

Positive space effect sizes indicate an increase with disturbance. Negative biomass effect 

sizes indicate loss with disturbance between pairs of treatments. Dashed line indicates no 

effect. Each paired contrast is represented by a symbol and asterisks mark significant 

differences (p < 0.05* and <0.0001**). LD = Low disturbance treatment, HD = High 

disturbance treatment. Regions are organized from lowest to highest latitude.  
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Disturbance changed the compositional architecture of communities in all regions 

revealing incomplete compositional recovery (Figure 3.2, Table 3.1). Differences 

emerged after high disturbance regardless of region or assembly time scale (Treatment: p 

= 0.001; contrasts: control vs. HD: t = 1.73, p = 0.01; control vs. LD, LD vs. HD p > 

0.05). Composition of morpho-taxonomic groups also changed across time (Time: p = 

0.001) particularly at lower latitudes (Figure 3.5; Region × Time: p = 0.001; Time 

contrasts: Panama: t = 2.48, p = 0.025; Mexico: t = 2.58, p = 0.013; California: t = 3.54, p 

= 0.005), which suggests important differences in assembly processes among regions. 

Variability among sites occurred (Table 3.1), but regional effects of disturbance and time 

exceeded this random variability. Differences in dispersion were not significant between 

treatments at each region and assembly time scale. Thus, compositional recovery was 

incomplete in response to disturbance intensity across all latitudes despite the age of the 

community.    
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Figure 3.2. Non-metric multidimensional scaling (nMDS) ordination of communities 

at different levels of disturbance for each assembly time and region. Each point is an 

experimental community and closer proximity between points indicates compositional 

similarity. Symbols indicate biomass removal treatment. Clusters of points corresponding 

to control (no removal) and high disturbance removal are outlined for visual comparison. 

LD = Low disturbance treatment, HD = High disturbance treatment. Higher latitude 

regions are at the top. 
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I also observed an increase in relative abundance of colonial organisms in 

response to disturbance intensity, especially at high latitudes (Figure 3.3; SIMPER 

analyses), substantially contributing to dissimilarities among communities. Over 70% of 

the dissimilarities between treatments were driven by an increase in colonial taxa with 

disturbance. In Alaska, the presence of solitary organisms dominated the communities at 

late assembly but disturbance increased the abundance of colonial hard-bodied branching 

organisms (calcified arborescent bryozoans) and encrusting colonial soft-bodied 

organisms (colonial tunicates) after disturbance (Figure 3.6). A similar dynamic occurred 

in tropical Panama, subtropical Mexico and temperate California with hard- and soft-

bodied sheet colonial growth forms dominating after a disturbance, particularly at late 

assembly. Between early and late assembly, the average abundance of colonial organisms 

increased at lower latitudes, while solitary taxa were more abundant in Alaska at 12-

months. The average temporal dissimilarity in each region was primarily influenced by 

colonial taxa, yet was much stronger at lower latitudes (3 and 12-month dissimilarities 

contribution %: Panama: 72%; Mexico: 72%; California: 80%; Alaska: 54%). All thirteen 

morpho-functional taxa were present in all regions, but their percent cover and 

contributions to compositional recovery were variable between lower and high latitudes 

(Figures 3.3 and 3.6).  
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Figure 3.3. Percent cover of colonial and solitary morpho-functional groups across 

latitude and treatment. Percent cover of colonial growth forms increased with 

disturbance. Lighter color – colonial organisms, darker color – solitary organisms. C = 

control, LD = Low disturbance treatment, HD = High disturbance treatment. Specific 

functional groups are detailed in Figure 3.7 (Supplemental information). 

3.4 Discussion 

Combining functional and compositional recovery, two important aspects of 

community resilience, I documented latitudinal variation in resilience across 47 degrees 

of latitude. Speed of functional recovery was higher towards lower latitudes, yet 

incomplete at late assembly in the tropics and subtropics. Further, high disturbance 

significantly reduced biomass and space occupation in subarctic communities, 

particularly during late assembly. Contrary to my expectations, mechanisms other than 
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recruitment might contribute more strongly to functional recovery in these communities. 

In addition, the degree of functional recovery did not coincide with compositional 

recovery, and biomass removals shifted compositional trajectories of recovery in all 

regions at both assembly time scales. Together, my results support the hypothesis of 

biogeographical variation in resilience, with community age and disturbance intensity 

largely defining the speed and degree of recovery. While biogeographic variation in 

community resilience has been predicted (Hillebrand and Kunze, 2020), my results are 

among the first to examine functional and compositional recovery to disturbance in a 

single large-scale standardized experiment. 

While communities open to dispersal have shown faster recovery (Hillebrand and 

Kunze, 2020), short-term space recovery is often driven by growth (Sousa et al., 1981; 

Lord, 2017). In my system, despite average recruitment at lower latitudes being orders of 

magnitude higher than in the subarctic (Bonfim et al., in prep), recruitment as an 

explanatory variable for space and biomass recovery did not improve model fit, 

suggesting that alternative recolonization dynamics might contribute more substantially 

to variation in resilience across latitude. Higher net primary productivity can increase 

growth rates (Pregitzer and Euskirchen, 2004; Gillman et al., 2015), and productivity can 

differ across geographically distinct regions. Large-scale patterns of productivity, 

however, differ between terrestrial and nearshore ecosystems (Cloern and Jassby, 2008). 

Annual productivity typically decreases with latitude on land whereas the most 

productive ocean and coastal waters are at high latitudes (Huston and Wolverton, 2009). 

Lower latitude communities, however, particularly in tropical and subtropical latitudes, 
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experience more stable climates and longer growing seasons (Hillebrand, 2004a). Rapid 

functional recovery, therefore, could be explained by the abundance of fast-growing traits 

(López et al., in prep) and longer growing seasons in communities at tropical and 

subtropical latitudes, rather than rates of productivity alone.  

Physical disturbances can act as selective forces favoring weaker competitors with 

faster life cycles (Sousa et al., 1984), and modular (i.e., colonial) growth can increase 

rates of short-term recovery in response to biomass removals (Yu et al., 2001). In my 

study, the abundance of colonial organisms was considerably higher at latitudes and 

assembly time scales where space recovery was successful (Panama, Mexico and 

California; Figures 3.3 and 3.6). Recovery in both marine and terrestrial systems can be 

faster when recolonization is primarily driven by the regeneration of disturbance 

survivors (Sousa, 1979) that opportunistically colonize areas of marked disturbance 

(Gorchov et al., 2011). Further, the expansion of these colonies in this marine system 

typically do not contribute substantially to overall community biomass (Hughes, 2005) 

helping explain why space occupation was not followed by biomass recovery at late 

assembly in Panama and Mexico (Figure 3.1). Dominant growth forms, however, can 

change with latitude and tropical communities harbor twice the number of colonial 

ascidian species relative to solitary; while at 50o and 60o latitudes this proportion (0.5 

ratio) is four times lower (Hiebert et al., 2017). This increased number of colonial taxa 

towards lower latitudes could increase the probability of these organisms in dominating 

the substrate more quickly, thereby accelerating functional recovery. Indeed, subarctic 

communities were dominated by solitary taxa, particularly at late assembly. Solitary 
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organisms are slower colonizers (Chang and Marshall, 2016) and may produce slower 

recovery rates compared to colonial growth from established individuals. These 

organisms, however, can be retained and grow in the community when undisturbed, 

increasing total community biomass (Figure 3.7). Overall, latitudinal variation in 

functional recovery in this system may be largely driven by growth dynamics favoring 

organisms that rely on colonial growth. 

Recovery of biomass and composition are thought to be positively correlated 

(Hughes, 2005), yet my results show that these components of recovery can be 

uncoupled. Even in cases where function was restored, such as at lower latitudes at early 

assembly, compositional recovery was incomplete, suggesting functional redundancy was 

likely among taxa in disturbed and undisturbed treatments. Besides the increased 

presence of colonial organisms likely accelerating functional recovery, colonial growth 

may also have contributed to this compositional shift, since recruitment was not a strong 

predictor of recovery. Organisms capable of colonizing space quickly can influence 

compositional trajectories following a disturbance via priority effects and inhibition 

(Sousa, 1979; Sousa, 1984). Indeed, my results show that the presence of colonial 

organisms not only increased with disturbance intensity, but these taxa also contributed 

substantially to the dissimilarity between pairs of treatments at all regions regardless of 

community age. Functional redundancy may improve resilience to disturbance (Biggs et 

al., 2020), but disturbances may also result in trait homogenization by favoring a specific 

suite of traits (López et al., in prep), which could have important consequences for 

community susceptibility and resilience to other types of disturbances.  
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Presence of invasive species and local climate fluctuations can also shape the 

speed and trajectory of recovery dynamics. California was the only region where 

communities completely recovered function at both assembly stages. San Francisco Bay, 

where my experiments were conducted, is considered one of the most invaded coastal 

ecosystems on Earth (Cohen and Carlton, 1998), and non-native species indeed were 

abundant in my experimental communities. Non-native species typically reproduce faster 

and dominate community space (Lord, 2011; Gorchov et al., 2011), especially at latitudes 

where weaker species interactions are less effective at limiting their abundance (Dias et 

al., 2019; López and Freestone, 2020). In addition, local climate fluctuations can 

substantially shift community dynamics, such as the El-Niño Southern Oscillation 

(ENSO) event that occurred in California in 2016 – 2017. This recurrent event brought 

dramatically increased freshwater influx into coastal environments due to a longer and 

more intense rainy season, along with high mortality of coastal organisms (Chang et al., 

2017). These conditions likely underlie the remarkable differences in composition 

between early and late assembly in that region (Figures 3.5 and 3.6) and their subsequent 

recovery dynamics. Given the high abundance of invasive species in my temperate 

coastal waters (Ruiz et al, 2011) and the regularity of ENSO events along the Pacific 

Coast (Conomos et al., 1985; Chang et al., 2017), California serves as an interesting 

model for understanding how resilience in the temperate zone can differ from other 

latitudes.  

Using a novel exploration of both functional and compositional recovery in a 

standardized experiment spanning 47-degrees latitude, I demonstrate that resilience can 
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vary with latitude, with recolonization likely driven more strongly by growth rather than 

recruitment in this system where colonial growth is common. My results also highlight a 

disconnect between functional and compositional recovery, with important consequences 

for restoration ecology and efforts that favor fast-growing species to restore biomass in 

impacted high diversity systems (Brancalion et al., 2019). Given that increased severity 

and frequency of physical disturbance regimes is expected to predictability reduce the 

distribution of living biomass globally (Seidl et al., 2017), it is critical to understand 

recovery dynamics of natural systems across geographic scales and their potential for 

resilience.   
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3.5 Supplemental information 

 

Figure 3.4. Differences in open space and biomass among communities in response 

to disturbances. Open space is expressed as percent cover of area, and biomass is wet 

weight (g) of the panel and living organisms. Dashed line indicates 0% cover area in open 
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space plots and average weight of a bare panel at deployment in biomass plots. Different 

letters indicate statistical difference (α < 0.05) between paired contrasts of treatments at 

each region and assembly time scale. 

 

 

Figure 3.5. Non - metric multidimensional scaling plot (nMDS) of communities at 

each assembly time. Symbols indicate early (■) and late assembly (●). Each point is a 

community, and closer proximity between points indicates compositional similarity. No 

difference in composition between assembly stages was observed in Alaska. 
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Figure 3.6. Relative abundance of morpho-taxonomic groups across latitude in 

response to disturbance treatments at early and late assembly. Groups are broadly 

organized under different growth form categories of Solitary and Colonial. Dark pointer 

(►) in each bar marks the separation between solitary taxa (bottom) and colonial taxa 

(top), as in Figure 3.3. C = control, LD = Low disturbance treatment, HD = High 

disturbance treatment. Grouping are: Sea anemones (Ane); Mussels, clams and oysters 

(Biv); Encrusting Bryozoans with sheet-like colonies (EncrBry); Arborescent hard-

bodied colonial Bryozoans (ArbBry); Soft-bodied upright colonial Bryozoans (SftBry); 
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Colonial hydroids (Hydr); Barnacles (Barnc); Soft tube building worms, Family 

Saballidae (SftTub); Calcareous long tube worms, Family Serpullidae (LngTube); 

Calcareous spiral tube worms, Family Spirorbidae (SprlTub); Sponges (Spng); Colonial 

ascidians with sheet-like colonies (ColTun); and Solitary ascidians (SolTun). 

 

 
 

Figure 3.7. Unmanipulated communities (no removal treatment) from subarctic 

Alaska at early and late assembly (3- and 12-month retrievals). Images are taken from 

two different communities that are representative of each assembly stage. Open space 

was readily available after three months, with larger solitary organisms dominating after 

12 months. 
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Table 3.1. Compositional differences among regions, assembly time and treatment. 

PERMANOVA results were based on Bray-Curtis dissimilarities of untransformed 

abundance data. “Var” gives the estimated sizes of components of variation. Significant p 

values are marked with asterisks (*) and random components are indicated with a symbol 

(§). 

Source of variation  SS  MS Pseudo-F p (MC) Var SD 

Region 153 790 51 262 2.6686 0.009* 356.96 18.893 

Site (Region)§ 153 690 19 211 18.586 0.001* 607.26 24.643 

Time 72 167 72 167 7.9495 0.001* 351.31 18.743 

Treatment 8353 4177 2.3392 0.009* 19.972 4.469 

Region × Time 176 660 58 886 6.4864 0.001* 1109.4 33.307 

Region × Treatment 9937 1656 0.9275 0.58 -4.3247 -2.0796 

Time × Treatment 4434 2217 1.8673 0.052 17.199 4.1472 

Time × Site (Region)§ 72 631 9079 8.7836 0.001* 537.55 23.185 

Treatment × Site (Region)§ 28 573 1786 1.7277 0.001* 75.364 8.6813 

Region × Time × Treatment 10 617 1770 1.4905 0.063 38.91 6.2378 

Time × Treatment ×Site (Region)§ 18 996 1187 1.1486 0.182 30.78 5.548 

Residual§ 297 680 1034 - - 1033.6 32.15 

Total 1 008 100 - - - - - 
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4. CHAPTER 4  

BIOTIC RESISTANCE AND ENVIRONMENTAL MISMATCH  

LOWER INVASION RISK IN NEARSHORE MARINE ECOSYSTEMS 

4.1 Introduction 

Global trade is a key driver of human-mediated dispersal of marine species across 

biogeographical barriers, resulting in biological invasions and contributing to acceleration 

of species spread worldwide (Ruiz et al., 2000). As much as 80 percent of world trade is 

hauled by ships (Sardain et al., 2019) and vessels provide microhabitat for species 

survival, thereby serving as a vector for transportation of organisms beyond natural 

biogeographical regions and colonization of novel environments (Carlton and Ruiz, 2005; 

Ruiz et al., 2015). In the marine realm, ship-borne invasions occur mainly by ballast 

water (water used to maintain vessel stability during voyage that can contain aquatic 

species) and biofouling (undesired organisms that accumulate on submerged structures of 

vessels). The latter mechanism is much less explored in ship-borne risk assessment 

models and recent evidence suggests biofouling on hulls of ships may be more important 

to the transportation of benthic invaders than ballast water given that most larval stages 

are not able to survive voyages in ballast tanks (Moser et al., 2016; Simkanin et al., 

2016). Probability of invasions increase with greater propagule pressure, or the 

combination of release events (propagule number) and number of individuals released in 

each event (propagule size) (Lockwood et al., 2005). Nevertheless, several factors can 

mediate invasion failure such as inappropriate environmental conditions at a recipient 

region (i.e., environmental mismatch; Keller et al., 2011) and interactions with local biota 
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resulting in biotic resistance (Kimbro et al., 2013) yet the relative contribution of these 

factors to invasion risk remains unresolved. 

Environmental mismatch is important for predicting establishment of potential 

new invaders especially in marine nearshore systems (Seebens et al. 2013). Combining 

environmental distance, or the difference in abiotic conditions between donor and 

recipient regions, into transportation networks (Keller et al., 2011) can help identify 

dynamics affecting the translocation of species (Bush et al., 2014). Analyses of these 

networks can reveal patterns of connections among regions, such as clustering (shared 

connections) and asymmetry (unique connections), and are often evaluated in parallel to 

risk assessment models. The global cargo shipping network is a complex system of ports 

(nodes) that are connected by vessel traffic (edges) (Kaluza et al., 2010). Studies have 

predicted that areas with a high number of vessel arrivals (i.e., high propagule number) 

and lower intra- and inter-annual variation are likely to be more susceptible to invasions 

(Drake and Lodge, 2004), especially when connections are established between 

environmentally close regions (Keller et al., 2011). In an increasingly connected world, 

(Williams et al., 2013; Sardain et al., 2019) donor-recipient networks that integrate 

environmental distance can both inform invasion risk and corroborate model predictions. 

In addition to environmental conditions, biotic interactions can also mediate the 

success of an invasion (Mitchell et al., 2006) and evidence suggests that the strength of 

biotic interactions could change predictably across biogeographic gradients, such as 

latitude. Biotic resistance, or the ability of a native community to limit the distribution 

and abundance of non-native species (Elton, 1958; Levine et al., 2004), can be stronger in 
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the tropics (Freestone et al., 2013; Kimbro et al., 2013; Cronin et al., 2015; Cheng et al., 

2019) where biotic interactions are thought to be more intense and specialized than at 

higher latitudes (Dobzhanski, 1950; Mittelbach et al., 2007; Schemske et al., 2009). In 

fact, fewer non-native taxa have been observed in the tropics for several major taxonomic 

groups (Sax, 2001). Species richness can increase biotic resistance through more 

complete resource utilization (Stachowicz et al., 2002) and with higher species richness 

occurring in the tropics (Pianka, 1966; Brown, 2014; Fine, 2015) tropical communities 

may be more resistant to invasion due to competition.     

Predation, however, can also be a primary mechanism of biotic resistance with 

stronger intensity and impacts of predation in the tropics. Predation impacts on prey 

communities is more severe at low relative to high latitudes, shaping patterns of prey 

composition, biomass, and functional diversity (López and Freestone, 2020; Freestone et 

al., 2020; Freestone et al., 2021; Ashton et al., in review). Predators can limit non-native 

prey survival and growth (Hunt and Yamada, 2003), and strong predation can reduce the 

likelihood of successful invasion despite high introduction effort (i.e., propagule 

pressure) (Byun et al., 2015). Yet, large scale and standardized experiments that assess 

the intensity and impact of predation to inform estimates of biotic resistance across 

biogeographic gradients are still scarce. 

The challenges associated with studying the potential for biotic resistance across 

large spatial scales is reflected in the absence of this component in many models of 

invasion risk and spread of non-native species (Seebens et al., 2013; 2019; Wonham et 

al., 2013). Most existing models integrate environmental conditions and propagule supply 
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to predict invasion risk in a variety of ecological contexts, including marine ports and 

terrestrial plant invasions and spread (Seebens et al., 2015; 2018). Being primarily 

informed by vector dynamics, these models predict establishment probabilities as a 

function of colonization and survival at a new location but largely ignore the ability of a 

local community to resist establishment of a non-native species through species 

interactions. In addition, emerging modelling approaches of marine invasions have not 

previously been applied to other pathways of introduction beyond ballast water despite 

the potential importance of hull biofouling, which can introduce large numbers of 

potential individuals and remains largely under-regulated (Zabin et al., 2018).  

I developed and implemented an integrated model that examines how propagule 

pressure, environmental matching and biotic resistance mediate risk of invasion at 

different port regions in a marine vessel traffic network. I employed this approach to 

understand marine invasion risk due to biofouling, an understudied but potentially critical 

pathway of introduced marine species. I predicted that environmental matching would be 

more important to invasion risk in ports where a low number of connections have a 

disproportionate contribution to propagule number, as environmental mismatch to these 

strong connections could heavily influence the overall risk of invasion at that port. I 

further predicted that the probability of predation impact, as a mechanism of biotic 

resistance, can reduce invasion risk from ship-borne introductions even under high 

propagule pressure and that this effect would be most pronounced in the tropics where 

predation is expected to be more intense that at higher latitudes. To test these hypotheses, 

I expanded existing modeling frameworks based on shipping (propagule) networks and 
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environmental distance measures among ports (Keller et al., 2011; Seebens et al., 2013; 

Wonham et al., 2013; Moser et al., 2016; Miller et al., 2018) to incorporate biotic 

resistance by predation, using experimentally-derived data from different port regions. 

This approach leverages recent advances in invasion risk modeling while expanding the 

ecological realism to include a measure of biotic interactions. My approach represents a 

novel advancement in the prediction of invasion risk with applicability to different 

ecosystems and contexts.  

4.2 Methods 

To explore invasion risk across a donor-recipient network accounting for 

introduction effort, environmental filtering and biotic interactions I focused on two main 

approaches. First, I used vessel traffic databases to construct a worldwide port network 

where shipping routes serve as edges (i.e., connections) and ports serve as nodes (i.e., 

connectors). This approach enabled me to visualize the distribution of transportation 

routes to the studied destination port regions in the context of environmental distances. 

Second, I expanded on existing establishment probability models to incorporate biotic 

resistance from predation to predict risk of invasions in port regions. I estimated the 

probability of invasion in port j (i.e., recipient region) as a function of the probabilities 

that a propagule will (1) arrive on route r and be released at port j (Pr[Supply]), (2) 

survive environmental differences between donor port i and recipient port j (Pij[Env]), 

and (3) survive predation by local predators in port j (Pj[Resist]), thereby overcoming 

biotic resistance. Assuming these probabilities are independent (ρS,E = -0.06, ρS,R = 0.01, 
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ρE,R = 0.27) their product determines the likelihood of a new primary invasion (i.e., 

colonization of a new individual) by hull biofouling from one particular ship movement r 

(Equation 1).  

𝑷𝒋(𝑰𝒏𝒗) = 𝑷𝒓(𝑺𝒖𝒑𝒑𝒍𝒚) × 𝑷𝒊𝒋(𝑬𝒏𝒗) × 𝑷𝒋(𝑹𝒆𝒔𝒊𝒔𝒕)      .                   (1) 

While this approach builds on existing equations from validated models for 

estimating invasion risk in coastal systems, I incorporated into these models the first 

estimate to my knowledge of the probability of biotic resistance using experimentally-

derived data. All calculations, simulations and data visualizations were performed in R 

statistical software 4.0.3 (R Core Team, 2020). 

4.2.1 Study Regions 

To test how biotic resistance and abiotic filters mediate propagule pressure to 

predict invasions and to explore the architecture of shipping networks, I selected three 

port regions to serve as models for distinct biogeographic regions and shipping profiles.  

This approach allowed me to assess invasion risk in distinct ecological and invasion 

contexts. I used three main criteria to select my study regions. Port regions needed to: 1) 

be intensively used and relevant economically to the overall region that includes a high 

volume of international connections; 2) be located at different biogeographic regions 

within the marine biome to represent different ecological contexts and 3) have distinct 

shipping regimes with variable propagule pressure. I selected three port regions along the 

northeast Pacific coastline, from subarctic latitudes to the tropics. Port regions combined 

all nearby commercial ports (< than 100 km distance) that would be relevant to that 
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bioregion: (1) Panama Bay anchorage region (8° N, 79° W), including all arrivals and 

anchored ships about to cross the Panama Canal; (2) California San Francisco Bay port 

region, including all arrivals to the ports and commercial harbors at Alameda (37° N, 

122° W), Benicia 38° N, 122° W), Oakland (37° N, 122° W), San Francisco (37° N, 122° 

W), and Redwood City (37°, 122° W); and (3) Southeast Alaska port region, represented 

by the Port of Ketchikan (55° N, 131° W). These three port regions (hereafter referred as 

Panama, California, and Alaska respectively) were also identified consistently in the 

literature as potential routes of introduction for marine species (see databases curated by 

Fofonoff et al., 2021), as well as biogeographic regions where biotic interactions by 

predation had showed consistent differences (López and Freestone, 2020; Freestone et al., 

2021).  

Panama – Panama served as a tropical latitude port region with extremely high 

vessel traffic and low seasonality in shipping, which ensured high propagule number all 

year. The Panama Canal, constructed at the Isthmus of Panama, is a major transoceanic 

water bridge identified as an important biogeographical connector and global invasions 

hotspot (Muirhead et al., 2015). As expansion projects are implemented, the growing 

traffic capacity of larger vessels will likely contribute to increase invasion risk in the 

region (Ruiz et al., 2013). 

California – Recognized as a highly invaded estuary (Cohen and Carlton, 1998; 

Ruiz et al., 2011), the San Francisco Bay ports are located at a temperate latitude and are 

major ports of entry for goods to the United States (McGee et al., 2006). Low seasonality 
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of arrivals and high arrival numbers contribute to high potential of propagule pressure to 

this region. 

Alaska – Port of Ketchikan is a major stop for passenger vessels in the Northeast 

Pacific and of great significance to southeast Alaska tourism (Miller and Ruiz, 2014). In 

the region where it is located, Ketchikan has a higher number of arriving vessels relative 

to neighboring ports but with high seasonality of arrivals that peak during the northern 

hemisphere summer. The importance of this port region is growing given the emerging 

shipping routes in the Arctic Ocean that could potentially increase risk of invasions in 

this region (Verling et al., 2005). 

4.2.2 Propagule Supply 

I obtained the historical port transit profile and shipping traffic information 

between 2006 and 2010 for the focal port regions. Overall number of arrivals, monthly 

traffic, port connections (i.e., potential donor ports) and vessel type were used to estimate 

contributions of shipping intensity to propagule pressure (Miller et al., 2018). Each port 

region comprised major commercial ports influencing the area. Data from Panama, 

however, only include ship arrivals in Pacific Panama Bay that were awaiting passage 

through the Panama Canal and do not include ships that stop in the bay to transfer cargo 

at local ports but do not cross the Canal. These Pacific anchorages in my dataset represent 

more than 60% of annual commercial vessel traffic in the region (AMP, 2010).  

Therefore, my estimate of shipping traffic to this Panama is likely underestimated but 

captures the majority of regional vessel traffic. Data were obtained from National Ballast 
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Information Clearinghouse (NBIC, https://invasions.si.edu/nbic/) for those ports located 

on coastal United States of America and from Panamanian Canal authorities (ACP). 

Primary vessel traffic data from Panama included all loading stops for cargo vessels. In 

comparison, NBIC data only includes the last port-of-call for each arrival. To ensure 

direct comparison to the other port regions, I estimated last port-of-call for Panama 

arrivals by assuming that the closest port was the last stop before the final destination in 

Panama. I then selected the smallest geodesic distance from each stop and the Panama 

port region within a ship route r using package Geosphere 1.5-10 (Hijmans, 2019). 

Models were computed for the Panama dataset with estimated last port-of-call and all 

stops, but no substantial differences were observed in results of the model (P[Inv]).  

Therefore, I focus my results on the estimated last port-of-call, which allows a more 

direct comparison to the other studied port regions.  

To calculate propagule size (i.e., number of individuals in a release event) I 

estimated the number of potential biofouling organisms that could colonize the wetted 

surface area of commercial vessel hulls and associated structures (“niche areas”; rudders, 

propellers, shafts etc., see Moser et al., 2016) in each arrival. Wetted surface area (WSA) 

refers to the estimated area of a ship’s hull that is submerged when loaded with maximum 

cargo and has important applications in maritime engineering. Total WSA is also an 

estimate of surface area available for colonization by macrofouling organisms and can be 

used as a proxy of propagule supply to estimate the potential threat of accidental transfer 

of biofouling organisms by ships (Miller et al., 2018).  
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The likelihood of an individual being released from a ship’s hull in a recipient 

region j is estimated for each ship arrival using a modified equation from (Wonham et al., 

2013). 

𝑷𝒓(𝑺𝒖𝒑𝒑𝒍𝒚) = 𝟏 − (𝟏 − 𝒑)𝑵𝒄                                              (2) 

 

Probability of colonization by a single individual due to the release event, or 

Pr(Supply) is the result of a ship arrival on route r. This probability is calculated as the 

inverse of the probability of failed introductions, where p is the baseline probability of a 

single individual being released and Nc the number of individuals released. This model 

therefore uses vector-based dynamics to estimate invasion risk due to the abundance of 

propagules per ship arrival (Wonham et al., 2013). In this model, the probability of 

colonization increases with the number of released organisms. To estimate Nc, I 

calculated the number of potential macrofouling organisms that could colonize a ship’s 

hull (WSA) using the average area occupied by a common fouling barnacle (6.45 cm2), 

following established methods (Moser et al., 2016). This model assumes that each entry 

event has equal probability of leading to colonization and disregards any husbandry 

treatment (e.g., hull cleaning for removal of organisms) that could increase propagule 

mortality. Hull fouling treatment is not as regulated as ballast water transfer overseas 

(Zabin et al., 2018) and this model serves to capture the magnitude of commercial vessels 

as potential propagule vectors.  
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4.2.3 Environmental Matching 

To explore the potential for environmental resistance at the arrival port to mediate 

invasion risk, I obtained environmental data for all connected ports in my database from 

published data on global ports (Keller et al., 2011). Water salinity and minimum, 

maximum and average annual water temperature were obtained for each port. I consulted 

MarineTraffic (marinetraffic.com) to resolve inconsistencies in port names and estimated 

missing values using publicly available environmental data (United States Geological 

Survey, waterdata.usgs.gov; Bio-ORACLE [Tyberghein et al., 2012; Assis et al., 2018]). 

Ports that could not be identified were excluded from the final dataset but were less than 

1% of all entries combined (> 40,000). 

To explore the contribution of environmental distance to invasion risk within the 

shipping network, I built weighted network maps using R package visNetwork 2.0.9 

(Alemende, Benoit and Titouan, 2019) and igraph (Csardi, 2006). This approach allowed 

me to visualize the over 40,000 arrivals in my combined datasets and evaluate patterns of 

evenness (Pielou’s evenness index J’) and diversity (Shannon diversity H’) of donor ports 

for each study region. Evenness and diversity metrics were computed using the vegan 

2.5-6 package (Oksanen et al., 2019). Environmental distances were calculated by 

estimating the Euclidean distance between data matrices of donor and recipient port 

environmental conditions (Keller et al., 2011). 

The likelihood of an organism surviving abiotic filters increases with 

environmental similarity between donor and recipient regions, which was modelled as a 

modified Gaussian function (Seebens et al., 2013). 
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𝑷𝒊𝒋(𝑬𝒏𝒗) =  𝜶𝒆
−

𝟏

𝟐
 [(

𝜟𝒕𝒊𝒋

𝝈𝑻
)+ (

𝜟𝒔𝒊𝒋

𝝈𝑺
)]

                                               (3) 

The probability of environmental matching results from the differences in water 

temperature t and salinity s between donor port i and recipient region j, standardized by 

the width of the ecological niche σT and σS, i.e., the variance of the distributions. The 

base probability α was modelled with the assumption that organisms would survive 

perfectly matched environmental conditions; therefore, I set values of α equal to 1. In this 

model either salinity or temperature can affect mismatch to the same extent (correlation 

tests between salinity and temperature revealed no significant relationship, ρ = 0.2). 

4.2.4 Biotic resistance 

To quantify predation pressure in recipient regions, and therefore the potential for 

biotic resistance, I conducted a short-term predator exposure experiment on biofouling 

communities. Experiments were deployed at three recreational marinas in each study 

region (Freestone et al., 2021). Median distance between study sites and focal port 

regions was 5.8 km. Biofouling communities represent a diverse multiphyletic 

assemblage of marine invertebrate taxa, including barnacles, ascidians and bryozoans 

capable of colonizing artificial substrates and ship’s hulls (Godwin, 2003; Sylvester et al., 

2011). To control for potential confounding factors of habitat type (i.e., substrate) and 

area, I used polyvinyl chloride panels (14 x 14 x 0.95 cm) as model habitat. Biofouling 

communities developed on panels for a period of three months under reduced predation 

(inside a marine plastic cage, mesh size 6.35 mm) and were then exposed to ambient 

predation for three days (n = 5 panels /site). Biomass of the community (i.e., wet weight, 
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g) was measured before and after the experiment. Experiments were deployed from 

floating docks at 1m below the water surface, allowing me to assess the impacts of 

predatory fish as an important predator guild affecting biofouling on visiting vessels.  

I then used the experimentally-derived measures of predation impact on fouling 

prey communities to obtain an estimated probability of biotic resistance for each focal 

port region.  

𝑷𝒋(𝑹𝒆𝒔𝒊𝒔𝒕) =  𝜶𝒆−
𝟏

𝟐
 [(

𝜟𝑾𝒃𝒂
𝝈𝑾

)]
                                             (4) 

Probability of biotic resistance Pj(Resist) at recipient port j is a probability density 

function, similar to equation 3, and results from biofouling community biomass 

differences 𝜟𝑾𝒃𝒂 before (b) and after (a) exposure to predation, standardized by the 

variance in weight data (σW). The baseline probability of an organism surviving 

predation is indicated by α, which was set at 1.  P(Resist) uses loss of biomass from 

predation as an estimate of biotic resistance potential and does not include any selectivity 

of predators on native or non-native prey, or specific taxa. Therefore, the probability of 

biotic resistance increases with greater impacts of predators on biomass.   

Probability of resistance was then estimated using equation 4 for each 

experimental sampling unit using the observed pre- and post-exposure biomass 

differences, rendering 15 values for each of the three study regions. To incorporate 

observed variability in predation pressure within and among regions into the invasion risk 

model, one value of P(Resist) was randomly pulled from bootstrapped values (reps = 

1000) in each iteration of the model (i.e., each ship arrival) when calculating P(Inv). 
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Therefore, for each route r a random value was selected from the calculated P(Resist) 

values for that recipient region j. 

4.2.5 Cumulative Risk 

This model captures the magnitude in size of commercial vessels contributing to 

the potential transfer of marine organisms and its interplay with factors that could 

mediate the risk of invasion, such as environmental mismatch and biotic resistance. 

Given that all three probabilities contribute to risk of invasion in a recipient port and are 

considered independent events, their product is what determines the likelihood of a new 

invasions in the port region of interest for each individual ship arrival. I consider, 

however, that risk is cumulative through time. I therefore provide estimates of invasion 

risk per arrival as well as a cumulative estimate of risk for the full four-year duration of 

the dataset (2006-2010). 

4.3 Results 

4.3.1 Arrival profile of recipient port regions 

Shipping intensity varied by an order of magnitude among port regions with 

Panama hosting substantially more ship arrivals than the other regions between 2006-

2010 (Figure 4.1). From the overall 47,456 arrivals in the dataset, 30,218 were to Panama 

in comparison to 15,336 and 1,902 to California and Alaska, respectively. The vast 

majority of vessels arriving to Alaska were passenger ships (n = 1,786), while arrivals to 

both Panama and California were primarily Containerships (npa = 10,619 and nca = 
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10,431) (Figure 4.1). There was no consistent inter-annual variation in any of the focal 

port regions, but Alaska had intra-annual seasonality with peak arrivals occurring 

between May and August, coinciding with expected patterns of tourism. Panama also 

displayed the largest diversity of vessel types and had an estimated propagule pressure 

that was 1.7 times larger than even California. 

 

Figure 4.1. Number of arrivals by vessel type to each of the studied recipient port 

regions. Different colors indicate each vessel type with their respective total wetted 

surface area (TWSA) used to estimate propagule pressure. Port regions are ordered from 

lower to higher latitude (left to right). 
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4.3.2 Port networks and environmental distances 

Lower environmental distance per connection increased average risk of invasions. 

Despite California having a number of arrivals that was an order of magnitude higher 

than Alaska, in both regions the number of connections per donor port was skewed with 

some ports being more highly connected than others, rendering very similar evenness 

values (California J’ = 0.520; Alaska J’ = 0.526). Furthermore, Alaska had the lowest 

diversity of port connections (Figure 4.2; H’ = 1.98), and the average environmental 

distance of connections was two times lower than the other regions, thereby increasing 

the risk of invasion from environmental matching given the high number of connections 

to environmentally close ports (Figure 4.3). In contrast, California had a higher diversity 

of connections (California H’ = 2.29) to more environmentally dissimilar regions, which 

moderated invasion risk. While there were shared connections among all ports, Panama 

displayed the highest number of unique connections and therefore the highest port 

diversity (Figure 4.2; H’ = 4.34), approximately twice that of California or Alaska. 

Panama also had a more even distribution of connections among donor ports relative to 

the other regions (J’ = 0.68) in addition to greater variability of environmental distances 

between connections. Overall, results suggest that environmental filtering might 

systematically reduce invasion risk in all regions but act more strongly in California.  
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Figure 4.2. Vessel traffic network to three recipient ports. Last port-of-call (potential 

donor regions) are represented by smaller circles. Edges (lines) are weighted by number 

of ship arrivals connecting ports (nodes), with different line colors indicating the range of 

those values. 
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Figure 4.3. Environmental distance among donor and recipient ports can affect risk 

of invasion. Environmental distance was measured as a Euclidean distance between 

donor and recipient regions using differences in water temperature and salinity for each 

port connection. Dashed line indicates zero environmental distance (i.e., perfect match 

between donor and recipient regions).  

4.3.3 Invasion risk in recipient port regions 

When considering propagule supply, environmental matching and biotic 

resistance from predation the mean probability of invasion per arrival was very low in all 

port regions. The relative contribution of each of these components to invasion risk, 

however, hinged on region-specific shipping patterns and ecological context (Figure 4.4). 

Mean probability of invasion due to propagule supply alone was at least 30% higher in 

Panama and California than Alaska, but variability was greater in Panama. Despite high 
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propagule pressure, environmental mismatch contributed to a substantial number of 

potential failures in all regions and markedly reduced invasion probability in California. 

Further, stronger predation in tropical Panama lowered the probability of invasion due to 

biotic resistance by up to 80% with biotic resistance providing negligible reductions in 

invasion risk in California and Alaska. Therefore, strong biotic resistance in Panama, low 

propagule supply in Alaska and low environmental matching in all regions drove low 

overall risk of invasion per arrival.  

 

Figure 4.4. Propagule supply, environmental matching, and biotic resistance are 

combined in a risk assessment model to predict invasion probability in port regions. 

Probability of invasion was estimated using each component of the equation (top) 
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independently (yellow triangles - ▲ = P(Supply) [eq 1], grey squares - ■ = P(Env) [eq 

2], blue diamonds - ♦ = P(Resist) [eq 3], and interactively (red Xs = Pj(Inv)). Mean ± SD 

are represented. 

 

While average invasion risk per arrival was low in all three port regions, 

cumulative risk due to the sheer volume of arrivals in some ports showed markedly 

different patterns (Figure 4.5). In Alaska, cumulative risk increased very steeply but 

reached a maximum value that was forty times lower than California and Panama due to 

fewer arrivals in this region (Figure 4.5, inset). Despite having no effect on per-arrival 

invasion risk (Figure 4.6, Supplemental Information), biotic resistance reduced 

cumulative risk of invasions in Panama, but not in the other regions (Figure 4.5). 

Interestingly, cumulative risk of invasion in California is as high as Panama with the 

latter having double the number of arrivals but with much greater potential for biotic 

resistance. 
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Figure 4.5. Cumulative probability of invasion increases with propagule number (or 

number of arrivals) in three port regions. Accumulation of releases can result in 

combined risk over successive events, and biotic resistance shifted predictions in 

Panama. Dashed lines represent invasion risk calculated without biotic resistance; solid 

lines capture full model. Inset highlights initial steep invasion risk in all regions. BR = 

Biotic resistance. 

4.4 Discussion 

While vector strength contributes to introduction effort by increasing risk of 

invasions (Carlton and Ruiz, 2005; Haydar and Wolff, 2011) and reducing geographical 

distances (Keller et al., 2011), I show here that environmental matching and biotic 
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resistance modify this cumulative risk beyond introduction effort alone. Several lines of 

evidence have suggested propagule pressure is one of the most important mediators of 

invasion success (Lockwood et al., 2005; Verling et al., 2005; Simberloff, 2009). As my 

results show, however, that each entry event is mediated by several possibilities of failure 

and environmental filtering in all regions and predation pressure in the tropics worked to 

substantially reduce the per arrival risk. Risk is cumulative, yet, increasing with time and 

successive arrivals, and cumulative risk differed markedly in all regions due to these 

factors. In an increasingly connected world with intensification of vessel traffic (e.g., 

expansion of Panama Canal, see Muirhead et al., 2015) and emergence of novel routes 

(e.g., Northern Sea Route [NSR], see Miller and Ruiz, 2014), my results highlight that 

while the number and distribution of shipping routes are important to understand risk, 

abiotic and biotic filters can modify predictions.  

Biotic resistance can be an important mechanism in determining cumulative 

invasion risk in tropical ports, and including an experimentally-derived estimate of the 

potential for biotic resistance produced marked differences to model predictions. Despite 

no substantial effect on per arrival risk (Figure 4.6), biotic resistance shifted long-term 

predictions in Panama beyond propagule supply and environmental matching alone, 

reducing total cumulative risk of invasions to numbers four times lower and lowering the 

rate of increase over time. High ambient propagule pressure, however, can overwhelm 

any effects of predators as agents of biotic resistance at the local scale (Cheng et al., 

2019), highlighting the importance of propagule supply even in regions with high biotic 

resistance. The Panama Canal is one of most important water bridges and land corridors 
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supporting shipping worldwide with a notably high propagule pressure and diversity of 

donor regions among the focal regions examined here and across the tropics more 

broadly, which likely dampen the potential impact of biotic resistance to invasion risk in 

this region. Tropical areas that have lower propagule supply but still have high resistance 

are likely to have substantially different cumulative risk with biotic resistance having a 

proportionately stronger effect on limiting that risk. Importantly, my measure of biotic 

resistance quantifies the removal of biomass of biofouling organisms by predators, 

representing one of several potential mechanisms of biotic resistance acting in the tropics. 

Other species interactions such as competition and parasitism, or effects of predators on 

other attributes of biofouling communities (e.g., functional diversity) may magnify the 

patterns observed here. Biotic resistance is important in determining introduction success 

and improving modeling approaches that quantify ecological filters can have important 

implications for management and prevention of future species introductions. 

Environmental filtering can also systematically lower risk of invasions, as results 

show for all regions. In California, for instance, environmental filtering substantially 

reduced the probability of invasions associated with propagule pressure alone. Despite 

poor environmental matching overall, a subset of donor regions that were well connected 

to California were also likely more environmentally similar. The consistent arrival of 

large numbers of propagules from places with similar environmental conditions could 

have created a sustainable source of propagules to California. These large and consistent 

releases can enable species to overcome limitations of small population sizes (Lockwood 

et al., 2005). This attribute of the California port network may underlie the high 
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cumulative risk in this region that rivals if not exceeds Panama, where there were double 

the number of arrivals as California.  

Consistent introduction of propagules from environmentally similar regions could 

increase invasion risk, even in ports where current propagule pressure is low. Alaska 

connections had environmental similarity that was four times greater than California or 

Panama and yet the invasion risk per arrival was low, likely due to lower propagule 

pressure. Alaska’s cumulative risk of invasions, however, had a steep increase with 

number of arrivals, approximately equal to Panama without biotic resistance (Figure 4.5), 

demonstrating that environmental mismatch alone might not be sufficient to reduce the 

relative risk of invasion if propagule pressure increases beyond a certain threshold. As 

widely acknowledged, ship-borne invasions are very likely to accelerate as shipping 

traffic intensifies (more recent evidence from Seebens et al., 2019; Sardain et al., 2019) 

especially with increased connectivity among environmentally similar regions, as I 

highlight here. Reduction of summer ice due to warming temperatures have been 

enabling large cargo ships to cross the Arctic Ocean, creating an opportunity for using the 

NSR for commercial shipping (Ho, 2010). In the next few years, ice-breaking vessels are 

projected to have increased movement, opening larger paths to allow passage to regular 

cargo ships, thereby increasing traffic and establishing new routes (Liu and Kronbak, 

2010). Since 2010, which marks the last year of the data included in this study, 

occurrences of newly introduced or persistent populations of four non-native aquatic 

species have been reported on the coast of Ketchikan, Alaska (Jurgens et al., 2018). 

Increasing shipping traffic through the North Sea could result in new invasions in coastal 
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Alaska and future actions are needed to understand the shifts in vector strength to these 

subarctic and Arctic ports of high significance. Ideally, actions should be planned before 

the NSR routes are established and consequences for local biota are irreversible.  

Predicting invasions remains a challenge, and the success of reliable predictions 

relies on adequately capturing the complexity of ecological factors and key vector 

dynamics that mediate establishment success. Local species richness at recipient ports has 

been incorporated into previous models (Seebens et al., 2013) as an estimate of the 

potential for biotic resistance via competition (Stachowiz et al., 1999). I suggest an 

approach that leverages experimental data on biotic interactions to capture more of the 

complexity of natural systems and the geographic variability in the strength of species 

interactions and their effects on non-native species (Cheng et al., 2019; Freestone et al., 

2020; López and Freestone, 2020). In addition, I highlight biofouling as an important 

vector of introduction of aquatic organisms that is frequently overlooked but is 

considered a critical threat given the difficultly of monitoring and managing ship hulls 

(Zabin et al., 2018). As we advance in technology and knowledge, however, effective and 

feasible action plans are being refined and could contribute to the establishment of future 

regulations (Davidson et al., 2018; 2020). I also emphasize the importance of publicly 

available data, marine monitoring systems, and ecological research networks to assess 

risk of invasions globally and enable the development of predictive models such as those 

presented here. A global effort is needed to understand and predict invasions on a global 

scale in both marine and terrestrial ecosystems, especially given increasing human impact 

and intervention. 
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Successful invasions result from the complex interplay of multiple factors, and 

this study demonstrates the consequential impacts that biotic resistance, environmental 

matching, and propagule supply can have on predictions of invasion risk. Exploring these 

factors within the context of traffic networks is an important first step towards 

understanding vector-based bioinvasions. Predicting invasions is an expanding field, 

however, and approaches are now available to integrate growing empirical evidence and 

large-scale studies into risk assessment models, thereby improving their ecological 

realism and application to preventing the introduction and spread of non-native species. 

4.5 Supplemental information 

 

Figure 4.6. Mean probability of invasion ± SD estimated with (full model, dark blue 

circles - ●) and without biotic resistance (grey inverted triangles - ▼). BR = Biotic 

resistance. 
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5. CHAPTER 5 

CONCLUSIONS 

Increased biodiversity from the poles to the equator is one of the most well-

documented and established patterns in ecology (Pianka, 1966; Hillebrand, 2004; 

Mittelbach et al., 2007; Brown, 2014). While historically these gradients have been 

attributed to many ecological mechanisms including environmental stability, 

diversification rates and biotic interactions (all revised in Fine, 2015), it is likely that a 

combination of mechanisms explain latitudinal gradients and their implications for broad 

scale maintenance of diversity and community structure. In the present study, I reveal 

how several important processes that determine community structure are also broadly 

variable across latitude. More specifically, findings reveal how niches are more 

compressed in time at higher relative to lower latitudes yet result in higher overlap in 

tropical and subtropical communities. Further, these lower latitude communities show 

accelerated rates of community resilience to pulse disturbances, and strong biotic 

resistance by predation thwart non-natives. Tropical communities, however, may be at 

higher risk of biotic homogenization. In the tropics short-term recovery favors a suite of 

organisms that reproduce faster by colonial growth and regeneration but also are being 

consistently reintroduced at tropical regions that serve as hubs for global transportation 

networks. I therefore provide novel and empirical evidence for latitudinal variation in 

processes that influence coexistence, ecological stability and establishment success, with 



 

 

86 

discussions on the potential coevolutionary interactions that likely helped shape these 

patterns.   

Niche differentiation is central to understanding the stabilizing mechanisms that 

maintain diversity. In Chapter 2, I report a latitudinal complementarity of niches during 

recruitment of multiphyletic communities across several resource dimensions, 

encompassing over 2,500 experimental units where over 800,000 individuals were 

counted and identified. Using this remarkable dataset with a unique multivariate niche 

modelling approach (Geange et al., 2011), I show that average niche overlap is higher 

towards the tropics contradicting classic theory about the contributions of niche 

differentiation to coexistence. Across all latitudes, niches were strongly differentiated 

over time, regardless of inherent seasonality in recruitment at higher latitudes, and taxa 

generally recruited when the recruitment potential in the system was lower, likely to 

optimize chances for competitive avoidance and successful settlement. In addition, non-

random arrangements of niches over the tested resource dimensions suggest that other 

coevolutionary ecological forces may have mediated strength of competition. Forces such 

as predation and physical disturbances may have contributed to shape niche 

complementarity in the tropical and subtropical zone. Overall, these findings demonstrate 

how large niche differences emerge among recruiting taxa to stabilize coexistence, 

suggesting that recruitment is an important mechanism influencing community assembly 

across latitude.  

In Chapter 3, I document how the speed in which communities are able to recover 

function and composition is variable across large spatial scales and community age. The 



 

 

87 

strategies of fast-colonization through growth-regeneration of disturbance survivors may 

help accelerate resilience rates towards lower latitudes, rather than recruitment and open 

dispersal alone. Further, repeated removals of standing biomass may contribute to trait 

homogenization favoring opportunistic taxa that can reproduce by cloning (i.e., colonial 

growth). Thus, besides being variable geographically, short-term recovery may also be 

affected by local processes particular to each region such as rates of invasions and 

climate instability. Global shifts in climate are increasing intensity and frequency of pulse 

disturbances that reduce biomass such as hurricanes and natural fires (Seidl et al., 2017), 

and while I show that resilience responses may shift in relatively short periods of time, 

increased evidence is needed to unveil trait responses and their contribution to 

community resistance after repeated physical disturbances (Lopez et al., in prep). 

Disturbance is also likely to restructure competitive hierarchies across a latitudinal 

gradient (Repetto and Freestone, in prep), and increased evidence is needed on the 

interplay between these repeated removals and other biomass disturbances such as 

predation (Freestone et al., in prep). This study is the first to describe variations in 

resilience under natural conditions from tropical to subarctic zone on a single 

standardized experiment, with generalities that can be expanded to understand large-scale 

resilience responses in other systems.  

Biotic interactions may have influenced niche arrangements and resilience 

potential of communities across latitudes. Yet, the challenges associated with studying 

biotic interactions contributing to biotic resistance on large spatial scales is reflected in 

the absence of this component in many models for the prediction of invasion risk and 
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spread of non-native species. In Chapter 4, I develop and implement a novel integrated 

model that examines how propagule pressure, environmental matching, and an 

experimentally-derived estimate of biotic resistance mediate risk of invasion at different 

recipient regions in a vehicle-based network. Incorporating biotic resistance into the risk 

assessment model significantly shifted the predictions, and biotic interactions, such as 

predation, reduced likelihood of successful invasions particularly in tropical recipient 

region. The cumulative risk of invasion, however, was higher and increased steeply in 

regions where introduction effort was high. Predicting invasions is an advancing field and 

evidence from the increasing number of large-scale studies can be incorporated into these 

risk assessment models. This model was also built upon pre-existing and validated 

models using publicly available data, highlighting the importance for a collective effort in 

advancing in this field. Models presented here can be applied to multiple contexts and be 

expanded to understand risk of invasions and spread of hitchhiking species in several 

systems. 

The level of connectedness between what were once considered distant 

biogeographical regions, is no longer the same. Human activity reduces biogeographical 

distances and yet only now we are able to clarify underlying mechanisms influencing 

some critical macroecological patterns that were formed over millions of years. The rates 

at which communities are able to respond to these human impacts will likely completely 

reshape global patterns of diversity and community structure. In my dissertation, I was 

able to provide novel understanding on mechanisms shaping coexistence, resilience and 

resistance of marine communities across a latitudinal gradient spanning 47 degrees of 
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latitudes and over 7000 km of coastline. Large-scale documentation of the mechanisms 

and processes that maintain global patterns of biodiversity are uppermost in the design of 

global conservation strategies, especially in a more connected world. 
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