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ABSTRACT 

Non-native species richness has been observed to peak at mid-temperate latitudes, 

shaping a pattern of richness and abundance that is distinct from native species patterns that peak 

in the tropics.  Stronger species interactions, and therefore biotic resistance, may lower invasion 

success in the tropics and help explain the discrepancy between native and non-native richness 

and abundance.  To test the hypothesis that strong predation and competition in the tropics could 

limit invasion success, we conducted a distributed experiment on sessile marine invertebrate 

communities in four regions spanning 47-degrees latitude of the eastern Pacific Ocean.  We 

manipulated predator access and resource availability at 12 sites and sampled experimental 

communities in early and late stages of assembly.  Overall, our results suggest that biogeographic 

location, assembly timescale, and predation interactively shape invasion success across latitude.  

Strong predation reduced richness of non-native species in the tropics at both assembly timescales 

but increased non-native species richness in the subtropics during early assembly.  Predation also 

increased non-native abundance in the tropics by late-stage assembly and shaped non-native 

composition at both assembly stages.  Effects of predation at higher latitudes were weak or 

undetectable, and increasing resource availability never had a positive impact on non-native 

richness or abundance at any latitude. Further, non-native richness was greater at early relative to 

late assembly stages at mid to low latitudes and was consistently low in our high latitude region at 

both timescales. In a complementary experiment, short-term predator exposure reduced non-

native abundance in Panama, further confirming the influence of predation in this tropical region. 

Our results highlight important biogeographic differences in invasion dynamics and disentangle 

local mechanisms that can shape regional patterns.   
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CHAPTER 1 

INTRODUCTION 

Patterns of native and non-native richness and abundance can vary across 

different latitudes, and understanding these patterns is important for predicting and 

managing global invasions (Lonsdale 1999, Sax 2002). The introduction of non-native 

species into new environments can change patterns of biodiversity, alter habitats, and 

possibly harm economies (Stachowicz et al. 2002). However, non-native species’ patterns 

can vary from one another as some have limited ranges due to dispersal limitation, abiotic 

filters, and biotic resistance, while others have ranges that span from temperate to tropical 

regions (Sax and Gaines 2008).  As the number of invasions increases globally, it is 

important to understand large-scale patterns in invasions dynamics (Ruiz et al. 2011).  

The latitudinal diversity gradient, which describes the decline in species richness 

from the equator to the poles, is a well-established pattern for native species and has been 

shown for all major taxonomic groups (Hillebrand and Associate Editor: Chris 2004, 

Tittensor et al. 2010). In contrast, while native species richness peaks in tropical latitudes, 

non-native species richness can peak at mid-temperate latitudes, with lower richness in 

both tropical and high-latitude regions (Sax 2001, Fridley et al. 2007). This pattern across 

latitude has been observed for many non-native taxa, including terrestrial mammals, 

birds, and plants (Sax 2002). A decline in invasion success in the tropics could result 

from an under-sampling of tropical ecosystems as well as historical patterns of biotic 

exchange and propagule pressure (Lonsdale 1999, Fridley et al. 2007, Seebens et al. 

2017).  
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Biogeographic differences in species interaction strength may further underlie 

these latitudinal patterns.  One leading evolutionary hypothesis for the tropical peak in 

native biodiversity is the Biotic Interactions Hypothesis which suggests that strong 

species interactions in the tropics increase the rate of diversification, ultimately creating 

high tropical biodiversity (Schemske et al. 2009).  Recent large-scale experiments 

support the prediction that species interactions, particularly predation, can indeed be 

intense in the tropics, and shape patterns of community diversity, biomass, and 

composition over ecological time (Freestone et al. 2011).  Strong species interactions in 

the tropics, however, may also increase biotic resistance and limit invasion success 

(Freestone et al. 2013, Kimbro et al. 2013, Freestone et al. 2021), although we are at the 

early stages of understanding how these invasion processes unfold across broad 

biogeographic scales.   

Predator-prey interactions play a crucial role in shaping ecosystem dynamics and 

the intensity and impact of predation on communities can be greater in the tropics 

(Freestone et al. 2011). The variation in predation strength across different latitudes likely 

has profound consequences for the structure of communities over ecological and 

evolutionary timescales worldwide (Silvestro et al. 2020). Furthermore, predation has the 

potential to exert a substantial influence on the fundamental processes of prey community 

assembly and stability. As a result, it actively shapes the patterns of prey composition and 

diversity at multiple scales (Jurgens et al. 2017). Predation can also act as a strong 

mechanism of biotic resistance to invasions (Sax 2001), with impacts that are stronger in 

the tropics, particularly in marine systems (Freestone et al. 2013, Kimbro et al 2013).  
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Standardized experimental comparisons of the impact of predation on non-native species 

success across latitude, however, are rare. 

In addition to predation, competition can also serve as a strong agent of biotic 

resistance in communities (Santamaría et al. 2021), with effects that may also vary across 

latitude. The more diverse native ecosystems in the tropics may harbor stronger 

competitive dynamics, possibly increasing resistance to invasion (Fridley and Sax 2014).  

The prediction of stronger competition in the tropics aligns with the biotic interactions 

hypothesis and therefore has strong theoretical support (Schemske et al. 2009, Roslin et 

al. 2017).  In contrast, hierarchical competitive structure that is common in polar 

environments may serve to resist invasion (Barnes 2002), suggesting that competition 

may also support biotic resistance at high latitudes. Few experimental studies have 

attempted to experimentally test the impacts of competition across latitude, however, and 

its role in structuring invasion outcomes.   

We aimed to reveal the interactive effects of competition and predation on species 

invasion success across latitude during different assembly timescales using a large-scale 

experiment, spanning the subarctic to the tropics, in a nearshore marine ecosystem. We 

tested the hypotheses that (1) the changing relative influences of both competition and 

predation with latitude will result in latitudinal differences in invasions by non-native 

species. (2) Non-native species will have greater abundance and richness in mid-latitudes 

due to high biotic resistance in the tropics and harsh abiotic conditions at high latitudes. 

(3) Early timescales will harbor more non-native species due to their ability to colonize 

quickly.  Understanding the mechanisms driving biogeographic patterns of invasion can 

help inform management strategies across different latitudes and regions (Sax 2002, 
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Pyšek et al. 2020). By integrating these ecological interactions and temporal dynamics, 

our research provides a comprehensive framework for predicting invasion success and 

formulating targeted interventions to mitigate the impact of invasive species. 

Furthermore, this study underscores the importance of considering both biotic and abiotic 

factors in invasion biology, highlighting the complex interplay between ecological 

processes and environmental gradients. 
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CHAPTER 2 

METHODS 

2.1 Study System 

To investigate how predation and competition impact marine invasions across 

latitudes, we conducted a large-scale distributed experiment across 47 degrees of latitude 

on the Pacific coast of North and Central America that focused on nearshore marine 

sessile invertebrate communities (Freestone et al. 2021). These diverse multiphyletic 

communities include bryozoans, ascidians, sponges, polychaetas, barnacles, hydroids, 

and bivalves. They are ideal systems for these questions given their fast growth and 

recruitment rates, their ability to colonize natural and artificial hard substrates, and their 

experimental tractability (Freestone et al. 2021). Furthermore, over 340 non-native 

marine species are established on the west coast of the continental US, which makes the 

Pacific Coast of North America an excellent model of nearshore invasion dynamics 

(2023, Guard 2023). 

Experiments were conducted in four regions, spanning from the subarctic to the 

tropics (Appendix S1: Fig S1; (Freestone et al. 2021). Our focal regions were: (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). To capture the variability in each region, experiments were 

conducted at three sites within each of the four regions, for a total of twelve study sites 

across the latitudinal gradient. Each site was a recreational marina in high salinity (mean 

> 20 ppt) nearshore habitat, and sites were separated by at least 10km to ensure 
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independence and limit among-site dispersal. To capture temporal changes in species 

interactions, experiments were conducted at two distinct stages of community 

development. Experiments focusing on early-assembly dynamics were conducted for 

three months and late-assembly experiments were conducted for 12 months. Experiments 

were initiated during the season of high productivity in each region based on seasonal 

climate and oceanographic dynamics.  Experiments were deployed in Alaska in June 

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

site in Panama needed to be redeployed after the loss of panels due to storms in spring of 

2016. 

To standardize habitat among the distinct biogeographic regions, we used 

polyvinyl chloride (PVC) settlement panels (14 × 14 × 0.95cm & sanded on one side) as 

model habitat for our focal prey communities of sessile marine invertebrates. Panels were 

deployed from floating docks at 1m depth and were hung upside down facing the sea 

floor to limit algal growth. By hanging the panels above the sea floor, we limited access 

to the prey communities by benthic predators to focus more directly on the contribution 

of fish to predation dynamics.  All panels were deployed clean, and invertebrate larvae 

were allowed to undergo natural settlement and growth under randomly assigned 

experimental conditions for either three or twelve months.   

2.2 Predator Exclusion & Competition Experiments 

To test the effects of predation and competition on invasion dynamics, we 

conducted a factorial experiment that manipulated predator access and resource 

availability for our focal prey communities.  To test the effect of predation, we used three 

predator exclusion treatments: (1) low predation treatment (caged), (2) ambient predation 
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control (no cage), and (3) ambient predation procedural control (partial cage). Cages and 

partial cages (18 cm × 18 cm × 7 cm) were made of marine grade plastic with a 6.35mm 

mesh to exclude macropredators. Cages fully enclosed the experimental panel, and partial 

cages had four sides but no front, which faced the seafloor when deployed. Partial cages 

were employed to control for shading and altered flow dynamics while allowing full 

access to the predator community.  Cages were cleaned and maintained every two weeks 

to ensure their integrity and prevent overgrowth.  

To test the effect of competition on invasion dynamics, we experimentally 

increased a primary limiting factor in this system, space, through standardized biomass 

removals (Bonfim et al. 2024).  We employed three biomass removal treatments: (1) no 

removal (0% removed), (2) low biomass removal (18% of surface biomass was 

removed), and (3) high biomass removal (54% of surface biomass was removed). To 

remove biomass, we scraped random 2.54cm-wide vertical sections of the settlement 

panel (1 vertical section for the low biomass removal treatment; 3 vertical sections for the 

high biomass removal treatment), thereby removing any invertebrates in those areas and 

creating open space for new colonizers. Biomass removals occurred 1, 2, 6, 10, and 11 

months after deployment of the experiment. Therefore, 3-month experimental panels 

were exposed to two biomass removal events, and 12-month panels experienced five 

scraping events.  

We employed a factorial design, and therefore the three predation and three 

competition treatments were fully crossed yielding nine treatment combinations. These 

treatment combinations were randomly assigned to panels and were replicated five times 

at each of the 12 sites.  In addition, two independent sets of these experimental panels 
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were deployed at each site to enable retrievals after three and twelve months. Due to 

constraints on field work in Mexico, however, we were not able to conduct a full factorial 

experiment in this region for the 12-month deployment; therefore, Mexico is included in 

3-month analyses only.  This experimental design included a total of 945 experimental 

units (panels) across the 12 sites and two timeframes.  

Panels were then retrieved after three or twelve months, weighed for biomass 

measurements, and then sampled for their sessile invertebrate composition.  Invertebrates 

were identified to the lowest taxonomic unit possible, usually species, using a dissecting 

microscope and commonly used external diagnostic characteristics.  Specimens of each 

species were collected, and identifications were confirmed by taxonomic experts and 

DNA barcoding whenever possible. We then used the National Exotic Marine and 

Estuarine Species Information System (NEMESIS; (Fofonoff PW 2018) to assign status 

to confirmed species and complemented status information with published literature. 

Species were designated as native, introduced, or cryptogenic (species of unknown 

origin; (Carlton 1996)). For the purposes of our analyses, we pooled the cryptogenic with 

the native category to have a conservative estimate of invasions. 

 Richness of non-native species on each panel was recorded as the total number of 

non-native species identified after a complete census of invertebrates present on each 

panel. Abundance was calculated as the percent cover of each taxonomic group using a 

50-point grid and accounting for multiple layers of species at each point.  All taxa present 

at each of the 50 points were recorded as an observation.  Given that overgrowth is 

common in these communities, the number of observations of taxa often exceeded 50.  

Abundance of non-native species on each panel was a percentage calculated by dividing 
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the total number of observations of non-native species by the total number of taxa 

observations on each panel.  

2.3 Predator Exposure Experiment 

As an additional experiment to test the hypothesis that predator impact on non-

native species is stronger in the tropics, we conducted a short-term 3-day exposure 

experiment where mature communities were exposed to predation.  This short-term 

experiment complemented the longer-term predator exclusion experiment that examined 

aggregate impacts of predation as communities assembled over time.  Panels for the 

exposure experiment (>20 per site) were initially deployed in full predator exclusion 

cages, using the same cages as described above, to allow assembly under reduced 

predation.  After the initial assembly period of 3 or 12 months, ten panels were retrieved 

per site, and measurements of biomass and species composition were recorded using non-

destructive sampling of abundance on the 50-point grid. Panels were then redeployed in 

their initial locations to begin the 3-day exposure experiment.  Five panels per site and 

per assembly time period were redeployed without cages to expose those communities to 

predation (no cage; n=120, while the remaining five panels were re-caged as controls 

(cage; n=120). At the conclusion of the 3-day exposure, communities were again 

retrieved and sampled for richness and composition following methods employed in the 

factorial experiment. 

2.4 Data Analysis 

2.4a Predator Exclusion & Competition Experiments 

To examine how invasion dynamics varied across latitude within these 

communities, linear mixed models (LMM) were used to test the hypothesis that predation 
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and competition effects on introduced species richness and relative abundance would 

vary by region and assembly timescales. Richness and relative abundance of non-native 

species were modeled separately using the same predictor variables. We tested the fixed 

effects of region, treatment (predator exclusion [full cage, open, partial] and biomass 

removal [no removal, low, high]), assembly timescale (3 and 12 months), and all 

interactions. Site (nested within region) and its interactions with treatment and timescale 

were included as random factors. Four sets of models were constructed to test these 

interactive effects of predation and biomass removal over two different assembly 

timescales. The first model tested the effects on non-native richness after 3 months across 

all 4 regions, while the second model examined non-native abundance over the same 

period. The third model, like the first, assessed non-native richness but over 3 and 12 

months in 3 regions, excluding Mexico due to incomplete data. The final model 

examined non-native abundance over 3 and 12 months in 3 regions, again excluding 

Mexico.  

For the response variables of richness and abundance, we fit and compared a 

series of models: a zero-inflated gamma, zero-inflated Gaussian model, and a gaussian 

linear model without zero inflation. These three models were compared using corrected 

Akaike Information Criteria (AICc) values to select the most parsimonious model. Linear 

models with Gaussian distributions were selected when examining richness. Among the 

three models tested for abundance, the zero-inflated model with a Gaussian distribution 

was selected for the 3-month abundance model and the linear model with Gaussian 

distribution was selected for the 3- and 12-month abundance model.  
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To test for regional differences in the effects of predation and competition on 

invasion success, planned contrasts were conducted to compare introduced species 

richness and abundance under ambient levels of predation (experimental [no cage] and 

procedural [partial cage] controls) versus low predation (caged) as well as between high 

and low levels of biomass removal at the 3- and 12-month assembly timescale in each 

region using Holm tests.  We also conducted planned contrasts to test for differences 

between the experimental (no cage) and procedural (partial cage) controls, but these 

treatments did not differ in any model (p > 0.05), and we therefore only report the 

predation contrasts. We used the Shapiro-Wilk test and Levene's test to check for 

normality and homoscedasticity of residuals, respectively. All analyses and visualizations 

were performed in R version 4.2.3 (R Development Core Team 2022) 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 2022) for multiple comparison 

analysis; car (Fox and Weisberg 2019) for Levene’s tests; and DHARMa (Hartig 2022) 

for overdispersion tests of residuals. 

To test for regional differences in the effect of predation and competition on 

introduced species composition, we conducted multivariate analyses on introduced 

species abundances across the two assembly timescales for each region individually. We 

first calculated Bray–Curtis dissimilarity distances among communities based on relative 

abundances of introduced species. We then examined the fixed effects of predation 

treatment (3 levels), biomass removal treatment (3 levels), the random effect of site 

(nested in region), and all interactions, on community dissimilarity using permutational 

multivariate analysis of variance (PERMANOVA) (Anderson, 2001). To align with our 
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other analyses, we ran two versions of this model using: (1) 3-month data only for all 

four regions, and (2) 3- and 12-month data for three regions (without Mexico), which 

included a fixed factor of time. Monte Carlo (MC) tests were used to calculate p-values. 

We further performed pairwise comparisons to identify specific treatment and assembly 

timescale differences for each region. To explore the contribution of individual 

introduced species to the dissimilarities among communities, we used similarity 

percentage analysis (SIMPER) to compare levels of the factors of time and treatment. 

The analysis aimed to identify the key species contributing to the observed dissimilarity. 

All multivariate analyses were performed on PRIMER (Anderson, 2008). 

2.4b Predator Exposure Experiment 

In the predator exposure experiment, relative abundance of non-native species 

was modeled to test for regional and temporal variation in predator intensity and impact. 

We tested the fixed effects of region, predator exposure treatment (control: full cage, 

exposed: no cage), sampling interval (before and after exposure), assembly timescale (3 

and 12 months), and all interactions. Site (nested within region) and its interactions with 

treatment and timescale were included as random factors. Two sets of models were 

constructed to test these interactive effects of predation over two different assembly 

timescales. The first model tested the effects on non-native abundance after 3 months 

across all 4 regions, while the second model examined non-native abundance over 3 and 

12 months. To test for regional differences among the predator exposure treatments, 

planned contrasts were used to test for differences in abundance before and after 

redeployment (sampling interval) for each treatment and assembly timescale in each 

region. 
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We then conducted multivariate analyses on non-native species abundances 

across the two assembly timescales and sampling intervals to examine variation in 

species composition. We first calculated Bray–Curtis dissimilarity distances among 

communities based on relative abundances of introduced species. We then examined the 

fixed effects of = exposure treatment (controls and exposed), sampling interval (before 

and after), and assembly timescale (3- and 12-months), the random effect of site (nested 

in region), and all their interactions on community dissimilarity using permutational 

multivariate analysis of variance (PERMANOVA) in our tropical region of Panama. 

(Anderson, 2001). Carlo (MC) tests were used to calculate p-values.  
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CHAPTER 3 

RESULTS 

Across the 12 sites in our four study regions, we detected 193 sessile taxa 

representing Anthozoa, Ascidiacea, Bivalvia, Bryozoa, Cirripedia, Gastropoda, 

Hydrozoa, Porifera, Sabellidae, Serpulidae, and Spirorbidae. We observed 60 taxa in 

Alaska, 55 in California, 99 in Mexico, and 94 in Panama. Of these 193 taxa, 17 species 

were identified as non-native in Panama, 16 in Mexico, 18 in California, and 4 in Alaska. 

Therefore, as predicted, temperate California had the highest regional richness of non-

native taxa, closely followed by our low latitude regions of Mexico and Panama, while 

subarctic Alaska had the fewest number of non-native taxa (Appendix S1: Fig S2). 

Furthermore, California had the highest proportion of non-natives identified compared to 

total taxa identified. As the overall biodiversity increased towards low latitudes, however, 

the number of unresolved taxa also increased due to taxonomic gaps and/or uncertainty.  

Only confirmed species identifications with non-native status were considered non-native 

species in our analyses, to ensure a conservative estimate of invasion.  Our non-native 

species list nevertheless includes the most abundant non-natives and therefore still 

captures a strong signal of invasions across latitude. 

3.1 Predator Exclusion & Competition Experiments 

Predation impacted non-native invertebrate community richness at both early and 

late community assembly timescales, but only in lower latitude regions, with the 

strongest and most consistent effects in tropical Panama.  Predator exclusion effects did 

not interact with resource availability in any model (interaction effect, p>0.05), indicating 

predation had a strong and independent effect (Appendix S1: Table S1).  
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When examining early assembly invasion dynamics across all four study regions, 

predation decreased non-native species richness in Panama (Fig 1; Region × Treatment: 

F6,15.997 = 3.909, p = 0.013527; contrasts: Panama: t = -2.61, p = 0.045) while increasing 

non-native species richness in Mexico (t = 3.38, p = 0.015) but had no effect in California 

or Alaska (Appendix S1: Table S1, Table S2). When testing for predation effects across 

both early and late assembly stages in three focal regions, predation again decreased non-

native species richness in Panama (Region × Treatment F4,96.38 = 4.16, p = 0.0024; 

contrasts: Panama: t = -3.73, p = 0.028) at both assembly timescales but had no effect on 

California or Alaska (Appendix S1: Fig S3).  

 

Figure 1. Effects of predator exclusion on non-native species richness at an early 

assembly timescale expressed as estimated marginal means from mixed models (+/ SE). 

Letters indicate significant treatment contrasts between treatment and controls (a = 0.05). 

Brackets indicate combined contrast of procedural control and control treatment types 
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(partial caged and no caged). Refer to methods for details on process of grouping controls 

together. 

In contrast to a decrease in non-native richness due to predation in Panama, 

predation increased non-native species abundance in Panama, but this pattern only 

emerged at the late assembly timescale (Fig 2; Region × Treatment × Assembly 

Timescales: F4,71.595 = 4.38, p = 0.0032 contrasts: Panama, 12 months: t = 3.31, p = 

0.016).  While predation also increased the abundance of non-native species in California 

at the early assembly timescale (t = -2.96, p = 0.033), this pattern was no longer present 

at late assembly.  There were no predation effects observed in Alaska at either timescale 

(Fig 2; Appendix S1: Table S1, S2).  

 

Figure 2. Effects of predator exclusion on non-native species abundance over an early 

(left side) and late (right side) assembly timescale expressed as estimated marginal means 

from mixed models (+/ SE). Letters indicate significant treatment contrasts (a = 0.05). 
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Brackets indicate combined contrast of procedural control and control treatment types 

(partial caged and no caged). Refer to methods for details on process of grouping controls 

together. 

Across both early and late assembly stages, predation shaped community 

composition of non-native species, but only in tropical Panama.  At early assembly, 

predation had a strong effect on non-native composition in Panama (Fig 3; 

PERMANOVA: predator exclusion contrast: pseudo-F1 = 19.92, p = 0.003; Appendix S1: 

Table S3) but not in Alaska, California, or Mexico.  The top contributing species to non-

native community dissimilarity between caged and control treatments in Panama was 

Ascidia sydneiensis, a soft-bodied solitary ascidian, accounting for 37% of the 

dissimilarity between treatments.  A. syneiensis was the dominant species when 

macropredators were excluded, with an average abundance of 47%, but was absent under 

ambient predation (Appendix S1: Table S4).  In contrast, two calcified species, 

Amphibalanus reticulatus, a barnacle, and Schizoporella pungens, an encrusting 

bryozoan, were the dominant species in control communities that were open to ambient 

predation. Both species were over two to three times less abundant when macropredators 

were excluded, with a combined contribution of nearly 50% to the dissimilarity between 

treatments. At late assembly, predation continued to shape composition of non-natives in 

Panama (PERMANOVA: predator exclusion contrast: pseudo-F2 = 9.17, p = 0.001; 

Appendix S1: Table S3).  Interestingly, by 12 months, S. pungens had replaced A. 

sydeiensis as the dominant non-native species in both caged and control treatments, with 

the average abundance of S. pungens again being over two times higher under ambient 

predation, contributing 61% to treatment dissimilarity.  The effect of predation was 1.83 
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times stronger on non-native composition at three months than 12 months 

(PERMANOVA; Predation treatment x Assembly Timescale: pseudo-F2 = 5.26, p = 

0.001; Appendix S1: Table S3), possibly due to the decline in overall abundance of the 

soft-bodied A. sydeiensis (Appendix S1: Table S4).  

 

Figure 3. Multidimensional scaling plot for non-native communities in Panama after 3 

months. Symbols indicate treatments. Communities across three sites are shown. Each 

point is a single community on a panel, and closer relative proximity among points 

indicates greater compositional similarity.  

Although abundance did not vary significantly in subtropical Mexico, different 

species were contributing to the compositional change over predator exclusion 

treatments. The top contributing species to non-native community dissimilarity between 

caged and control treatments in Mexico was C. inaudita, an encrusting bryozoan, 
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accounting for 27% of the dissimilarity between treatments.  S. pungens and W. were the 

two other species accounting for 14% and 11% of the dissimilarity, respectively 

(Appendix S1: Table S4). 

Despite the substantial increase in resource availability provided by the biomass 

removals, these treatments had limited impacts on the non-native community.  Biomass 

removals decreased non-native species abundance at the early assembly timescale in 

tropical Panama (3- month Assembly timescale: Region × Competition: F4,71.595 = 4.38, p 

= 0.029 contrasts: Panama: t = -4.13, p = 0.005), but had no effect during late assembly in 

Panama, in other regions at either timescale, or on non-native species richness in any 

region (p > 0.05; Appendix S1: Table S1, Table S2; Fig S4). 

 Assembly timescale also had an independent effect on non-native richness at low 

and mid latitude regions.  Non-native species richness was greater at 3 months relative to 

12 months in Panama (Fig 4; Region × Assembly Timescales F2,6.001 = 16.99, p = 0.0034; 

contrasts: Panama: t = -3.67, p = 0.02) and California (t = -8.32, p = 0.0005; Appendix 

S1: Table S1, S2).  In Panama, striking compositional differences were apparent between 

the assembly timescales (Fig 5; Appendix S1: Table S3), and highlighted the decline in 

Ascidia sydneinsis and Amphibalanus reticulatus from three to twelve months, and the 

slight increase in Schizoporella pungens at twelve months that collectively contributed 

over 85% to the temporal dissimilarity (SIMPER; Appendix S1: Table S4). 
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Figure 4. Effects of assembly timescales on non-native species richness expressed as 

estimated marginal means from mixed models (+/ SE). Asterisks indicate significant 

treatment contrasts (a = 0.05). 
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Figure 5. Multidimensional scaling plot for non-native communities in Panama over both 

assembly timescales. Symbols indicate assembly timescales. Communities across three 

sites are shown. Each point is a single community on a panel, and closer relative 

proximity among points indicates greater compositional similarity.  

3.2 Predator Exposure Experiment 

Short-term exposure to predation caused a clear reduction in non-native species 

abundance in the tropics, providing results that were consistent with the strong effects of 

predation observed in the predator exclusion experiment.  Reductions were observed 

when the experimental community was at an early or a late assembly stage, 

demonstrating a consistent effect irrespective of community age.  Predator exposure 

decreased non-native species abundance in Panama after three months (Fig 6; Region × 

Treatment × Pre/Post: F1,104 = 12.47, p = 0.0062 contrasts: Panama: t = -7.02, p = 0.001), 
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but had no effect in Mexico, California, or Alaska (p > 0.05; Appendix S1: Table S1, S2). 

Similarly, predator exposure decreased non-native species abundance in Panama at both 

timescales in the 3/12-month model (Region × Treatment: F2,7.59 = 6.71, p = 0.021 

contrasts: Panama: t = -3.59, p = 0.035), while having no effect on any other region (p > 

0.05; Appendix S1: Fig S5), demonstrating a consistent impact of short-term predation at 

both community assembly timescales. 

The PERMANOVA analysis reveals significant effects of site (pseudo-F = 25.64, 

p = 0.0001) and the interaction between site and predator exposure treatment (pseudo-F = 

3.66, p = 0.0033; Appendix S1: Table S3) on the observed community structures in 

Panama over three and twelve months. However, neither the pre-post periods nor the 

predator exposure treatment alone showed significant effects (pre-post: pseudo-F = 4.10, 

p = 0.1245; predator exposure: pseudo-F = 2.35, p = 0.2228). These results suggest that 

site-specific factors and the interaction between site and predator presence are important 

in shaping community assembly, while the direct effects of predator exposure and 

temporal changes are less pronounced. 
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Figure 6. Effects of predator exposure on non-native species abundance expressed as 

estimated marginal means from mixed models (+/ SE). Asterisks indicate significant 

treatment contrasts (a = 0.05). The effect in Panama was retained in the 3/12-month 

model (Appendix S1: Figure S5). 
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CHAPTER 4 

DISCUSSION 

The findings from this study provide valuable insights into the complex dynamics 

of non-native species invasions across different latitudes in marine ecosystems. Overall, 

the study supports the hypothesis that biogeographic location, assembly timescale, and 

predation interactively shape invasion success across latitude.  No models showed a 

significant interaction between resource availability and predation, suggesting that these 

mechanisms operate independently with additive rather than interactive effects. These 

results underscore the importance of considering multiple ecological factors when 

developing management strategies to mitigate the impact of invasive species across 

diverse marine environments. 

The study reveals that the impact of predation on non-native species varies across 

both latitude and assembly timescales. In the tropical region of Panama, strong predation 

reduced non-native species richness at early and late assembly timescales, a result that is 

consistent with both the biotic interactions hypothesis (Schemske et al. 2009) and 

stronger biotic resistance in the tropics (Carlton 1996, Freestone et al. 2013). The 

presence of native predators in Panama may have a significant influence on the 

successful establishment of non-native species, resulting in lower invasion success in this 

region. The most dominant non-native taxa in our control communities that were open to 

ambient predation were barnacles and encrusting bryozoans, both species that may be 

unpalatable or more difficult for predators to consume, thus dominating in communities 

with higher predation (Dias et al. 2020). In contrast, the most dominant non-native taxa in 
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the caged treatment communities were ascidians, a species that is more often preyed upon 

due to this soft bodied nature (Giachetti et al. 2022). 

Conversely, in the subtropical region of Mexico, strong predation increased non-

native species richness during early community assembly. This finding is intriguing and 

may be linked to differences in predator communities and their interactions with native 

and non-native species. The subtropical region may have a different predator 

composition, leading to different impacts on non-native species compared to the tropical 

region. Additionally, the availability of different resources and the timing of invasions 

may also contribute to the observed pattern. For instance, non-native species 

Celleporaria inaudita, Schizoporella pungens and Amphibalanus reticulatus were most 

abundant in Mexico and were driving the patterns there. Many of the non-natives in 

Mexico were hard-bodied bryozoans and barnacles that are less preferred by predators, as 

predation reduced better competitors like tunicates (Buckeridge and Reeves 2009). 

 Interestingly, predation increased non-native abundance in Panama, but this 

pattern was observed only at the late assembly timescale. This result suggests that 

predation may play a more significant role in shaping established communities rather 

than early colonization events (Lu et al. 2019). Established communities may be more 

stable but can be susceptible to predator impacts, leading to changes in non-native 

abundance. In contrast, early colonization events are likely influenced more by other 

factors such as propagule pressure and resource availability. Alternatively, this pattern 

suggests that abundance patterns took time to emerge, as communities in Panama 

matured over time. This delayed response suggests that the subtle, yet critical effects of 

predation may gradually influence the composition of non-native species in the 



26 
 

ecosystem. In contrast, richness patterns, which can capture the presence of rare species, 

responded more quickly. This nuanced interplay between abundance and richness 

patterns emphasizes the complexity of non-native species dynamics and highlights the 

importance of long-term ecological monitoring to fully grasp the subtle shifts occurring 

within ecosystems. 

While competition is likely an important factor in community assembly and 

invasion dynamics, our experimental manipulations of resource availability did not 

support this prediction.  Biomass removals never increased invasion success, as would be 

predicted if these removals were effective in reducing competition and releasing 

competitively inferior species.  Biomass removals reduced non-native abundance in 

Panama in the 3-month model, but this effect was not observed for either assembly stage 

in the 3/12-month model, suggesting a weaker effect that was likely driven by the 

disturbance from the removals rather than competition per se.  The lower richness of non-

native species at late-stage assembly in California and Panama could indicate competitive 

exclusion by native species, however an increase in richness or abundance with biomass 

removals at 12 months in these regions was not observed.  It is important to note that 

biomass removals were random, increasing the overall resource availability in the 

community rather than selectively reducing abundances of competitive dominants.  

Therefore, competition may be stronger at late-stage assembly (López and Freestone 

2022) but the effects may be cumulative across the 12-month developmental time scale 

rather than operating within the monthly intervals of biomass removals.  Furthermore, a 

greater diversity of non-native species at early assembly may also result from rapid 

colonization (Graebner et al. 2012).  Therefore, non-native species may exploit early 
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colonization opportunities, while native species may become more resistant to invasion as 

they mature and develop stronger competitive interactions (Stachowicz et al. 2002). 

When considering the higher non-native species richness in California and 

Panama relative to subarctic Alaska, several other factors beyond predation and 

competition may contribute to these regional patterns. First, propagule pressure and 

historical patterns of biotic exchange are critical factors influencing invasion dynamics. 

Both California and Panama have historically experienced higher levels of shipping and 

maritime traffic, which can serve as significant pathways for the introduction of non-

native species (Seebens et al. 2013, Glon et al. 2020, Ashton et al. 2022). Furthermore, 

California is recognized as a highly invaded estuary (Cohen and Carlton 1998, Ruiz et al. 

2011). The high human activity in these regions may have resulted in a higher frequency 

of introductions (Jurgens et al. 2018), but environmental filtering and predation pressure 

have been shown to reduce invasion risk over time (Bonfim et al.). 

Abiotic factors and environmental conditions can also play a role in shaping non-

native species richness. Differences in temperature, salinity, and other physical factors 

could limit the establishment and spread of non-native species in these regions. For 

example, abiotic seasonality can significantly influence the success of non-native species 

in new environments (Thomaz 2022). In regions with pronounced seasonal variations, 

such as subarctic and temperate zones, the changing abiotic conditions can pose 

challenges for non-native species to establish and persist(Kazanavičiūtė et al. 2024). 

Fluctuations in temperature, light availability, and nutrient levels can directly impact the 

survival and reproductive success of introduced species, as they might not be adapted to 

cope with the rapid shifts in environmental conditions. Additionally, the timing of species 
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introductions can also play a crucial role(Torres et al. 2022). Non-native species that 

arrive during favorable conditions may have a higher chance of establishment and 

subsequent population growth. Conversely, those introduced during unfavorable 

conditions may struggle to survive, limiting their ability to become established in the new 

ecosystem. Therefore, considering the interaction between abiotic seasonality and the 

timing of species introductions is essential when studying and managing non-native 

species invasions. Furthermore, El Niño effects caused high freshwater influx and low 

salinity in the California region during the period of deployment in 2016. This resulted in 

excess mortality in the region and could have impacted non-native species' abilities to 

establish. Additionally, the availability of suitable habitat and substrate for colonization 

may differ among regions, influencing the establishment success of non-native species. 

Finally, the biogeographic origin of non-native species introductions might also 

contribute to regional variations in non-native species richness. Some non-native species 

may have a greater affinity for temperate regions, while others might be more adapted to 

tropical conditions, depending on their origin (Kirk et al. 2021). Thus, the species pool 

available for introduction and establishment may vary with latitude, contributing to the 

observed patterns of non-native species richness. In summary, while species interactions 

and assembly time appear to be crucial factors influencing non-native species richness in 

these regions, it is essential to consider the interplay of multiple factors, including 

historical patterns of introduction, abiotic conditions, and species-specific preferences.  

Lastly, the observed decline in non-native richness towards the poles may be 

attributed to the especially harsh abiotic conditions and slower growth rates in these 

regions, making them less favorable for non-native species establishment. In addition, 
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there is lower intensity and a shorter history of propagule pressure in Alaska (Bonfim et 

al. in press). However, this is changing with increased shipping in the Arctic, which is 

causing a northern expansion of invaders (Jurgens et al. 2018, Daly et al. 2023). Given 

this expanding source of propagule pressure, future studies on invasions in polar regions 

could reveal novel invasion dynamics. 

Using this original exploration of non-native species richness and abundance in a 

standardized experiment across a latitudinal gradient, we demonstrate that invasion 

outcomes can vary with biogeographic region, exposure to predation, and assembly time. 

Our results highlight patterns in invasion dynamics and biotic resistance which can have 

significant implications for the management and conservation of marine ecosystems. 

Understanding the factors that influence the success of non-native species across different 

latitudes can help predict and inform control efforts for invasions, especially in 

vulnerable regions. Conservation efforts may need to focus on enhancing biotic resistance 

and promoting strong predator communities to limit the establishment and spread of non-

native species, particularly in tropical ecosystems. Recognizing the variable impacts of 

predation and competition across latitudes enables more informed decision-making in 

invasive species control efforts. As global shipping and climate change continue to 

reshape marine environments, the ability to predict and manage non-native species 

invasions becomes increasingly vital. 

In conclusion, our study provides valuable insights into the intricate dynamics of 

non-native species invasions across varying latitudes in marine ecosystems. By exploring 

the interactive roles of predation, competition, assembly timescales, and biogeographic 

factors, we have unveiled an intricate mosaic of invasion patterns. Our findings 
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emphasize the importance of considering both regional and temporal factors when 

assessing the success of non-native species. This research contributes to a deeper 

understanding of ecological invasions, shedding light on the mechanisms that shape 

community structure and biodiversity across different latitudes. By addressing questions 

central to invasions across latitudes, our study advances ecological theory and provides 

actionable insights for wildlife agencies tasked with preserving the delicate balance of 

marine ecosystems. 
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APPENDIX A S1 

Appendix S1: Figure S1. Map of study sites, reproduced from Freestone et al. (2021). 

Experiments were conducted at three sites (shown as black dots) in each of four regions, 

for 12 study sites across the latitudinal gradient.  
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Appendix S1: Figure S2. A) Regional richness across 4 study regions. Panama had the 

greatest number of species identified and Alaska had the fewest. B) California had the 

greatest number of non-native species identified.  
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Appendix S1: Figure S3. Effects of predator exclusion on non-native species richness 

across both assembly timescales expressed as estimated marginal means from mixed 

models (+/ SE). Letters indicate significant treatment contrasts between treatment and 

controls (a = 0.05). Brackets indicate combined contrast of procedural control and control 

treatment types (partial caged and no caged). Refer to methods for details on process of 

grouping controls together. 
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Appendix S1: Figure S4. Effects of biomass removals on non-native species abundance 

at an early assembly timescale expressed as estimated marginal means from mixed 

models (+/ SE). Asterisks indicate significant treatment contrasts (a = 0.05).  
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Appendix S1: Figure S5. Effects of predator exposure on non-native species abundance 

across both assembly timescales expressed as estimated marginal means from mixed 

models (+/ SE). Asterisks indicate significant treatment contrasts (a = 0.05). 
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