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material. Pereira, Olívia S.; Mullin, Sean; Orphan, Victoria J.; Levin, Lisa A. The dissertation 

author was the primary researcher and author of this paper. 

Chapter 4, in full, is a reprint of the material as it appears in Invertebrate trophic structure 

on marine ferromanganese and phosphorite hardgrounds. Pereira, Olívia S.; Vlach, Devin; 

Bradley, Angelica; Gonzalez, Jennifer; Mizell, Kira; Levin, Lisa A. Limnology and 

Oceanography, 2024. The dissertation author was the primary investigator and author of this paper. 

Chapter 5, in full, is a reprint of the material as it appears in Understanding and valuing 

human connections to deep-sea methane seeps off Costa Rica. Pereira, Olívia S.; Jacobsen, Mark; 

Carson, Richard; Cortés, Jorge; Levin, Lisa A., Ecological Economics, 2024. The dissertation 

author was the primary investigator and author of this paper. 
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Hard substrates in the deep sea create habitat heterogeneity for diverse invertebrate 

communities through the provision of substrate and cues for attachment, food, and refuge. 

However, the same environmental conditions that allow for the formation of these substrates are 

influencing  the biological communities. By analyzing community and trophic dynamics of 

invertebrates associated with carbonate rocks at methane seeps on the Costa Rica Pacific margin 
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and on mineral-rich hardgrounds off Southern California, I observed that low dissolved oxygen 

concentration and depth play a role in structuring these communities, as well as seepage activity 

at seeps and substrate type on mineral hardgrounds. Low oxygen decreases community abundance 

and community and trophic diversity at both ecosystems and creates complex trophic interactions 

for fauna on mineral-rich substrates at intermediate depths within the oxygen minimum zone. At 

seeps, low oxygen seems to override the effects of seepage activity, and the dependence of 

macrofauna on chemosynthetic production increases with depth. Manipulative experiments with 

carbonate rocks at seeps demonstrated how the environment influences recovery and resilience of 

macrofauna. Low oxygen limits colonization and resilience, but seepage activity favors bacterial-

grazing seep fauna and food supply. Some macrofaunal species are associated with specific 

microbial operational taxonomic units (OTUs) for provision of food and habitat, and the responses 

of these OTUs to changes in seepage activity are correlated to macrofaunal assemblages. Thus, 

microbial activity seems to play a role in the resilience of macrofaunal at seeps. These findings 

highlight how the environment and animal-microbe interactions influence macrofaunal 

communities and their responses to physical and environmental disturbances. They can provide 

insights for future management and conservation efforts as seeps and mineral-rich hardgrounds 

provide many ecosystems services but are threatened by human activities and climate change. A 

first economic valuation analysis of methane seeps reveals that Costa Ricans are willing to pay for 

protection of seeps and, most importantly, seem to have an affection and care about deep-sea 

ecosystems (especially endemic species) that become stronger when there is more knowledge of 

these ecosystems. This finding highlights the importance of biodiversity research, engaging with 

the public and communicating our findings to facilitate management of deep-sea ecosystems.
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Chapter 1 INTRODUCTION 
 

Although most of the deep ocean is covered by sediments (Snelgrove 1999), many benthic 

habitats in the deep sea are considered heterogeneous, with both soft and hard substrates (Lacharité 

and Metaxas 2017). These include methane seeps, canyons, and seamounts, among others, where 

we find authigenic carbonates, mineral precipitates, and basalts. 

At methane seeps, carbonate precipitation is a by-product of anaerobic oxidation of 

methane (AOM) carried out by microbial consortia of sulfate reducing bacteria and methane 

oxidizing archaea (Aloisi et al. 2000, Boetius et al. 2000, Orphan et al. 2002). The reaction of 

combined AOM and sulphate reduction increases alkalinity, promoting the precipitation of 

authigenic carbonates (Marlow et al. 2014b). Seeps and associated carbonate rocks can be found 

on active and passive continental margins globally, from shallow shelf to deep waters (400-7,326 

m) (Fujikura et al. 1999), making these rocks an important global carbon reservoir. Seeps also play 

an important role in global biogeochemical cycling and elemental transformation of carbon by 

sequestering methane and CO2 in active seep settings (Boetius and Wenzhoefer 2013). 

Among chemical precipitates, ferromanganese (FeMn) crusts and phosphorites are found 

on the deep seafloor (González et al. 2016). FeMn crusts occur throughout ocean basins at depths 

from 400 to 7,000 m on seamounts, ridges, and plateaus (Hein and Koschinsky 2014), and are 

typically formed in the mixing zone between oxygen-minimum waters and the oxygen-rich deep 

waters (Wang et al. 2009). In areas where there is a slow sedimentation rate, Fe and Mn can 

precipitate onto basalt and other types of rocks, forming a thin layer (patina). Phosphorites occur 

on continental margins and seamounts, typically at shallower depths (< 2,500 m) and in upwelling 

zones (Hein et al. 2016). They are formed just below the sediment-water interface with interstitial 

fluid rich in phosphate in suboxic to anoxic environments (Arning et al. 2009) with low sediment 
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accumulation rates (Schöllhorn et al. 2020). Phosphorite deposits can also form through early 

diagenetic processes where carbonates are replaced by carbonate fluorapatite, a phosphate mineral 

(Hein et al. 2016). Both phosphorites and FeMn crusts are targeted for mining in various regions 

of the world ocean (Hein et al. 2000, 2016, Levin et al. 2016). 

These hard substrates in the deep ocean create habitat heterogeneity for diverse invertebrate 

communities and provide biofilm cues for settlement, substrate for attachment, reproductive sites, 

refuge, and, in some cases, food supply (Case et al. 2015, Levin et al. 2015, Marlow et al. 2014a). 

However, the same environmental conditions that allow for the formation of carbonate rocks, 

FeMn crusts, and phosphorites also influence biological communities and can drive benthic 

patterns of community structure. For example, seepage activity has been shown to dictate 

community composition at methane seeps (see Levin et al. 2015, Pereira et al. 2021), and effects 

of dissolved oxygen concentration have been reported for megafaunal communities on mineral 

precipitates (see Corrêa et al. 2022, Vlach 2023). 

In addition to community structure, trophic structure is an important factor that affects 

ecosystem functioning, as energy is transferred throughout food webs (Choy et al. 2017). Trophic 

linkages are often identified through stable isotope (usually carbon and nitrogen) analyses 

(Thurber 2014) by taking advantage of natural variation in stable isotope ratios (Layman et al. 

2007). Generally, there is an isotopic change with each successive trophic level, as animals 

preferentially respire 12C over 13C and excrete 14N over 15N (McCutchan et al. 2003, Peterson and 

Fry 1987). The carbon isotope shift between a species’ diet and its tissue is small (0 to 1‰) but 

initial fractionation varies substantially among primary producers, and, therefore, δ13C is an 

excellent indicator of carbon sources at the base of the food web (Layman et al. 2007; DeNiro and 

Epstein 1978). The diet-tissue shift for the nitrogen isotopes, however, is greater among successive 



3 

trophic levels, and δ15N often increases by 2‰ to 4‰ with each trophic level, making the nitrogen 

isotope a useful tool to estimate trophic position (McCutchan et al. 2003, Post 2002). Initial δ15N 

value is influenced by local N2 fixation, which can be carried out by benthic deep-sea bacteria in 

sediments, archaea syntrophic consortia, and by chemosynthetic symbionts of invertebrates (Dekas 

et al. 2009, Petersen et al. 2016). An individual’s stable isotope composition derives then from its 

food sources, and isotope composition of multiple individuals can be used to assess the trophic 

role of that species, i.e., its trophic niche. The position of the species in δ13C - δ15N bi-plots with 

species (or individuals and populations) is used to infer aspects of the food web structure. 

Community-wide metrics were developed to help illustrate how individual species’ niches and 

dispersion of those niches drive variation in important aspects of trophic structure (Layman et al. 

2007). 

Methane seeps and mineral-rich hardgrounds provide many ecosystem services (i.e., 

contributions to human well-being from ecosystems), such as carbon sequestration, nutrient 

cycling, specialized communities including endemic species, nursery and feeding habitats, as well 

as cultural and spiritual significance and have inspired literature, film, art, dance, and education  

(Thurber et al. 2014, Levin et al. 2016, Turner et al. 2019, Armstrong et al. 2022). However, with 

increasing interest in deep-sea resources, these ecosystems are threatened by bottom trawling, oil 

and gas extraction, and deep-seabed mining (Ramirez-Llodra et al. 2011, Levin et al. 2016). 

Adding to these, as the ocean warms, the consequences of ocean deoxygenation have already been 

reported in the deep sea (Schmidtko et al. 2017). Animals living associated with these hard 

substrates are most likely sensitive to such environmental changes and physical disturbances. 

The main objective of this dissertation is to characterize and understand the distributions 

and lifestyles of macrofaunal invertebrates living on hard substrates (authigenic carbonate rocks, 
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FeMn crusts, and phosphorites) on continental margins at bathyal depths across environmental 

gradients. This dissertation generates information that can inform the response of deep-sea 

ecosystems on continental margins to changes in environmental conditions associated with climate 

change and deep-sea resource extraction and provide insights for future management and 

conservation efforts. Such efforts will most likely have increased public support, and consequently 

have a higher potential for success, if there is more awareness of the research and science that is 

being done;  this in turn can lead to a higher engagement and input to science policy (LaRiviere et 

al. 2014, O’Connor et al. 2021, Escobar-Briones and Álvarez-Sánchez, 2023). Thus, this 

dissertation also incorporates socio-economic approaches to understand people’s concern about 

and valuation of the deep sea and motivation toward deep-sea conservation. 

The main questions to be answered are:  

(1) How do environmental conditions (i.e., seepage activity, depth, temperature, and 

dissolved oxygen concentration) influence the macrofaunal community on hard substrates?  

(2) How quickly does the macrofaunal community on hard substrates respond to changes 

in environmental conditions (e.g., seepage)?  

(3) How does substrate type influence the macrofaunal community on hard substrates?  

(4) Is macrofaunal response to changes in environmental conditions (seepage) correlated 

with changes in the microbial community and are macrofaunal and microbial responses the same 

in terms of diversity?  

(5) What aspects of the deep sea do people care about and are they willing to pay for deep-

sea conservation? 
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To answer these questions, research was conducted at bathyal depths in the eastern Pacific 

Ocean, at methane seeps off Costa Rica (Fig. 1.1A-C,E), and on mineral-rich hardgrounds in the 

Southern California Borderland (Fig. 1.1D,F). 

 
Figure 1.1: Hardground ecosystems in the deep sea and their rocks: (A) Quepos Landslide, (B) 
Mound 12, and (C) Jaco Scar, three methane seeps off the Costa Rican Pacific margin, and (D) 

Southern California Borderland hardgrounds. (E) Carbonate rock at Mound 12. (F) FeMn 
encrusted rock at Patton Escarpment, Southern California Borderland. 

 

The following dissertation data chapters were produced:  

Chapter 2 involves an examination of the macrofaunal community and associated trophic 

structure on in situ and experimental (17-months transplant experiment and 3-month colonization 
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experiment) carbonate rocks at three methane seep sites in Costa Rica with different environmental 

conditions. New data are presented for (i) Quepos Landslide: at 380-400 m, within the oxygen 

minimum zone (OMZ); and (ii) Jaco Scar: at 1,850 m, well below the OMZ, a hydrothermal seep 

with a thermal anomaly. Both were compared to Mound 12 at 990-1,000 m with intermediate 

oxygen (described in Pereira et al. 2021, 2022). This chapter helped answer Questions 1 and 2. 

Chapter 3 investigates whether macrofaunal assemblage patterns and their dynamics with 

changing seepage activity at Mound 12 correspond to specific microbial communities living on 

the same rocks and their dynamics. Studies were carried out on both in situ and transplanted rocks 

described in Pereira et al. (2021) and Mullin (2020). This chapter addressed Question 4. 

Chapter 4 examines the effects of two mineral-rich substrate types (phosphorite, FeMn 

crusts), depth, dissolved oxygen concentration, and proximity to shore on macro- and megafaunal 

invertebrate trophic structure on hard substrates off Southern California. This chapter addressed 

Questions 1 and 3, and it is published in Limnology and Oceanography (Pereira et al. 2024a). 

Chapter 5 employs discrete choice experiments, an economics approach, for valuation of 

seep ecosystem services in order to provide insights, recommendations, and guidelines for seep 

management and conservation efforts. An economic valuation study of Costa Rican methane seeps 

was conducted in a survey format, which included questions to investigate people’s connection to 

the deep sea and the importance of deep-sea ecosystems to people. This chapter addressed 

Question 5 and is published in Ecological Economics (Pereira et al. 2024b). 
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Chapter 2 HETEROGENEITY AND RESILIENCE OF MACROFAUNAL 
COMMUNITIES ON CARBONATE ROCKS AT METHANE SEEPS ACROSS DEPTH 

AND OXYGEN GRADIENTS ON THE COSTA RICA MARGIN 
 

Olívia S. Pereira, Greg. W. Rouse, Erik Cordes, Jorge Cortés, Lisa A. Levin 

 

ABSTRACT 

Much of the variability in methane seep macrofaunal communities has been attributed to 

seepage activity, however, more attention is needed to other environmental conditions that might 

be playing a role in defining methane seep communities. With the goal of understanding how depth 

and oxygen concentration affect the influence of seepage activity on macrofaunal diversity and 

trophic structure and their recovery and resilience, we conducted mensurative experiments and 

manipulative experiments that exploit natural seepage and hydrographic conditions at three seeps 

on the Costa Rican Pacific margin: (1) Quepos Landslide, at 400 m, within the oxygen minimum 

zone (OMZ), (2) Mound 12, at 1,000 m, just below the OMZ, and (3) Jaco Scar, at 2,000 m, well 

below the OMZ. We observed that seepage activity is the main factor influencing macrofauna at 

the deepest seep, where chemosynthetic production is the main food source, and active fauna 

shows faster responses to colonization and transplant experiments. At intermediate depth, where 

the seep is under the influence of both photo- and chemosynthetic production, transition fauna 

seems to have higher recovery and resilience rates. In contrast, within the OMZ, low oxygen 

conditions override the seepage activity, yielding low densities and low diversity, and the 

macrofauna might not be established enough to colonize new substrates or survive changes in 

seepage activity. Our study highlights the heterogeneity of macrofaunal communities created by 

environmental conditions (i.e., seepage activity, depth, and oxygen concentration). With the 

expansion of OMZs due to ocean deoxygenation and possible expansion of seepage due to ocean 
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warming, it is important we understand how environmental conditions affect the recovery and 

resilience of these communities. 

 

INTRODUCTION 

Since the initial discovery of methane seeps, they have been found on continental margins 

all over the world in many geological and environmental settings (Sibuet and Olu 1998). Seeps 

occur at depths from 60 to 7,326 m (Fujikura et al. 1999, Vedenin et al. 2020) and under various 

dissolved oxygen concentrations, including within oxygen minimum zones (OMZs) (Levin et al. 

2015, Seabrook et al. 2024). In the central East Pacific, more than 100 seep sites have been found 

associated with mounds, faults, subduction scars, and landslides in the offshore margin off 

southern Nicaragua and Costa Rica (Sahling et al. 2008). Seep habitats are frequently associated 

with authigenic carbonate rocks, a by-product of microbial anaerobic methane oxidation, that host 

diverse macrofaunal communities (Levin et al. 2015, Pereira et al. 2021). The increased 

heterogeneity provided by seeps – created by methane and sulfide fluxes and provision of hard 

substrate – interacting with hydrographic features such as depth and oxygen gradients, may shape 

these unique assemblages. 

Zonation of deep-sea benthic communities due to environmental gradients has been long 

documented (Levin et al. 2001, Carney 2005). High species richness has been reported for 

megafaunal assemblages at intermediate depths between 1,000-3,000 m (Rex et al. 1981, Rex and 

Etter 2010, De Leo et al. 2017). Depth also affects the delivery of photosynthetic organic material 

from surface waters to the deep ocean; The export flux to deeper waters declines with depth as the 

organic matter is consumed by midwater organisms (Rex et al. 2005).  
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A well-developed OMZ at bathyal depths of 500-800 m in the Northeast Pacific also 

creates an important environmental gradient (Levin et al. 2016). Diversity, density, and biomass 

of megafaunal and macrofaunal communities have been shown to be reduced under low oxygen 

conditions within OMZs (Levin 2003). OMZs occur in highly productive continental margins, 

where water stability allows for accumulation of organic matter leading to reduced oxygen 

concentrations (below 0.5 mL/L) (Levin 2003, Guilini et al. 2012). However, observations of 

community patterns across environmental gradients come mainly from soft sediment studies. 

Presence of hard substrates increases ecosystem complexity, generally supporting higher 

megafaunal diversity and altered community composition but not abundance necessarily 

(Lacharité and Metaxas 2017). Benthic megafaunal abundances on seamounts have been shown to 

be low within the OMZ, and the highest in the lower boundary of OMZs, where sediment organic 

matter (i.e., food supply) was the highest (Wishner et al. 1990, 1995). 

Seep macrofaunal communities have been studied in the Eastern Pacific from Alaska to 

Costa Rica (Levin et al. 2015, Pereira et al. 2021, Gerard et al. in prep). Macrofaunal communities 

show distinct characteristics associated with seepage activity, while OMZs tend to homogenize 

assemblages by favoring species that are more adapted to low oxygen conditions (Levin et al. 

2000, Guilini et al. 2012). However, a comparison of macrofaunal community composition in seep 

vs non-seep sediments between seeps under different oxygen conditions showed that seeps 

exposed to higher oxygen concentrations showed higher diversity and species accumulation curves 

(Levin et al. 2010). Notably, sensitivity of hard substrate seep fauna, associated with carbonate 

rocks, to environmental gradients has received little attention. Ocean deoxygenation caused by 

increased global temperatures will expand OMZs, influencing benthic communities including 

methane seeps (Stramma et al. 2008, Breitburg et al. 2018). Understanding how such communities 
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are affected by low oxygen conditions gives us better knowledge for predicting changes in 

distribution patterns and resilience of the benthos in future climate scenarios (Venturelli et al. 

2018). 

Here, we examined how species diversity, density, composition and trophic diversities of 

macroinvertebrates on carbonate rocks vary across three methane seep sites with different 

environmental context (depth and oxygen level). We ask how these differences affect the dynamics 

and resilience of such communities. By conducting mensurative experiments that exploit natural 

seepage and hydrologic gradients, and two kinds of manipulative experiments (colonization and 

transplants across seepage gradients) we aimed to understand how the influence of seepage activity 

on community dynamics is affected by depth, temperature, and oxygen concentrations (1) in 

naturally occurring (i.e., in situ) macrofaunal communities on carbonate rocks, (2) in newly 

colonized assemblages on carbonate substrates, and (3) for the recovery and resilience capacity of 

macrofaunal communities on carbonate rocks. Specific questions addressed are: (i) Are 

macrofaunal responses to seepage activity affected by hydrologic conditions? (ii) Is the resilience 

of seep and transition fauna to a decline in seepage affected by hydrologic conditions? (iii) What 

features of community structure are recovered in 3 months? In 17 months? And do these responses 

change with different hydrographic conditions? (iv) What taxa and what attributes of these taxa 

confer good colonization ability and resilience? Is colonization ability and resilience affected by 

hydrologic conditions? 

 

METHODS 

Study area 
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The convergent margin of Costa Rica in the Pacific Ocean, where the Cocos Plate subducts 

beneath the Caribbean Plate (Kimura et al. 1997), hosts hundreds of seep sites at depths of 400-

2,400 m (Sahling et al. 2008), and new sites are continually being discovered. For example, a new 

seep named The Thumb was discovered in January 2019 during a research cruise aboard the R/V 

Falkor (FK190106) (personal observation). These seeps have been found associated with mounds, 

faults, subduction scars, and landslides, and almost all the rock samples from previous studies were 

methane-related authigenic carbonates (Sahling et al. 2008). This study examines macrofaunal 

invertebrates on carbonate rocks from three bathyal seep sites that span from within to below the 

Costa Rica oxygen minimum zone (OMZ; [O2] < 22 μM) (Fig. 2.1, Table 2.1):  

Quepos Landslide is a low-oxygen (4.25 μM O2 kg-1) site at 389-400 m within the OMZ, 

with a head wall 160 m high (Harders 2011), and fluids may originate from buried hydrates within 

the gas hydrate stability zone (Steeb et al. 2015). Bacterial mats are present throughout, covering 

the sediment, with a few carbonate and mudstone rocks outcrops (Karaca et al. 2014), as well as 

abundant tuna crabs Pleurocondes sp. and fishes (personal observation). 

Mound 12 is located at 990-1000 m water depth (Mau et al. 2006), just below the oxygen 

minimum zone (27.1 μM O2 kg-1) (Levin et al. 2015). Mudflows suggest that it is a frequently 

active site (Niemann et al. 2013) with an alternation of seepage with low- activity phases within 

12 months (Niemann et al. 2013, Mau et al. 2007). The bottom is characterized by carbonates 

hosting the Costa Rican yeti crabs Kiwa puravida (Thurber et al. 2011) and bathymodiolin mussel 

beds (Sahling et al. 2008), as well as smaller animals such as neolepetopsid limpets and provannid 

snails (Pereira et al. 2021).  

Jaco Scar is a large landslide caused by seamount subduction with warm fluid (~6ºC) at 

the active seeping area, and, thus, is considered a hydrothermal seep with assemblages of species 
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associated with hydrothermal vent and seep ecosystems (Levin et al. 2012). It is located well below 

the OMZ (79.07 μM O2 kg-1) at 1,850 m, with very high, deeply sourced methane fluxes (Tryon et 

al. 2010, Mau et al. 2014). Siboglinid polychaetes Lamellibrachia barhamia and Escarpia spicata 

form large spherical bushes (1-2 m in diameter), supporting bathymodiolin mussels and 

lepetodrilid limpets in high densities, as well as zoarcid fishes nestling within the worm tubes 

(Levin et al. 2012, Frable et al. 2023). Dense beds of the clam Archivesica gigas also support 

gastropods and galatheids crabs, and frenulate sigboglinids (Siboglinum sp.) form another distinct 

microhabitat (Levin et al. 2012). 

 
Figure 2.1: (A) Location and photos of the three methane seep sites off the Pacific margin of 

Costa Rica: (B) Quepos Landslide (QL), (C) Mound 12 (M12), and (D) Jaco Scar (JS). 
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Table 2.1: Environmental settings of methane seep sites off the Pacific margin of Costa Rica. 

Seep site Latitude Longitude Depth 
range (m) 

Average bottom 
temperature (°C) 

Average 
bottom 
salinity 

Average 
bottom 

oxygen (μM) 
Quepos Landslide 8°51.051’N 84°12.984’W 308-399 11.31 34.79 4.25 
Mound 12 8°55.827’N 84°18.757’W 991-1003 4.91 34.56 27.1 
Jaco Scar 8°05.389’N 84°49.620’W 1708-1887 2.481 34.71 79.07 

1 A thermal anomaly was measured of up to 8°C in certain seeping areas. 

 

Shipboard sampling 

Carbonate rocks were sampled for faunal studies at three seep sites (Quepos Landslide, 

Mound 12, and Jaco Scar) off the Pacific margin of Costa Rica (Table 2.1) during two research 

cruises aboard the R/V Atlantis (May to June 2017 – AT37-13 – and October 2018 – AT42-03) 

using the HOV Alvin, and a third research cruise aboard R/V Falkor (January 2019) using the ROV 

SuBastian. Unmanipulated samples (in situ) were taken at sites with different seepage activity 

when possible (Table 2.1). High activity level (i.e., active sites) was defined visually by the 

presence of microbial mats, methane bubbles or seep megafauna (bathymodiolin mussels, 

vesicomyid clams, and/or siboglinid tube worms), as previously done by Levin et al. (2015). 

Background sites were defined by not having seep megafauna and carbonates but occasional deep-

sea megafauna (e.g., paralomid crabs). Transition sites were defined by having carbonates and a 

mix of species from the surrounding, background deep sea and seep area (see Ashford et al. 2021). 

The rocks were placed into individual containers of Delrin bioboxes on the Alvin basket to avoid 

cross contamination of fauna during recovery, and they were used as control samples for two 

experiments:  

Colonization experiment: To compare the dynamics and colonization rate of seep and non-

seep communities at the different sites, defaunated rocks were deployed at sites with active seepage 

for 3 months (deployed in October 2018, recovered in January 2019) and 17 months (deployed in 
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May 2017, recovered in October 2018) at Quepos Landslide and Jaco Scar. A 17-month and 7-

year colonization experiment were also performed at Mound 12. 

Transplant experiment: To compare biological patterns and dynamics of methane seep 

fauna, the rates and trajectory of community response, and the effect of hydrographic conditions 

on such dynamics under different seepage activity, carbonate rocks hosting animals were moved 

by the HOV to sites with different seepage activity for 17 months (start in May 2017, recovered in 

October 2018) at Quepos Landslide and Jaco Scar. A 17-month transplant experiment was also 

performed at Mound 12. Rocks were moved from active sites to lesser seepage activity and from 

transition or background sites to active sites. 

Although it was not possible to perform identical experiments at all sites, we tried to keep 

the experimental design as similar as possible. The 17-month and 7-year colonization experiments 

at Mound 12 and the 17-month transplant experiment at Mound 12 were previously reported in 

Pereira et al. (2021). However, the invertebrate communities were described and discussed at the 

family and order levels there. Here, we describe and discuss the results at the species level and 

include only rocks for which we have density values. 

In situ and experimental carbonate rocks were photographed intact upon recovery. The 

associated fauna was handpicked and identified to the lowest taxonomic level possible. Tissue 

samples for stable isotope analyses were collected from at least three specimens of each species 

on each rock to examine reliance on seep production and frozen at -20°C. The rocks were wrapped 

in aluminum foil to determine the approximate rock surface area later in the laboratory, and then 

left overnight in a bucket with filtered seawater at room temperature for additional infauna to crawl 

out. On the next day, the water in the buckets with the remaining fauna was sieved on a 0.3 µm 

mesh and preserved in 96% ethanol in Nalgene bottles to be sorted in the laboratory. 
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To characterize particulate organic matter (POM) stable isotope composition (δ13C and 

δ15N) for constraining nutritional sources, surface (0-5 m) and bottom waters (< 15 m above the 

seafloor) were sampled at each seep using 2-4 L of water collected in a Niskin Rosette on a CTD 

and filtered through a glass microfiber filter. The filter with retained material was frozen at -20°C 

for later processing in the laboratory. 

 

Laboratory processing 

In the laboratory at Scripps Institution of Oceanography, the aluminum foil used to wrap 

the rocks was weighed using a top-loading balance to an accuracy of two decimal places in 

milligrams. The total weight of the foil was divided by the average weight of a 1 cm2 piece of foil 

to determine the approximate rock surface area in cm2. Samples in Nalgene bottles were re-sieved 

using a 0.3-µm mesh and sorted in freshwater at 12x magnification under a dissecting microscope. 

The specimens were identified to species level and counted. The numbers of animals that were 

removed at sea upon recovery for isotope analyses were added to the laboratory total counts. The 

faunal tissue and POM samples collected for stable isotope analyses (δ13C and δ15N) were 

processed as in Pereira et al. (2021, 2022) and sent to Washington State University for stable 

isotope measurements. Precision for δ13C and δ15N analyses were ±0.02‰ and ±0.05‰, 

respectively (standard deviation of 10 replicate organic standards). 

 

Data synthesis and statistical analyses 

Densities of invertebrate communities were standardized to number of individuals per 200 

cm2, the average size of a rock, as previously done in Levin et al. (2015) and Pereira et al. (2021).  

PERMANOVA analysis was performed to check for variability in densities among seeps, seepage 
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activity, and sampling year (i.e., cruise) for in situ communities. To compare densities between in 

situ communities and experimental communities (including colonization and transplant), Kruskal-

Wallis tests followed by Dunn’s tests using the Benjamini-Hochberg adjustment (Benjamini and 

Hochberg 1995) were used for datasets with three factors or more, and Wilcoxon tests were used 

for datasets with two factors.  

Three-way ANOSIM and SIMPER analyses were performed on Primer v.7 using Bray-

Curtis dissimilarity matrices of species density values, after fourth-root transformation, to assess  

variability in community composition among seeps, seepage activity, and sampling year. One-way 

ANOSIM and SIMPER analyses were performed on Primer v.7 to assess differences in community 

composition between in situ rocks and experimental rocks, including transplant and colonization 

experiments. Cluster and non-multidimensional scaling (nMDS) analyses were also performed on 

Primer v.7 with the same dataset to provide a visualization of the results.  

Shannon-Wiener diversity (H’), Pielou’s evenness (J), richness (S), and rarefaction curves 

were calculated using the R package ‘vegan’ for the seeps and different seepage activity, including 

for in situ and experimental communities, by pooling total counts of all samples at each seep or 

seepage activity. 

Mean isotope values of species were calculated before calculating the averages by seep, 

seepage activity, and experiment to avoid sampling bias. PERMANOVA tests were performed to 

check for variability in isotopic composition among seeps, seepage activity, and sampling year for 

in situ communities. To compare isotopic values between in situ communities and experimental 

communities (including colonization and transplant), Kruskal-Wallis tests followed by Dunn’s 

tests using the Benjamini-Hochberg adjustment (Benjamini and Hochberg 1995) or Wilcoxon tests 

were used as described above. Community-level metrics (Layman et al. 2007) were calculated 
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using the ‘SIBER’ package in R (Jackson et al. 2011), following Pereira et al. (2021, 2022, 2024). 

Trophic diversity was assessed using standard elliptical area corrected for sample size (SEAc) in 

δ13C and δ15N biplots. Pairwise trophic overlap based on Bayesian posterior estimates of ellipses 

was calculated using 2 chains of 20,000 iterations with a burn-in of 1000 and thinning of 10, as 

previously done in Pereira et al. (2022, 2024). 

 

RESULTS 

Naturally occurring macrofaunal communities 

Densities of macrofaunal invertebrates on carbonate rocks varied among seep locations 

(Fig. 2.2A-C); Jaco Scar showed the highest densities, and Quepos Landslide, the lowest 

(PERMANOVA, R2 = 0.2087, p = 0.0001). Across all seeps, densities were the highest at transition 

sites (R2 = 0.1040, p = 0.05). However, within seep, active sites showed the highest densities at 

Mound 12 in 2017 (Kruskal-Wallis, 𝜒!" = 12.3087, p = 0.02), and there was no significant 

difference in densities with seepage activity at Quepos Landslide (Kruskal-Wallis, 𝜒#" = 1.5128, p 

= 0.70). These might have led to the significant, but weak interaction between cruise (i.e., sampling 

year) and seep site that was found (R2 = 0.0896, p = 0.008), since there was no significant 

interannual difference in densities (R2 = 0.0141, p =0.37) and no significant interaction between 

seep and habitat (R2 = 0.0286, p = 0.40). 
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Figure 2.2: Density (number of individuals per 200 cm2) of macrofaunal invertebrates on (A-C) 

in situ carbonate rocks, (D-F) colonization rocks, and (G-I) transplanted rocks at Quepos 
Landslide (QL), Mound 12 (M12), and Jaco Scar (JS) across a seepage gradient. Fill colors 

indicate seepage activity (A: Active, T: Transition, IT: Inner transition, OT: Outer transition, B: 
Background) and border colors indicate sampling year. 

 

Community composition was also different among seep locations (three-way ANOSIM, 

Global R = 0.671, p = 0.001; Table 2.2), seepage activity (Global R = 0.355, p = 0.006; Table 2.3), 

and year (Global R = 0.355, p = 0.006) (Fig. 2.3A-C, Fig. 2.4A, Supp. Fig. 2.1-2.4). Among seeps, 

Jaco Scar macrofaunal communities on carbonates showed the highest dissimilarity to those at the 

other seeps (JS vs QL: R = 0.775, p = 0.001; JS vs M12: R = 0.709, p = 0.001), and Mound 12 and 
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Quepos Landslide showed the lowest dissimilarity, although still high (R = 0.662, p = 0.001) (Fig. 

2.4A, Supp. Fig. 2.1). Jaco Scar was dominated by the tanaids Parakanthophoreus sp. 1 and 

Typhlotanoides sp. 1 (27%), annelids Chrysopetallum sp. and Laminatubus paulbrooksi (23%), 

and the snail Provanna goniata (13%). The tanaids and L. paulbrooksi contributed the most (14%) 

to the dissimilarity between Jaco Scar and Quepos Landslide (SIMPER, average dissimilarity = 

96.97). These five most abundant species at Jaco Scar were also the species that contributed the 

most (17%) to the dissimilarity between Jaco Scar and Mound 12, together with the snail Provanna 

laevis, which was more abundant at Mound 12 (SIMPER, average dissimilarity = 87.09). In 

addition to the abundance of P. laevis (19%), Mound 12 was dominated by Chrysopetallum sp. 

(15%) and the limpets Lepetodrilus ovalis (8%), Neolepetopsidae (6%), Pyropelta musaica (3%), 

and Pyropelta wakefieldi (3%). P. laevis and L. ovalis contributed to 10% of the dissimilarity 

between Mound 12 and Quepos Landslide (SIMPER, average dissimilarity = 93.13). Finally, 

Quepos Landslide was dominated by a species in the hydrozoan order Anthoathecata (27%). 

Across all seeps, communities at active sites were different than at inner transition (R = 

0.323, p = 0.035), outer transition (R = 0.75, p = 0.036), and background sites (R = 1.000, p = 

0.033), and more similar to communities at transition sites, although not significantly so (R = 

0.151, p = 0.053). In general, active sites were dominated by P. goniata (16%) and P. laevis (12%). 

Transition sites (including transition, inner transition, and outer transition) were dominated by 

Chrysopetallum sp. (24%) and Parakanthophoreus sp. 1 (12%). Surprisingly, background sites 

were dominated by L. paulbrooksi (18%). However, the dominance of species and major taxa 

within seepage activity varied among seeps (Table 2.3, Fig. 2.3A-C). 

Finally, there was a shift in community composition across all seeps from 2017 to 2018 (R 

= 0.351, p = 0.003) and no significant difference between 2017 vs 2019 (R = 0.333, p = 0.40) and 



24 

2018 vs 2019 (R = 0, p = 0.67), possibly due to the low sample size in 2019 (only one in situ rock 

collected at Jaco Scar at a transition site). The 2017 to 2018 interannual difference was higher at 

active sites (SIMPER, average dissimilarity = 84.15), where seep species (e.g., P. laevis, L. ovalis, 

Lepetodrilus stet., P. musaica, P. wakefieldi, and Kiwa puravida) were more abundant in 2017, 

than at transition sites (SIMPER, average dissimilarity = 75.71). 

 
Figure 2.3: Proportional community composition of macrofaunal invertebrates on (A-C) in situ 

carbonate rocks, (D-F) colonization rocks, and (G-I) transplanted rocks at Quepos Landslide 
(QL), Mound 12 (M12), and Jaco Scar (JS) across a seepage gradient. A: Active, T: Transition, 

IT: Inner transition, OT: Outer transition, B: Background. 
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Figure 2.4: Non-multidimensional scaling analyses of macrofaunal invertebrates on (A) in situ 

carbonate rocks at the three seep locations, and on in situ and experimental carbonate rocks at at 
(B) Quepos Landslide, (C) Mound 12, and (D) Jaco Scar. 

 

Among seeps, Mound 12 showed the highest Shannon Wiener diversity (H’ = 2.83), 

richness (S = 52), and Pielou’s evenness (J = 0.73), followed by Jaco Scar (H’ = 2.44, S = 47, J = 

0.71), and Quepos Landslide (H’ = 1.75, S = 14, J = n.a. due to a sample having 1 specimen) (Table 

2.4). However, Jaco Scar showed a steeper slope of the species rarefaction curve (Fig. 2.5A). 

Among seepage activity across all seeps, transition sites showed the highest Shannon-Wiener 

diversity (H’ = 2.36-2.63) and background sites had the lowest (H’ = 2.08) (Fig. 2.5B). Richness 
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decreased with increasing distance from the seep (S at active sites = 47.5, transition sites = 26-69, 

background = 11), and evenness was the highest at background sites (J = 0.90) followed by 

transition sites (J = 0.56-0.81). These general patterns of diversity metrics with seepage activity 

were also observed within each seep location, except for Jaco Scar, where richness was the highest 

at active sites (Table 2.4, Fig. 2.5C). 

Table 2.2: Top 10 most abundant species of macrofaunal invertebrates on carbonate rocks at 
Quepos Landslide, Mound 12, and Jaco Scar. Superscripts indicate species that individually 
contributed to more than 10% of the community at sites with different seepage activity (A: 

active, T = transition, B = background. 
Quepos Landslide % Mound 12 % Jaco Scar % 
AnthoathecataA+T 27 Provanna laevisA+T 19 Chrysopetallum sp.A+T 17 
Eudaronia sp.A 8 Chrysopetallum sp.IT+OT+T 14 Parakanthophoreus sp. 1T 14 
Placopecten sp.T 8 Lepetodrilus ovalisA 8 Provanna goniataA 13 
Pyropelta musaica 8 NeolepetopsidaeA 6 Typhlotanoides sp. 1A 7 
Branchinotogluma sp. 6 Pyropelta musaica 3 Laminatubus paulbrooksiB 6 
Serpulidae sp. 1 6 Pyropelta wakefieldi 3 Bispira sp. 5 
Pleuroncodes monodon 6 Lepetodrilus stet. 3 Archinome levinae 3 
Lepetodrilus stet. 6 Fucaria sp. 1 3 Neolepetopsis sp. 2 2 
Dorvillea sp. 4 Anguillosyllis sp. 2 Neolepetopsis sp. 3 2 
Galatheidae sp. 4 Laminatubus sp. 2 Gammaropsis sp. 2 2 

 

Table 2.3: Top 10 most abundant species of macrofaunal invertebrates on carbonate rocks at 
active, transition (including transition, inner transition, and outer transition), and background 

sites. Superscripts indicate species that individually contributed to more than 10% of the 
community at the different seeps (JS: Jaco Scar, M12: Mound 12, QL: Quepos Landslide). 

Active % Transition % Background % 
Provanna goniataJS 16 Chrysopetallum sp.JS+M12 24 Laminatubus paulbrooksiJS 18 
Provanna laevisM12 12 Parakanthophoreus sp. 1JS 12 Chrysopetallum sp. 9 
Chrysopetallum sp.JS 7 Bispira sp. 4 Hesionidae 6 
Typhlotanoides sp. 1JS 6 AnthoathecataM12+QL 3 Ophiuroidea 6 
Parakanthophoreus sp. 1 6 Laminatubus paulbrooksi 3 Ophiura cf. scutellata 6 
Lepetodrilus ovalisM12 6 Provanna laevisM12 3 Lepetodrilus stet. 6 
NeolepetopsidaeM12 5 Typhlotanoides sp. 1 3 Fucaria sp. 2 6 
Laminatubus paulbrooksi 4 Archinome levinae 2 Amphinomidae sp. 1 3 
Pyropelta musaicaQL 2 Gammaropsis sp. 2 2 Cirriformia sp. 3 
Pyropelta wakefieldi 2 Neolepetopsis sp. 3 2 Phyllodocidae 3 
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Table 2.4: Community and trophic diversity metrics of macrofaunal invertebrates on in situ and 
experimental carbonate rocks at Quepos Landslide, Mound 12, and Jaco Scar across a seepage 

gradient. Community metrics are Shannon-Wiener diversity (H’), richness (S), and Pielou’s 
evenness(J). Trophic metrics are mean ± 1 standard error δ13C and δ15N (‰), total niche area 

(TA), and standard ellipse area corrected for sample size (SEAc). 
  H’ S J Mean δ13C (‰) Mean δ15N (‰) TA SEAc 
Quepos Landslide In situ rocks 
     2017 Active 2.13 12 0.77 -22.4 ± 2.0 5.2 ± 2.3 89.5 73.4 
     2017 Transition 2.76 29 0.82 -20.1 ± 0.8 7.9 ± 1.0 142.1 59.2 
     2018 Active 2.13 16 0.77 n.a. 
     2018 Transition 2.09 11 0.87 -22.9 10.2 35.3 26.2 
Mound 12 In situ rocks 
     2017 Active 2.51 52 0.63 -38.2 ± 2.4 4.6 ± 0.7 342.7 111.1 
     2017 Transition 3.19 67 0.76 -33.9 ± 3.4 6.5 ± 1.5 633.6 181.2 
     2018 Active 3.44 46 0.9 -38.4 ± 1.0 5.1 ± 0.7 250.5 86.3 
     2018 Inner transition 2.36 69 0.56 -33.7 ± 3.3 8.1 ± 0.7 158 59.1 
     2018 Outer transition 2.63 26 0.81 -25.7 ± 0.1 9.1 ± 0.6 13.1 12.4 
Jaco Scar In situ rocks 
     2017 Active 2.88 77 0.66 -39.8 ± 2.1 3.8 ± 0.5 520.5 158.5 
     2017 Transition 2.4 63 0.58 -32.9 ± 1.3 4.5 ± 1.3 367.9 134.7 
     2017 Background 2.69 16 0.97 -24.5 3.8 15.9 29.4 
     2018 Active 2.59 93 0.57 -39.3 ± 2.1 4.9 ± 0.4 561.5 101.7 
     2018 Transition 2.66 47 0.69 -38.0 ± 4.1 8.0 ± 2.0 97.3 73.6 
     2018 Background 1.47 6 0.82 -29.9 10 13.5 48.9 
     2019 Transition 2.39 29 0.71 -44 7.1 1.9 7.1 
Quepos Landslide Transplant experiment – 17 months (2017-2018) 
     Active to transition 2.04 12 0.82 -21.2 ± 0.3 10.2 ± 0.4 1.6 2 
     Transition to active 0.42 3 0.38 -20.6 11.7 n.a. 
Mound 12 Transplant experiment – 17 months (2017-2018) 
     Active to background 3.61 76 0.83 -45.3 ± 9.2 6.2 ± 1.2 470.8 273.7 
     Active to inner transition 3.49 76 0.83 -32.5 ± 5.4 8.5 ± 2.0 406.9 169.9 
     Active to outer transition 3.36 65 0.81 -37.7 ± 4.3 8.3 ± 1.0 104 62.2 
     Inner transition to active 2.88 71 0.67 -39.5 ± 2.8 5.4 ± 1.1 164.5 50.3 
     Inner transition to background 3.04 52 0.77 -23.0 ± 0.9 10.5 ± 1.7 60.7 48.2 
     Inner transition to outer transition 3.05 45 0.8 -29.4 ± 5.1 9.3 ± 0.8 117.4 73.9 
Jaco Scar Transplant experiment – 17 months (2017-2018) 
     Active to background 2.24 41 0.6 -38.4 ± 3.8 7.6 ± 1.1 223.1 152.8 
     Transition to background 2.37 11 0.99 -37.3 ± 6.6 5.5 ± 2.0 81.1 155.5 
     Background to active 2.68 55 0.67 -40.8 ± 1.0 2.6 ± 0.6 260.3 76.7 
Colonization experiment – 3 months (2018-2019) 
     Quepos Landslide active 2.29 15 0.85 -22.1 11.1 n.a. 
     Mound 12 active 2.63 69 0.59 -35.8 ± 0.9 7.5 ± 0.4 203.6 57.2 
     Jaco Scar active 2.98 54 0.75 -38.5 ± 1.8 6.8 ± 0.6 226.1 66.8 
Colonization experiment – 17 months (2017-2018) 
     Quepos Landslide active 1.1 3 1 -33.5 5.5 n.a. 
     Jaco Scar active 2.82 87 0.63 -39.2 ± 0.8 6.0 ± 0.6 197.3 53.9 
Colonization experiment – 7.4 years (2010-2017) 
     Mound 12 active 2.25 43 0.6 -34.6 ± 2.5 1.3 ± 0.4 365 96.2 
     Mound 12 transition 3.41 45 0.8 -29.8 ± 1.8 7.4 ± 0.7 173.8 83.4 
Other colonization experiments 
     Mound 12 transition – 7+ years 1.92 8 0.93         
     Jaco Scar active – 20 months 2.3 48 0.63         
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Figure 2.5: Rarefaction curves of macrofaunal invertebrates on in situ carbonate rocks by (A) 

seep location, (B) seepage activity, and (C) seepage activity within seep location. Seep locations: 
Quepos Landslide (QL), Mound 12 (M12), and Jaco Scar (JS). Seepage activities: Active (A), 

transition (T), and background (B). 

 

Stable carbon isotope values (δ13C) of macrofaunal invertebrates (Table 2.4) were the 

lowest at Jaco Scar and highest at Quepos Landslide (PERMANOVA, R2 = 32.4361, p = 0.0001) 

and increased with increasing distance from each seep (i.e., along a gradient of decreasing seepage 

activity) (R2 = 6.3869, p = 0.0005). There was also a significant interannual difference in δ13C 

values (R2 = 4.9926, p = 0.0067), possibly due to low sample size (two rocks were collected at 

Quepos in 2018 and one rock was collected at Jaco Scar in 2019). There was no significant 

interaction between seep location and sites with different seepage activity (R2 = 0.1638, p = 0.87) 

and between cruise (year) and seep location (R2 = 0.2431, p = 0.82) in δ13C values. For the stable 

nitrogen isotopes (δ15N), there was no difference in values of macrofaunal invertebrates across 

seep location (PERMANOVA, R2 = 0.0829, p = 0.07), seepage activity (R2 = 0.1324, p = 0.11), 

and cruise (R2 = 0.0875, p = 0.06) (Table 2.4). There was also no significant interaction between 

seep location and seepage activity (R2 = 0.0372, p = 0.38) and between cruise and seep location 

(R2 = 0.0161, p = 0.75) in δ15N values. However, there was a pattern of decreasing δ15N values 

with depth, with the shallowest seep, Quepos Landslide, showing the highest values, and the 
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deepest seep, Jaco Scar, the lowest. There was also a pattern of increasing δ15N values with 

increasing distance from the seep, with active sites across all seeps showing lower values and 

background sites, higher values (Table 2.4). Trophic diversity based on SEAc and trophic niche 

based on TA increase with increasing seepage activity, except at Mound 12 in 2017 when these 

were higher at transition sites (Table 2.4, Fig. 2.6A-C). Trophic overlap at active and transition 

was the highest between Jaco Scar and Mound 12 (61% and 35%, respectively), and the lowest 

between Jaco Scar and Quepos Landslide (23% and 20%, respectively) (Fig. 2.7A). Interestingly, 

trophic overlap across seep location and seepage activity was the highest between Jaco Scar 

transition sites and Mound 12 active sites (48%) and between Jaco Scar background sites and 

Quepos Landslide active sites (46%) (Fig. 2.7D). 
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Figure 2.6: Trophic niche diversity of macrofaunal invertebrates on (A-C) in situ carbonate 

rocks, (D-F) colonization rocks, and (G-I) transplanted rocks at Quepos Landslide (QL), Mound 
12 (M12), and Jaco Scar (JS) across a seepage gradient. Each point represents the average for 

one species. Ellipses represent standard ellipse areas corrected by sample size (SEAc). A: Active, 
T: Transition, IT: Inner transition, OT: Outer transition, B: Background. 
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Figure 2.7: Proportional Bayesian overlap of standard ellipse areas (SEAc) of macrofaunal 

invertebrates on (A) in situ carbonate rocks between seeps at active and transition sites, (B) in 
situ carbonate rocks vs colonization experiments, (C) in situ carbonate rocks vs transplanted 

rocks, (D) in situ carbonate rocks between seeps and seepage activity, and (E) colonization rocks 
with different exposure duration. Seeps are Quepos Landslide (QL), Mound 12 (M12), and Jaco 

Scar (JS). Seepage active sites are A: Active, T: Transition, IT: Inner transition, OT: Outer 
transition, and B: Background. Colonization experiments were conducted for 3 months (CR3), 

17 months (CR17), and 7 years (CR7). 

 

Macrofaunal colonization patterns 

Colonizing invertebrate communities at active sites did not achieve in situ densities in 3 

months at Quepos Landslide (11 ± 10 individuals/200 cm2; W = 4, p = 0.40) and Mound 12 (200 

± 23 individuals/200 cm2; W = 1, p = 0.14), but did so at Jaco Scar (155 ± 50 individuals/200 cm2; 

W = 7, p = 0.27) (Fig. 2.2D-F). After 17 months, colonizer densities were still low at Quepos 

Landslide (2 ± 1 individuals/200 cm2; W = 2, p = 1.00), but increased with time at Jaco Scar with 

values 2-4x greater than on in situ rocks (17 months: 330 ± 2 individuals/200 cm2, W = 3, p = 0.20; 

20 months: 529 individuals/200 cm2, W = 0, p = 0.40). This overshoot in colonizer density with 
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time was also observed in the longer-term experiment (7 years) at active sites at Mound 12, where 

colonizer densities were 2.5x higher than on in situ rocks, although not significant (609 ± 126 

individuals/200 cm2; W = 1, p = 0.07). However, at transition sites at Mound 12, colonizer densities 

did not achieve in situ values in 7 years (46 ± 24 individuals/200 cm2; W = 12, p = 0.34) and were 

even lower within 7+ years (9 individuals/200 cm2; W = 4, p = 0.40). 

There was no significant difference in community composition between colonization rocks 

and in situ rocks at Quepos Landslide within 3 months (R = 0.5, p = 0.40) and 17 months (R = 0, 

p = 1.00), although SIMPER analyses showed high dissimilarities (100%), which is also apparent 

in the MDS and cluster analyses (Fig. 2.3D, 2.4B, Supp. Fig. 2.2). However, these statistics could 

be a result of the low number of colonizers (two 3-months colonization rocks had 0 individuals, 

and 17-months colonization rocks had 0-1 individuals) that were also species that were not 

commonly found on in situ rocks (the annelids Dorvillea sp. and Spionidae sp., and the amphipod 

Harpinae sp.) (Supp. Table 2.1). At both Jaco Scar and Mound 12 (Fig. 2.3E-F, Fig. 2.4C-D), 

colonizer communities became more similar to in situ communities with time, but they never fully 

recovered, not even after 7 years at Mound 12 (SIMPER, average dissimilarity = 75.8% and 

79.94% within 3-months at JS and M12, respectively, 72.35% within 17 months at JS, 72.96% 

within 20 months at JS, and 54.22% within 7 years at M12). Early colonizers (3-20 months) at 

Jaco Scar were P. goniata, Neolepetopsis limpets, Archinome levinae, and Fucaria snails (Supp. 

Table 2.3). Snails and limpets were also the most successful colonizers at Mound 12 at active sites 

both in the short- and long-term, including P. laevis, L. ovalis, P. corymba, and P. musaica (Supp. 

Table 2.2). These were also the top species that contributed the most to the dissimilarity between 

colonization rocks and in situ rocks at Mound 12 and Jaco Scar, being more abundant on 
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colonization rocks, in addition to L. paulbrooksi at Jaco Scar, which was more dominant on in situ 

rocks. 

Shannon-Wiener diversity (H’), richness (S), and Pielou’s evenness (J) on colonization 

rocks at all seep locations were higher than on in situ rocks, but Shannon-Wiener diversity and 

richness decreased with time of colonization exposure, and evenness increased with time, except 

at Jaco Scar, where evenness was highest within 3 months (Table 2.4). 

There was no significant difference between δ13C and δ15N values of 17-month colonizers 

and in situ communities at Quepos Landslide (δ13C: W = 1, p = 0.44; δ15N: W = 4, p = 1.00). At 

Jaco Scar and Mound 12, there was no significant difference in δ13C between colonizers and in 

situ communities (pairwise Wilcox tests, p > 0.05). δ15N values of colonizers were 1.1‰ higher 

than in situ animals within 17 months at Jaco Scar (W = 435, p = 0.02) and 2.4‰ higher at Mound 

12 within 3 months (W = 219, p = 0.005), but 3.3‰ lower within 7 years (W = 349, p = 0.001). 

Trophic diversity based on TA and SEAc was lower on colonization rocks than on in situ rocks at 

both Jaco Scar and Mound 12, but it decreased with time of experiment at Jaco Scar (3 to 17 

months) and increased at Mound 12 (3 months to 7 years) (Table 2.4, Fig. 2.6). Trophic overlap at 

active sites between colonizers and in situ animals within 3 months was higher at Mound 12 (45%) 

than at Jaco Scar (43%), but it increased within 17 months at Jaco Scar (49%) and decreased within 

7 years at Mound 12 (44%) (Fig. 2.7B). 

 

Transplanted macrofaunal patterns 

Although differences in densities between transplanted communities and the in situ 

communities at the start and end sites were not statistically significant (Kruskal-Wallis and Wilcox 

tests, p > 0.05), there were some interesting patterns and trends (Fig. 2.2G-I). Densities of 
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macrofaunal invertebrates at Jaco Scar and Mound 12 increased within 17 months when rocks 

were moved to active sites but decreased when moved to less seepage activity. In contrast, at 

Quepos Landslide, densities always decreased after transplant. However, at all seeps, transplanted 

communities did not achieve densities equal to in situ rocks at the end site, except at Mound 12, 

where densities on rocks that were transplanted from transition to active sites were 3.5x higher 

than the in situ active community. 

Composition of communities on rocks transplanted to active sites looked more similar to 

in situ seep communities at Jaco Scar (R = 0.688, p = 0.03) than at Quepos Landslide (R = 0.333, 

p = 0.50) and Mound 12 (R = 0.301, p = 0.011) (Fig. 2.3G-I), gaining seep species such as 

Neolepetopsis sp. 2, Lepetodrilus stet., and P. goniata (Supp. Table 2.6). At Quepos Landslide, 

transition to active communities were different (R = 0.404, p = 0.04) and with lower diversity 

metrics than the original, transition community. They had abundant holothurians not found 

anywhere else that accounted for 88% of the total individuals and 17% of the dissimilarity between 

transplanted and in situ communities (SIMPER, average dissimilarity = 90.46%) (Supp. Table 

2.4). At Mound 12, inner transition to active communities were similar to the original, transition 

community (although not significant, R = 0.175, p = 0.13) and relatively different than the end, 

active community (R = 0.301, p = 0.001). These rocks also showed the highest richness values, 

hosting both seep and transition species (Supp. Table 2.5). Diversity metrics were higher for 

communities on the transplanted rocks than communities at the start site (i.e., transition or 

background) but lower than communities at the end site (i.e., active) at all seeps (Table 2.4). 

Communities on rocks transplanted from active to transition sites at Mound 12 showed the 

most similarity between transplanted rock and initial active communities (M12: R = 0.78 to 0.85, 

p < 0.005) and low similarity to the end, transition communities, although not significant (R = 
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0.156 to 0.235, p > 0.05). At Quepos Landslide, there was no significant difference in community 

composition between active to transition rocks and the start (R = 0.26, p = 0.08) and end in situ 

communities (R = 0.091, p = 25). Diversity metrics increased at Mound 12 following transplant 

from active to transition sites but decreased at Quepos Landslide (except for evenness). However, 

at both locations, transplanted rocks gained transition species such as hydroids, Branchinotogluma 

sp., and Placopecten sp. at Quepos Landslide and peracarid crustaceans, Chrysopetallum sp., and 

chitons at Mound 12, and retained some seep species including Fucaria sp. 1, Kanoia 

myronfeinbergi, and L. paulbrooksi at Quepos Landslide, and Neolepetopsis limpets, Archinome 

levinae, and Bathymodiolus earlougheri at Mound 12 (Supp. Tables 2.4-2.5). 

Communities on rocks transplanted to background sites at Jaco Scar and Mound 12 were 

relatively similar to the original communities. This was especially true when rocks were moved 

from active sites (JS: R = 0.552, p = 0.008; M12: R = 0.74, p = 0.008), and less so when moved 

from transition sites (JS: R = 0.494, p = 0.008; M12: R = 0.519, p = 0.008). However, all rocks 

transplanted to background sites at Jaco Scar were also somewhat similar to the end, background 

communities, although not significant (A-B: R = 0.72, p = 0.17; IT-B: R = 0.458, p = 1.00). 

Transition/background species (e.g., Chrysopetallum sp., dorvilleid and cirratulid annelids, and 

peracarid crustaceans) colonized these rocks at Jaco Scar. Some seep species persisted after 17 

months on rocks transplanted to background sites including L. paulbrooksi, Amphisamytha 

fauchaldi, and P. goniata at Jaco Scar (Supp. Table 2.6), and A. fauchaldi, Paralepetopsis sp., 

Lamellibrachia barhami, and Bathymodiolus mussels at Mound 12 (Supp. Table 2.5). Diversity 

metrics were higher on the transplanted rocks than end, background communities. Interestingly, 

they were lower than from the initial, active or transition communities at Jaco Scar. At Mound 12, 

diversity metrics were higher than those of the initial communities when moved from active sites 
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but lower when moved from transition sites. In other words, Mound 12 diversity metrics persisted 

through the transplant to background sites when coming from an active site. 

For most transplants there was no significant difference between mean δ13C or δ15N values 

of communities on transplanted rocks and those at the start and end in situ communities (Kruskal-

Wallis and Wilcox tests, p > 0.05; Table 2.4). Exceptions were communities transplanted from 

background to active sites at Jaco Scar, which showed 16.3‰ lower δ13C values than background 

communities (Z = 2.9738, p = 0.009) but were similar to active communities (Z = 0.7656, p = 0.44) 

and 2.3‰ lower δ15N values than active communities (Z = 3.5782, p = 0.001). Also, communities 

transplanted from active to transition sites at Mound 12 showed 1.9-2.2‰ higher δ15N values than 

at active sites (Dunn’s tests, p < 0.05), and communities transplanted from transition to background 

sites at Mound 12 showed 10.9‰ higher δ13C values (W = 4, p = 0.0002) and 4‰ higher δ15N 

values (W = 30, p = 0.02) than at transition sites. At both Jaco Scar and Mound 12, trophic diversity 

based on TA and SEAc was the highest on rocks transplanted from active to background sites and 

the lowest on rocks transplanted to active sites (Table 2.4, Fig.2.7). However, trophic overlap was 

the highest between rocks transplanted to active sites and the in situ active communities. For these 

rocks, Jaco Scar showed highest trophic overlap between transplanted rock and end site (i.e., 

active) but Mound 12 showed highest trophic overlap between transplanted rock and start site (i.e., 

transition). For rocks transplanted to lesser seepage activity, Jaco Scar showed the highest trophic 

overlap between transplanted rock vs start and end communities, and Quepos Landslide, the lowest 

overlap (Fig. 2.7C). 

 

DISCUSSION 
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Much of the variability in methane seep macrofaunal communities documented previously 

has been attributed to seepage activity (Dando et al. 1994, Levin 2005, Levin et al. 2017). Indeed, 

here we observed that seepage activity exhibits a strong influence in densities, community 

composition, diversity metrics, and trophic diversity across different methane seeps on the Costa 

Rican margin. However, we see evidence that other environmental variables (e.g., depth and 

oxygen concentration) play a role in shaping faunal and trophic diversities of these communities, 

as well as their recovery and resilience abilities. 

An increase in density at active sites is expected due to the increased availability of organic 

matter by chemosynthetic production (Levin 2005) with a change in community composition, 

where carbonates at active sites are generally dominated by grazing gastropods and symbiont-

bearing annelids and bivalves, and background (i.e., non-seep) sites are generally dominated by 

echinoderms (Levin et al. 2015, Rybakova et al. 2022). Here, however, the highest densities 

occurred at transition sites at Mound 12 and Jaco Scar (Fig. 2.2), where seep species are coexisting 

with background species. Densities at these seeps were on average 3-6x higher than densities of 

macrofauna associated with carbonate rocks at shallower seeps at Hydrate Ridge, OR (Levin et al. 

2017), 1.3-2.5x higher than on carbonates at the Amon Mud Volcano and Pockmark areas of the 

Nile Deep-sea Fan at 1,000-1,700 m (Ritt et al. 2011), and 20-26x higher than at the Del Mar Seep 

off California at 1,020 m (Grupe et al. 2015). However, compared to a previous study at Mound 

12 in 2009, densities were 1.4x lower at active sites and similar at transition sites (Levin et al. 

2015). Community composition also changed with seepage activity, but there was variability in 

densities and community composition across seep locations (Fig. 2.2-2.3). Densities were the 

highest at Jaco Scar, which was dominated by tanaids and annelids, at our deepest site at 2,000 m. 

Tanaids have been reported as a common taxon in reducing habitats, with several species restricted 
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to seeps (Blazewicz-Paszkowycz and Bamber 2011, Zeppilli et al. 2011), greater diversity with 

depth (Blazewicz-Paszkowycz et al. 2012), and reaching high densities at seeps at 3,280 m in 

Alaska (Levin and Mendoza 2007). Jaco Scar also showed great abundance of the snail Provanna 

goniata, while Mound 12 was dominated by Provanna laevis and other grazing gastropods. This 

depth-specific preference within the Provanna genus has also been reported for communities 

associated with tubeworms and mussel beds at Jaco Scar and Mound 12 (Betters et al. 2023). 

The patterns are very different at Quepos Landslide, which is our shallowest site at 400 m, 

and within the OMZ. Quepos Landslide is dominated by hydroids, but showed the lowest  

macrofaunal densities, which did not vary with seepage activity (Fig 2.2-2.3). Densities at Quepos 

Landslide were 4-8x and 2-3x lower than at seeps in the California and Oregon OMZs, 

respectively, which have similar oxygen concentration to Quepos Landslide (Levin et al. 2010). 

They were also 2.5-5x lower than at seeps under low oxygen conditions at Hydrate Ridge, OR, 

although the oxygen concentration at Quepos Landslide was 2x lower than at Hydrate Ridge 

(Levin et al. 2017). Other seeps at similar, relatively shallow depth range (400-600 m) in the Bering 

Sea are inhabited by “hydroid bushes”, with numerous hydroids taking advantage of the hard 

substrate and potential food provided by seeps. Notably, the diversity of hydroids in the North 

Pacific decreases with depth below 1,000 m (Prudkovsky et al. 2023). Oxygen concentration has 

been known to decrease macrofaunal densities at seeps and other deep-sea hardground ecosystems 

(Wishner et al. 1990, 1995, Levin 2003). It seems that, at Quepos Landslide, oxygen concentration 

is overriding the effect of seepage activity to lower densities. Moreover, the transitional gradient 

with seepage activity has been reported to be less pronounced at shallow seeps (Seabrook et al. 

2024). However, predation might be another factor influencing the macrofaunal community at 

Quepos Landslide, which generally decreases with depth (Sahling et al. 2003). Quepos Landslide 
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is inhabited by a dense community of tuna crabs Pleuroncodes monodon that might be feeding on 

the macrofauna (personal observation) (Fig. 2.1B). 

Diversity metrics across all seeps also varied with seepage activity (Table 2.4). Transition 

sites showed the highest Shannon-Wiener diversity, but active sites showed higher species 

richness, and background sites, higher evenness, reflecting the dominance of selected species at 

active sites compared to background sites (Vedenin et al. 2020). Sediment macrofauna from these 

same locations also showed higher evenness at background sites and lower Shannon-Wiener 

diversity and richness at active sites (Ashford et al. 2021). This highlights the heterogeneity 

provided by carbonate rocks at active sites. Among seeps, Mound 12 showed the highest Shannon-

Wiener diversity, but species rarefaction rate was higher at Jaco Scar, especially after around 500 

specimens, when Jaco Scar curve crosses Mound 12 (Fig. 2.5). This may suggest that Jaco Scar 

was under-sampled and might reflect an even higher habitat heterogeneity at this seep location 

(Vedenin et al. 2020). 

Depth also indirectly influences trophic structure at seeps; shallow-water seeps receive 

more organic matter from photosynthetic origin due to stronger bentho-pelagic coupling (Levin 

2005), while deep-water seeps receive less of that production and chemosynthetic organic matter 

is more significant (Dando et al. 1991, 1994, Levin and Mendoza 2007). Indeed, Quepos Landslide 

showed the highest d13C and d15N values, and Jaco Scar, the lowest, demonstrating the higher 

dependence on chemosynthetic production with increasing depth (Table 2.4). Still, isotope values 

of macrofauna at actively seeping sites at Quepos Landslide were lower than values typical of non-

chemosynthetic ecosystems (e.g., Levin et al. 2012, Colaço et al. 2013, Pereira et al. 2024), and 

animals might be feeding on a mixture of photosynthetic and chemosynthetic production. This use 



40 

of chemosynthesis-based carbon and photosynthesis-based carbon into the diet of seep animals has 

been reported for other shallow seep sites (~300 m) (Levin et al. 2002, Åström et al. 2019).  

Regarding seepage activity, the higher isotope values of animals at background sites 

suggest they depend more on photosynthetic production than animals at active sites, as has been 

reported in other studies at seeps on the Pacific margin (Levin et al. 2002, 2015, 2017) and for 

sediment fauna (Portail et al. 2016, Åström et al. 2017, Ashford et al. 2021). However, trophic 

diversity was higher at active sites at Mound 12 and Jaco Scar than at transition and background 

sites (Table 2.4, Fig. 2.6), suggesting that, although animals are more dependent on 

chemosynthetic production, they are feeding on a greater variety of food sources than at 

background sites. At Quepos Landslide, the combined effects of seepage activity and oxygen on 

the community, as described above, might explain the higher trophic diversity at transition sites 

than at active sites. Finally, the larger photosynthetic input at Quepos Landslide and higher 

dependence on chemosynthetic production at Mound 12 and Jaco Scar might also explain the high 

trophic overlap between Jaco Scar and Mound 12 at both active and transition sites and the high 

trophic overlap between Quepos Landslide active sites and Jaco Scar background sites (Fig. 2.7). 

 

Macrofaunal colonization patterns under different hydrologic conditions 

Colonizers showed faster recovery in density values at Jaco Scar than at the other two seep 

locations, achieving natural densities within 3 months and an overshoot of 2-4x greater densities 

in 17 months (Fig. 2.2). This overshoot was also observed at Mound 12 to a lesser extent, where 

colonization densities were 1.5x higher than in situ densities in 10.5-months (Grupe 2014) and 

2.5x higher in 7 years (this study, Pereira et al. 2021). This overshoot in densities was mainly due 

to high densities of bacterial grazing gastropods, which were dominant colonizers at both seep 
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locations. These gastropods, including Provanna snails and neolepetopsid limpets, consistently 

dominate seep habitats (Levin et al. 2015), and their presence impacts the settlement of other 

animals (Grupe 2014) in the short- and long-term. Indeed, tanaids that were abundant on in situ 

rocks at Jaco Scar were not good colonizers, perhaps due to competition for space with these 

gastropods or direct-development limitations to recruitment. The response of bacterial grazers 

suggests a rapid growth of the microbial community that provides their food within as little as 3 

months. A quick response of the microbial community to changing seepage has been observed 

within 17 months at Hydrate Ridge, OR (Case et al. 2015). 

Additionally, it seems that the dominance of gastropods also affected the trophic structure 

in the long-term (Table 2.4, Fig. 2.6). The lower trophic diversity on colonization rocks than on in 

situ rocks at both Jaco Scar and Mound 12 and the higher trophic overlap between colonizers and 

in situ communities in 3 months suggest that there was less variability in feeding modes on 

colonization than on in situ rocks, and that the grazer, gastropod-dominated community was 

feeding on similar food sources as in situ animals. Moreover, trophic diversity decreased with time 

at Jaco Scar, consistent with the overshoot in gastropod densities within 17 months. However, in 

7 years, trophic diversity increased at Mound 12, and there was a lower trophic overlap, suggesting 

that dietary resources change as succession proceeds (Grupe 2014). 

While hydrographic conditions (i.e., depth and oxygen concentration) at Jaco Scar and 

Mound 12 seemed not to play a major role in colonization patterns, and a bacterial-grazing feeding 

mode conferred good colonization ability at these seep locations, the hydrographic conditions at 

Quepos Landslide seem to limit the colonization capacity of macrofaunal animals. After 17 months 

exposure, rocks were colonized by single animals (or none) of species that were not commonly 

found in any other rocks (Fig. 2.3). These were the annelids Dorvillea sp. and Spionidae sp., and 
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the amphipod Harpinae sp. Disturbances, including changes in environmental conditions, can 

increase mortality rate and reduce reproduction rates for resident species (Mouillot et al. 2013). 

Low oxygen conditions within the OMZ can also limit larval recruitment and connectivity across 

margins (Seabrook et al. 2024), and predation of juveniles can affect recruitment success (Sahling 

et al. 2003). Some bacterial-grazing, seep species were actually able to colonize the rocks in 3 

months (e.g., P. goniata, Neolepetopsis sp. 2, and P. corymba) but were likely predated upon and 

disappeared from the 17-month colonization rocks. Alternatively, the absence of colonizers could 

be explained by a lack of biofilm that is necessary for macrofaunal recruitment (Hadfield 2011), 

where the microbial community did not develop within the time frame of the experiments. 

However, hypoxia or near anoxia is common at E. Pacific seeps, where microbial activity is taking 

up oxygen, and the impact of oxygen availability on microbes at seeps within OMZs may be hard 

to observe (Seabrook et al. 2024). If microbial growth was the only factor influencing macrofaunal 

colonization, we would not expect to see such a difference in colonization patterns between 

Quepos Landslide and the other seep locations. Quepos Landslide has been reported as one of the 

most active areas in terms of seepage activity based on anerobic oxidation of methane activity and 

methane emissions (Karaca et al. 2014). In addition, Quepos Landslide is mostly covered in 

bacterial mats with less exposed carbonate rocks than at the other seep locations (Karaca et al. 

2014, personal observation). High environmental stress may limit colonization and reduce species 

(Alfaro-Lucas et al. 2020), and it is possible then that multiple stressors (e.g., seepage activity, 

oxygen, and availability of hard substrate) are influencing the in situ community, yielding the low 

densities and low diversity discussed above, to a point where the macrofaunal community is not 

well-established enough to be able to colonize new substrates with new recruits or motile adults. 
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Macrofauna resilience against changes in seepage activity under different hydrographic 

conditions 

The results from the transplant experiment from transition or background sites to active 

sites suggest that the resilience of seep and transition fauna to a decline in seepage activity is 

affected by hydrographic conditions, and seep and transition fauna respond differently depending 

on the availability and dependence of chemosynthetic production (which increases with increasing 

depth). At Jaco Scar, active, seep communities respond faster to changes in seepage activity and 

are more resilient than at Mound 12. Community composition, isotope values, and trophic overlap 

of the communities transplanted to active sites were more similar to active, in situ communities at 

Jaco Scar than at Mound 12 (Fig. 2.3, 2.8, Table 2.4). The higher dependence on chemosynthetic 

production by Jaco Scar macrofauna described above could also lead to a more dynamic response 

of this seep community. A 13-month transplant experiment at Hydrate Ridge, OR, also revealed 

that seep fauna responds more quickly and can persist longer under less seepage than transition 

fauna, possibly due to their motility and opportunistic feeding on microbes (Levin et al. 2017). In 

addition, the boundary between active, transition, and background sites is sharper with increasing 

depth, as chemosynthetic production becomes more relevant (Rybakova et al. 2022). In contrast, 

communities on rocks transplanted from transition to active sites at Mound 12 retained greater 

composition similarity and higher trophic overlap to in situ, transition communities (Fig. 2.3, 2.8). 

Mound 12 might be under a greater influence of photosynthetic production than at Jaco Scar (but 

not as much as at Quepos Landslide), and the transition community at Mound 12, consisting of 

both seep and transition species using both photo- and chemosynthetic production, might respond 

faster and be more resilient to changes in seepage activity than the active, seep community. 
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Strikingly, active, seep fauna showed higher resilience than transition fauna when 

transplanted to background sites at both Mound 12 and Jaco Scar in terms of community diversity 

and trophic structure (Table 2.4, Fig. 2.6). Carbonates recovered from outside a seep area retained 

significant microbial biomass capable of methanotrophic activity, suggesting the viability of 

chemosynthetic production even under low seepage activity (Marlow et al. 2014). It is possible 

that the rocks transplanted from active to background sites retained their chemosynthetic microbial 

community, which supported seep species through the 17 months of the transplant. Among these 

seep species, the survival of the bacterial grazer Chrysopetallum sp. and the symbiont-bearing 

annelid L. paulbrooksi support this hypothesis. In contrast, the seep provannid snails (P. laevis and 

P. goniata) and pyropeltid limpets (P. corymba, P. musaica, and P. wakefieldi) seemed to not 

survive the transplant to lesser seepage. The same pattern was observed on a 13-month transplant 

at Hydrate Ridge, OR, and it was hypothesized that these species feed on microbial taxa that did 

not survive the transplant (Levin et al. 2017). In addition, P. corymba is commonly found on 

provannid snails (personal observation), and it could be a matter of substrate availability rather 

than food availability for these limpets, when provannid snails do not survive the transplant. 

We were particularly interested in the transplant experiment at Quepos Landslide as it 

mimics a possible future scenario of expansion of methane seepage (via gas hydrate 

destabilization) due to ocean warming and expansion of OMZs due to ocean deoxygenation. 

However, the patterns were not as clear as at Jaco Scar and Mound 12. Densities always decreased 

after transplant (Fig. 2.2), possibly due to the limited in situ community available for survival or 

recruitment in the first place, as with the colonization experiments. When rocks were moved to 

active sites, the community was different than on any other rock, dominated by holothurians and 

with lower diversity metrics (Fig. 2.3, Table 2.4). We are still unsure the reason for this, but it is 



45 

clear that these holothurians took advantage of the provision of substrate and chemosynthetic 

production when no other animal would. However, the dynamics and resilience patterns on 

transplants to lesser seepage activity at Quepos Landslide were more similar to patterns observed 

at Jaco Scar and Mound 12 on the same transplant types; Quepos Landslide rocks transplanted to 

transition sites retained some seep species (e.g., hydroids Anthoathecata and L. paulbrooksi) but 

gained transition species (e.g., Branchinotogluma sp. and Placopecten sp.). We expected, 

however, that trophic overlap between the community transplanted to transition sites and the in 

situ, transition community would be higher at Quepos Landslide, since animals depend less on 

chemosynthetic production and the transition between seepage activity is less clear (see discussion 

above). This was not observed; transplants to transition sites at Quepos Landslide led to the lowest 

trophic overlap among all transplant experiments (Fig. 2.7). The slightly higher isotope values of 

animals on rocks transplanted to transition sites indicate an even higher dependency on 

photosynthetic production (Table 2.4). It is possible that the resilience of the microbial community 

is also affected by the low oxygen conditions, and chemosynthetic production under low seepage 

activity is not as viable at Quepos Landslide under low oxygen, as it is at Jaco Scar and Mound 12 

(described above).  

 

CONCLUSION 

We observed high heterogeneity on in situ and experimental communities at three methane 

seeps under different hydrographic conditions on the Costa Rican margin. Quepos Landslide, the 

shallowest seep, within the OMZ, showed unique macrofaunal communities with low diversity 

metrics, and low recovery and resilience rates, where low oxygen concentration seems to override 

the effect of seepage activity, and photosynthetic production is a more important food source. At 
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Jaco Scar, the deepest seep, seepage activity plays a larger role in defining the macrofaunal 

communities. Seep animals seem to be more resilient at Jaco Scar and respond faster to 

colonization and transplant experiments, possibly due to greater dependence on chemosynthetic 

production, which appears to increase with increasing depth. At Mound 12, at an intermediate 

depth and just below the OMZ, the macrofaunal assemblages at transition sites, which are more 

adapted to use photo- and chemosynthetic sources, show greater recovery and resilience rates 

instead. We also observed changes on in situ community composition between Jaco Scar and 

Mound 12 due to depth preferences (e.g., higher abundance of tanaids with increasing depth and 

higher abundance of P. goniata at Jaco Scar instead of P. laevis as in Mound 12). Finally, feeding 

mode seems to confer good colonization ability at Jaco Scar and Mound 12 in the short- and long-

term, but low oxygen plays a more important role at Quepos Landslide, limiting colonization 

ability of macrofauna. 

Our work highlights the role of environmental conditions in defining macrofaunal 

communities at methane seeps, beyond seepage activity, but also how hydrographic conditions 

might affect the role of seepage activity and the colonization and resilience ability of seep and 

transition macrofauna. Understanding how these environmental conditions are shaping these 

communities might give us a glimpse of what these communities might look like in the future due 

to expansion of OMZs and methane seepage. 
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SUPPLEMENTAL FILES 

Supplemental Table 2.1: Top 10 most abundant species of macrofaunal invertebrates on 
carbonate rocks deployed at active sites at Quepos Landslide for 3 months and 17 months. 

3 months % 17 months % 
Provanna goniata 29 Dorvillea sp. 33 
Neolepetopsis sp. 2 17 Spionidae sp. 33 
Pyropelta corymba 10 Harpinae sp. 33 
Paraonidae sp. 1 7 

  
Provanna laevis 7 

  
Serpulidae sp. 1 5 

  
Gyptis sp. 5 

  
Laminatubus sp. 2 

  
Parougia sp. 2 

  
Amphipoda sp. 2 2 

  

 

Supplemental Table 2.2: Top 10 most abundant species of macrofaunal invertebrates on 
carbonate rocks deployed at Mound 12 at active sites for 3 months and 7 years and at transition 

sites for 7 years. 
3 months Active % 7 years Active % 7 years Transition % 
Provanna laevis 39 Provanna laevis 27 Neolepetopsis sp. 3 12 
Pyropelta corymba 9 Lepetodrilus ovalis 26 Laminatubus sp. 8 
Gyptis roberscripssi 7 Amphisamytha fauchaldi 8 Aplacophora sp. 1 6 
Ophryotrocha sp. 2 5 Lepetodrilus stet. 7 Anguillosyllis sp. 5 
Kiwa puravida 4 Kiwa puravida 7 Setenula c.f. ussuriensis 5 
Pyropelta musaica 4 Hyalogyrina sp. 6 Kanoia myronfeinbergi 5 
Lacydonia sp. 4 Pyropelta musaica 4 Serpulidae 4 
Ophiuroglypha c.f. meridionalis 4 Pyropelta corymba 3 Ophiuroidea 4 
Kanoia myronfeinbergi 2 Pyropelta wakefieldi 2 Hyalogyrina sp. 4 
Provanna goniata 2 Neolepetopsis sp. 4 1 Brada sp. 2 4 
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Supplemental Table 2.3: Top 10 most abundant species of macrofaunal invertebrates on 
carbonate rocks deployed at active sites at Jaco Scar for 3 months and 17 months. 

3 months % 17 months % 
Provanna goniata 21 Provanna goniata 27 
Fucaria sp. 2 10 Neolepetopsis sp. 3 16 
Neolepetopsis sp. 2 8 Archinome levinae 9 
Fucaria sp. 3 8 Hesionidae 7 
Neolepetopsis sp. 3 6 Neolepetopsis sp. 2 4 
Archinome levinae 6 Parougia sp. 4 
Gyptis robertsrippsi 6 Gyptis robertscrippsi 4 
Parakanthophoreus sp. 1 5 Lacydonia sp. 4 
Ophiura c,f. scutellata 5 Aphelochaeta sp. 2 
Lacydonia sp. 2 Brada sp. 2 2 

 

Supplemental Table 2.4: Top 10 most abundant species of macrofaunal invertebrates on 
carbonate rocks transplanted across seepage activity at Quepos Landslide for 17 months. A: 

Active, T: Transition. 
A-T % T-A % 
Anthoathecata stet. 38 Holothuroidea sp. 1 88 
Branchinotogluma sp. 14 Pseudopotamilla sp. 10 
Annelida 10 Ampharetidae sp. 1 2 
Placopecten sp. 10 

  
Pseudopotamilla sp. 3 

  
Laminatubus paulbrooksi 3 

  
Spionidae sp. 3 

  
Pleuroncodes monodon 3 

  
Solenogastres sp. 2 3 

  
Kanoia myronfeinbergi 3 
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Supplemental Table 2.5: Top 10 most abundant species of macrofaunal invertebrates on 
carbonate rocks transplanted across seepage activity at Mound 12 for 17 months. A: Active, IT: 

Inner transition, OT: Outer transition, B: Background. 
IT-A % IT-OT % IT-B % 
Pyropelta musaica 18 Elaphognathia c.f. rangifer 22 Chrysopetallum sp. 33 
Chrysopetallum sp. 16 Chrysopetallum sp. 19 Anthoathecata stet. 7 
Neolepetopsis sp. 3 13 Anthoathecata stet. 5 Amphinomidae sp. 1 6 
Pyropelta wakefieldi 13 Monoculodes sp.1 4 Galapagomystides patricki 6 
Neolepetopsis sp. 1 4 Nannoniscoides sp. 4 Parakanthophoreus sp. 1 4 
Provanna laevis 4 Amphinomidae sp. 1 3 Aphelochaeta sp. 3 
Lepetodrilus ovalis 3 Paraonidae sp. 1 3 Paraonidae sp. 1 2 
Lacydonia sp. 3 Actiniaria sp. 2 3 Phyllodocidae sp. 3 2 
Parakanthophoreus sp. 1 2 Aphelochaeta sp. 2 Gammaridae sp. 2 
Anguillosyllis sp. 2 Polynoidae 2 Acari sp. 2 2 
A-IT % A-OT % A-B % 
Chrysopetallum sp. 17 Amphipoda sp. 4 21 Galapagomystides patricki 13 
Neolepetopsis sp. 1 8 Chrysopetallum sp. 11 Amphisamytha fauchaldi 12 
Neolepetopsis sp.3 7 Archinome levinae 6 Amphinomidae sp. 1 5 
Bathymodiolus earlougheri 5 Actiniaria sp. 2 6 Amphipoda sp. 3 5 
Kanoia myronfeinbergi 5 Polynoidae 4 Nereididae sp. 1 4 
Amphisamytha fauchaldi 4 Anthoathecata sp. 4 Paralepetopsis sp. 4 
Acari 4 Amphinomidae sp. 1 2 Sirsoe sp. 3 
Chrysopetallidae 3 Nereis piscesae 2 Aphelochaeta sp. 3 
Polyplacophora sp. 1 3 Neolepetopsis sp. 1 2 Lamellibrachia barhami 3 
Archinome levinae 2 Elaphognathia c.f. rangifer 2 Sessilia sp. 3 

 

Supplemental Table 2.6: Top 10 most abundant species of macrofaunal invertebrates on 
carbonate rocks transplanted across seepage activity at Jaco Scar for 17 months. A: Active, T: 

Transition, B: Background. 
B-A % A-B % T-B % 
Neolepetopsis sp. 2 37 Chrysopetallum sp. 38 Laminatubus paulbrooksi 17 
Lepetodrilus stet. 13 Laminatubus paulbrooski 26 Amphisamytha fauchaldi 8 
Provanna goniata 6 Juvenile shrimp 5 Cirriformia sp. 8 
Paralepetopsis sp. 6 Porifera sp. 4 Dorvilleidae sp. 8 
Amphisamytha fauchaldi 4 Synmerosyllis sp. 3 Phyllodocidae sp. 1 8 
Galapagomystides patricki 3 Parakanthophoreus sp. 1 2 Juvenile shrimp 8 
Neolepetopsis sp. 3 3 Syllidae sp. 4 1 Isopoda sp. 8 
Hesionidae sp. 3 Archinome levinae 1 Nannoniscoides sp. 8 
Apheloacheta sp. 2 Phyllodocidae 1 Tanaidacea 8 
Lepetodrilus ovalis 2 Nannoniscoides ps. 1 Ophiambix sp. 8 

 



50 

 
Supplemental Figure 2.1: Cluster of in situ communities across seep location and seepage 

activity. Cluster analysis was performed using a Bray-Curtis dissimilarity matrix of densities 
after fourth-root transformation. Seep locations: Quepos Landslide (QL), Mound 12 (M12), and 

Jaco Scar (JS). Seepage activity: Active (A), Transition (T), Inner transition (IT), Outer 
transition (OT), Background (B). 

 

 
Supplemental Figure 2.2: Cluster of macrofaunal communities on in situ and experimental 

carbonate rocks at Quepos Landslide (QL). Cluster analysis was performed using a Bray-Curtis 
dissimilarity matrix of densities after fourth-root transformation. Seepage activity: Active (A), 

and Transition (T). Experiments: 3-month colonization experiment (CR3), 17-month 
colonization experiment (CR17), and 17-month transplant experiment (TR). 
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Supplemental Figure 2.3: Cluster of macrofaunal communities on in situ and experimental 
carbonate rocks at Mound 12 (M12). Cluster analysis was performed using a Bray-Curtis 

dissimilarity matrix of densities after fourth-root transformation. Seepage activity: Active (A), 
Transition (T), Inner transition (IT), Outer transition (OT), and Background (B). Experiments: 
17-month colonization experiment (CR17), 7-year colonization experiment (CR7), +7-month 

colonization experiment (CR7+), and 17-month transplant experiment (TR). 
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Supplemental Figure 2.4: Cluster of macrofaunal communities on in situ and experimental 

carbonate rocks at Jaco Scar (JS). Cluster analysis was performed using a Bray-Curtis 
dissimilarity matrix of densities after fourth-root transformation. Seepage activity: Active (A), 

Transition (T), and Background (B). Experiments: 3-month colonization experiment (CR3), 17-
month colonization experiment (CR17), 20-month colonization experiment (CR20), and 17-

month transplant experiment (TR). 
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ABSTRACT 

Animal-microbe interactions at methane seeps may take many forms and can involve 

settlement cues, trophic interactions, detoxification, biogeochemical modification, and substrate 

and shelter provision. There has been extensive work describing the microbial and macrofaunal 

communities associated with carbonate rocks at seeps and community patterns under natural and 

manipulated gradients in seepage activity. However, the question that remains unanswered is 

whether there are interactions tying the macrofaunal responses to the microbial community or the 

macrofaunal patterns are generated by seepage activity purely. We analyzed macrofaunal and 

microbial communities on carbonate rocks at methane seeps off the Costa Rican Pacific margin to 

understand whether there are strong relationships between the communities and correlations 

between specific macrofaunal species and microbial operational taxonomic units (OTUs). We 

observed that macrofaunal Shannon-Wiener diversity and species richness depend on microbial 

richness and that macrofaunal community composition patterns with seepage activity are not 

aligned with microbial composition patterns, suggesting that macrofaunal species might depend 

on specific OTUs. Indeed, by performing co-inertia and db-RDA analyses, we found significant 

associations between macrofaunal species and specific OTUs that reflect patterns of these OTUs 

with environmental drivers. In addition, animal responses to changes in seepage activity follow 

the responses of the OTUs they depend on for food and habitat provision. This work sheds a light 
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into the complexity of animal-microbe associations at methane seeps and highlights the importance 

of these interactions to the structure and functioning, and health of the ecosystem.  

 

INTRODUCTION 

Interactions between animals and microbes are fundamentally important aspects of animal 

biology and system ecology (McFall-Ngai et al. 2013). In the deep sea, microbes are critical for 

the establishment of animal communities in extreme environments (Osman and Weinnig 2022), 

either by association with a distinct microbial community (Thurber et al. 2013, Levin et al. 2016) 

or through a symbiotic relationship with a microbial partner (Dubilier et al. 2008, Petersen and 

Dubilier 2009). These interactions are not isolated but nested within communities of other 

organisms that coexist in larger, more complex assemblages (McFall-Ngai et al. 2013). Deep-sea 

chemosynthetic ecosystems are examples of such nested communities where chemoautotrophic 

production of organic matter by microbes contributes to larger communities that include non-

symbiotic and symbiotic animal and microbial species. An ecological perspective of animal-

microbe interactions can help us understand their greater role in the ecosystem and predict and 

manipulate community structure and functioning to promote ecosystem health (McFall-Ngai et al. 

2013). 

Among chemosynthetic ecosystems, at methane seeps animal-microbe interactions may 

take many forms and can involve settlement cues, trophic interactions, detoxification, 

biogeochemical modification, and substrate and shelter provision (Danovaro et al. 2024). 

Microbial biofilms may provide cues for settlement of some macrofaunal invertebrates (Hadfield 

2011). Grazing, deposit feeding and suspension-feeding invertebrates consume the free-living 

microbial community (Van Dover and Fry 1994), and many other species are now known to have 
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symbiotic bacteria (Dubilier et al. 2008). This chemosynthetic production is carried up to higher 

consumers through predator-prey interactions. Besides providing nutrition to animals, microbial 

activity leads to the formation of carbonate rocks, which provide hard substrate for attachment, 

shelter, and reproduction (Levin et al. 2016, Bowden et al. 2013). On the other hand, the sulfidic 

environment and the microbes that produce sulfide and methane can also function as settlement 

inhibitors of other animals that do not tolerate such conditions at active seepage. But sulfide 

oxidizers remove sulfide and help detoxify the environment, being an important facilitator for 

some invertebrates. 

There has been extensive work describing the microbial and macrofaunal communities 

associated with carbonate rocks at seeps and how seepage activity influences these communities 

(e.g., Marlow et al. 2014a, Case et al. 2015, Grupe et al. 2015, Levin et al. 2015, 2017, Mullin 

2020, Pereira et al. 2021, among others). The most common groups of Archaea on and in carbonate 

rocks at methane seeps are anaerobic methane-oxidizing archaea (ANME), and the most common 

bacteria are Gammaproteobacteria, Deltaproteobacteria, Epsilonproteobacteria, and Chloroflexi 

(Case et al. 2015, Mullin 2020). Microbial assemblages on naturally occurring carbonates change 

across seepage activity gradients and have different roles in the environment (summarized in Table 

S1). However, operational taxonomic unit (OTU) richness and evenness does not change with 

seepage, meaning that microbial assemblages at transition sites are as diverse as at active sites 

(Case et al. 2015). This change in composition and diversity with seepage activity is also observed 

for the macrofaunal community. Carbonates at active sites are generally dominated by grazing 

gastropods and symbiont-bearing annelids and bivalves, background (i.e., non-seep) sites are 

generally dominated by echinoderms, and both seep and background species are found coexisting 

at transition sites (Levin et al. 2015, Pereira et al. 2021, Rybakova et al. 2022). 
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In addition to patterns in microbial and macrofaunal communities with natural seepage 

gradients, previous work provides background information on how these communities respond to 

manipulated changes in seepage activity. A 13-month transplant experiment of carbonate rocks 

from active sites to low-activity sites at Hydrate Ridge, OR, showed more similar microbial 

assemblage to in situ rocks at active sites (i.e., where they were transplanted from) than to in situ 

rocks at transition sites (i.e., where they were transplanted to) (Case et al. 2015). After 

transplanting away from active sites, OTU richness was 30% lower than in situ rocks at active 

sites, but the lost OTUs characteristic of active sites were replaced by OTUs characteristic of low-

activity sites. High-abundance OTUs at the start of the experiment (e.g., ANME-1 and 

Gammaproteobacterial Thiotrichaceae) were more resilient than low-abundance OTUs (e.g., 

Epsilonproteobacterial Helicobacteriaceae mostly disappeared after 13 months). For transplants 

in the opposite direction, simulation of seep activation by transplanting rocks from transition sites 

to active sites showed that microbial assemblages are quick to respond to the new active conditions. 

Helicobacteriaceae showed the quickest response and recovered after 13 months to high 

abundance in transplanted carbonates, while Thiotrichaceae showed a slower response. The 

bidirectional transplant experiments at Hydrate Ridge provide evidence that, in general, microbial 

assemblages can adapt to changes in seepage activity, although OTUs show different responses 

(Case et al. 2015).  

A 17-month transplant experiment showed that macrofaunal invertebrates are also able to 

adapt to new seepage activity conditions, but some species were not as resilient as others (Pereira 

et al. 2021, Chapter 2). Parallel to the responses observed for microbial communities in Case et al. 

(2015), macrofaunal densities on rocks transplanted away from active sites were lower than on in 

situ rocks at active sites, and the transplanted rocks gained taxa characteristic of low-activity sites. 
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Moreover, in opposite direction transplants, active taxa were acquired on rocks moved to active 

sites at a higher rate than the acquisition of low-seepage taxa. Bacterial grazers such as the snail 

Provanna laevis and the limpets Paralepetopsis sp. and Neolepetopsis sp. rapidly colonized these 

rocks in high abundances, suggesting a rapid establishment of the microbial community that 

provides their food or settlement cues. 

Building upon these works, the question that remains unanswered is: are there interactions 

between microbial and macrofaunal communities or are macrofaunal patterns generated by 

seepage activity purely? By analyzing whether the macrofaunal community composition and 

dynamic response to changes in seepage activity correspond to shifts in microbial communities 

living on the same in situ and transplanted carbonate rocks at methane seeps on the Costa Rican 

margin, we aim to address the following questions: (1) Is macrofaunal diversity and/or richness 

correlated with microbial diversity and/or richness? (2) Do microbial and macrofaunal 

communities show similar response patterns to changes in seepage activity and with seep location 

with respect to Shannon-Wiener diversity, richness, and community composition? (3) Is the 

abundance (or lack) of specific macrofaunal species linked to the dominance of certain OTUs? (4) 

Do these interactions between macrofaunal and microbial communities change at different 

successional stages and under manipulated changes in seepage activity? Understanding how 

animals interact with and respond to microbial communities will improve overall knowledge of 

seep dynamics and improve the ability to manage these relationships in the face of climate change 

and direct human disturbance. Expanding oxygen minima under ocean deoxygenation (which 

intercept the Eastern Pacific margin being studied here) may differentially affect seep microbes 

depending on their oxygen preferences, with consequences for animal assemblages. In addition, 

ocean warming may lead to gas hydrate dissociation, enhancing seepage and altering seep 
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communities, and bottom trawling may cause physical disturbance on the seafloor (Levin et al. 

2016), affecting both microbial and macrofaunal communities. This study provides information 

on whether or not macrofaunal communities are more resilient depending on the microbial 

community, and identifies interactions that might maintain ecosystem structure and functioning. 

 

METHODS 

Study area and approach 

The macrofaunal dataset used in this chapter is a subset of the data from Chapter 2. Briefly, 

in situ carbonate rocks were collected using the submersible Alvin in 2017, 2018, and 2019 at three 

methane seep sites off the Pacific coast of Costa Rica: (1) Quepos Landslide, at 400 m, within the 

oxygen minimum zone (OMZ); (2) Mound 12, at 1,000 m, just below the OMZ, and (3), Jaco Scar, 

at 2,000 m, well below the OMZ with a thermal anomaly. These in situ rocks were used as control 

for 3-month, 17-month, and 7 year- colonization experiments, and 17-month transplant 

experiments (see Chapter 2). The data subset used in this chapter includes in situ rocks from all 

three seeps, and 7-year colonization experiments and 17-month transplant experiments at Mound 

12. The associated macrofaunal invertebrates were separated from the rocks upon recovery, sorted, 

identified to the lowest taxonomic level possible, and counted using a microscope in the laboratory 

(see Chapter 2 for full methods description). 

The microbial community dataset is a subset from Mullin (2020), and it was provided in 

the form of OTU relative abundance after DNA extraction and sequencing by S. Mullin using 

methods briefly described as follows. After faunal removal, the carbonate rocks were subsampled 

for microbial analysis using an ethanol-sterilized chisel and frozen in liquid nitrogen before storage 

at -80°C on board ship. In the laboratory, microbial DNA was extracted from rock subsamples 
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using the Qiagen PowerSoil DNA Extraction Kit according to the kit protocol. The subsamples 

were washed and sonicated to remove external sediment-associated microorganisms (Mason et al. 

2015). Samples were powdered with a sterile mortar and pestle, and 0.25-0.5 g of powder was 

added to the lysis tubes. The tubes were flash frozen in liquid nitrogen and thawed in a 25°C water 

bath. C1 detergent was then added to the samples before samples were vortexed and incubated in 

a 65°C water bath for 30 minutes. The heated samples were then placed in the beater and processed 

for DNA extraction following the rest of the manufacturer’s instructions. The V4-V5 region of the 

16S rRNA gene was amplified using archaeal/bacterial primers with Illumina adapters using Q5 

Hot Start PCR mixture (see Mullin 2020 for mixture and cycling details). Sequenced samples were 

processed in QIIME version 1.8.0 following Mason et al. (2015). 16s RNA gene sequences were 

clustered de novo into operational taxonomic units (OTUs) with 99% similarity using UCLUST, 

and the most abundant sequence was chosen as representative for each de novo OTU (Edgar 2018). 

Taxonomic identification for each representative sequence was assigned with a modified SILVA-

132 database, requiring minimum similarity of 90% to assign a taxonomy (see Mullin 2020 for 

full methods description). 

We were able to gather macrofaunal and microbial data simultaneously from 55 rocks, 

which is summarized in Table 3.1. 

Table 3.1: Number of rocks by seep location and seepage activity (A: Active, T: Transition, IT: 
Inner transition, OT: Outer transition, B: Background). 

 Number of rocks by 
seepage activity 

In situ rocks 
     Quepos Landslide 5 A, 3 T 
     Mound 12 6 A, 8 T 
     Jaco Scar 2 A 
Experimental rocks at Mound 12 
     7-year colonization experiment 2 A, 2 T 
     +7-year colonization experiment 2 A 
     Transplant experiment 4 A-IT, 5 A-OT, 5 A-B, 

5 IT-OT, 5 IT-B, 4 IT-A 
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Statistical analyses 

Shannon-Wiener diversity (H’ log e) and richness (S) were calculated for the macrofaunal 

and microbial communities on each rock. Richness is expressed as number of species for 

macrofauna and number of OTUs for the microbial community. Generalized linear models were 

performed to test the statistical relationship between macrofaunal Shannon-Wiener diversity and 

species richness versus microbial Shannon-Wiener diversity and OTU richness. Variability in 

Shannon-Wiener diversity of macrofaunal and microbial communities between seepage activity 

level and across seep locations was checked with Kruskall-Wallis tests followed by post-hoc 

Dunn’s tests using the Benjamini-Hochberg adjustment (Benjamini-Hochberg 1995) to examine 

whether macrofaunal and microbial Shannon-Wiener diversity and species/OTU richness follow 

the same patterns with seepage activity and seep location. 

To examine whether macrofaunal and microbial communities show similar response 

patterns to changes in seepage activity and seep location with respect to community composition, 

we performed a tanglegram. The tanglegram consists of two clusters based on Euclidean 

dissimilarity matrixes, one for the macrofaunal community composition and the other for the 

microbial community composition, and a measure of entanglement that indicates how good the 

alignment between clusters is. Entanglement varies between 0 (no entanglement) to 1 (full 

entanglement). The closest to 0, the better the alignment between clusters, i.e., the communities 

show more similar patterns. 

Total counts of macrofaunal species and microbial OTUs were calculated to identify the 

most common species and OTUs across all samples and create a subsample with species and OTUs 

that accounted for at least 1% of the total communities. This subsample consisted of 18 

macrofaunal species that accounted for 70% of the total macrofaunal community, and 17 OTUs 
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that accounted for 80% of the total microbial community (described in the Results section). 

Heatmaps were created with this subsample to identify changes in the abundance of these most 

dominant species and OTUs across seepage activity and seep locations. 

Co-inertia analyses were conducted using the subsample to examine multivariate 

relationships between macrofaunal species and microbial OTUs and examine whether the 

abundance (or lack) of specific species is associated with the dominance of certain OTUs. We 

performed three co-inertia analyses considering three data sets: (1) all samples, (2) in situ samples 

only, and (3) experimental samples only. By analyzing these data sets separately, we aimed to 

evaluate whether relationships change at different successional stages (in situ vs colonization 

rocks) and under a manipulated change in seepage activity (in situ vs transplanted rocks).  

Finally, to examine the contribution of specific OTUs to similarity patterns of the 

macrofaunal communities based on community composition, a distance-based redundancy 

analysis (db-RDA) was performed using the subsample considering the three data sets as above. 

We checked rank correlations between dissimilarity indices and gradient separation to decide 

which distance measure to use in the db-RDA analyses (Faith et al. 1987). For the data set with all 

samples, we used the Euclidean distance measure. For the data set with in situ samples, we used 

the Gower’s distance measure. And for the data set with experimental samples, we used the 

Euclidean distance measure. 

All statistical analyses were performed in RStudio Version 2023.06.0+421. Diversity 

metrics were calculated using the functions ‘diversity()’ and ‘specnumber()’ in the ‘vegan’ 

package. Generalized linear models and diversity metrics were plotted using the function ‘ggplot()’ 

in the ‘ggplot2’ package. The tanglegram was performed using the function ‘tanglegram()’ in the 

‘dendextend’ package. Co-inertia analyses were conducted using the functions ‘dudi.pca()’ and 
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‘coinertia()’ in the ‘ade4’ package, and the resulting X and Y canonical weights were plotted using 

the function ‘s.arrow()’. Rank correlation between dissimilarity indices was calculated using the 

function ‘rankindex()’ in the ‘vegan’ package, and db-RDA analyses were performed using the 

function ‘dbrda()’ and transformed into tidy data so it could be plotted using the function ‘ggplot()’ 

in the ‘ggplot2’ package. 

 

RESULTS 

There was no linear relationship between microbial Shannon-Wiener diversity and 

macrofaunal Shannon-Wiener diversity (t = -0.013, p = 0.99) and between microbial Shannon-

Wiener diversity and macrofaunal richness across all seeps (t = 0.151, p 0.88) (Fig. 3.1A,C). 

However, macrofaunal Shannon-Wiener diversity and richness increased with increasing 

microbial richness (t = 2.207, p = 0.03; t = 2.336, p = 0.02, respectively) (Fig. 3.1B,D). Among 

seep locations, macrofaunal Shannon-Wiener diversity and species richness were the highest at 

Mound 12 and the lowest at Quepos Landslide, at both active and transition sites (𝜒$%"  = 25.68, p 

= 0.004; 𝜒$%"  = 27.35, p = 0.002) (Fig. 3.2A,C). Microbial Shannon-Wiener diversity was generally 

the highest at Quepos Landslide and the lowest at Jaco Scar at both active and transition sites, 

although not significant (𝜒$%"  = 7.57, p = 0.67) (Fig. 3.2B). There was also no significant difference 

in microbial richness among seeps (𝜒$%"  = 16.78, p = 0.08), but there was a pattern of highest 

richness at Quepos Landslide and lowest richness at Jaco Scar at active sites, and highest richness 

at Mound 12 followed by Quepos Landslide at transition sites (Fig. 3.2D). Tanglegram analysis 

did not show similar clustering patterns based on macrofaunal composition and microbial 

composition with seepage activity and seep location, yielding a relatively high entanglement of 

0.60 (Fig. 3.3). 



70 

 

 
Figure 3.1: Relationship between (A) macrofaunal Shannon-Wiener diversity and microbial 

Shannon-Wiener diversity, (B) macrofaunal Shannon-Wiener diversity and microbial richness, 
(C) macrofaunal richness and microbial Shannon-Wiener diversity, and (D) macrofaunal 
richness and microbial richness. Generalized linear models were used to fit the data, and 

regression lines are plotted when significant (p < 0.05). 
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Figure 3.2: (A-B) Shannon-Wiener diversity and (C-D) richness of macrofaunal and microbial 

communities on in situ rocks across methane seeps. 
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Figure 3.3: Tanglegram of macrofaunal (left) and microbial (right) clustering based on 
community composition. Entanglement varies between 0 (no entanglement and a good 

alignment) to 1 (full entanglement). Dashed lines represent differences between the two clusters 
– all branches were different between clusters. Samples information can be found in Table S2. 

 

Eighteen species composed 70% of the macrofaunal community across all samples (Table 

3.2), and their abundance varied across seepage activity and seep location (Fig. 3.4A). Hydroids 

Anthoathecata were more common at active sites at Quepos Landslide, transition sites at Mound 

12, and on most of the transplanted rocks at Mound 12. The tanaids Parakanthophoreus sp. 1 and 

Typhlotanoides sp. 1 were more abundant at Jaco Scar. The bacterial grazers neolepetopsid 
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limpets, provannid snails, and pyropeltid limpets were more abundant on in situ rocks at Mound 

12 at active sites and on rocks transplanted from transition to active sites at Mound 12. 

Sixteen OTUs composed 80% of the microbial community across all samples (Table 3.2), 

and their relative abundance varied across seepage activity and seep location (Fig. 3.4B). 

Thermodesulfovibrionia and Gammaproteobacteria showed higher relative abundance on in situ 

rocks at transition sites at Quepos Landslide. Anaerolineaceae showed higher relative abundance 

on in situ rocks at active sites at Jaco Scar. Interestingly, SEEP SRBs showed higher relative 

abundance on rocks transplanted from active to background sites at Mound 12. ANME-2 showed 

higher relative abundance on in situ rocks at active sites at Mound 12, as well as on rocks 

transplanted from active sites to lesser seepage activity and rocks transplanted from transition to 

active sites at Mound 12. ANME-1 showed slightly high relative abundance at transition sites at 

Mound 12, both on in situ and transplanted rocks. 

Table 3.2: Species and OTUs that accounted for at least 1% of the total communities. These 
contributed to 70% of the total macrofaunal community and 80% of the total microbial 

community. 
Macrofaunal community Microbial community 

Species % OTU % 
Provanna laevis 18 ANME-1b 28 
Lepetodrilus ovalis 9 ANME-2b 12 
Pyropelta musaica 6 ANME-1a 7 
Chrysopetallum sp. 6 ANME-2c 6 
Pyropelta wakefieldi 4 ANME-2a_2b 6 
Amphisamytha fauchaldi 4 Thiohalophilus 5 
Neolepetopsis sp. 3 3 Gammaproteobacteria 3 
Hyalogyrina sp. 3 ANME-1 2 
Lepetodrilus stet. 2 Lokiarchaea 2 
Kiwa puravida 2 Unassigned 2 
Parakanthophoreus sp. 1 2 Thermodesulfovibrionia 2 
Galapagomystides patricki 2 Anaerolineaceae 1 
Pyropelta corymba 2 SEEP SRB-1 1 
Fucaria sp. 1 2 JS1 1 
Anthoathecata 1 SEEP SRB-2 1 
Laminatubus sp. 1 Archaea 1 
Neolepetopsis sp. 1 1  
Typhlotanoides sp. 1 1 
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Figure 3.4: Heatmaps based on total counts of (A) macrofaunal species and (B) microbial OTUs 

on in situ rocks (IS) at Quepos Landslide (QL), Mound 12 (M12), and Jaco Scar (JS), 7-years 
colonization experiment (CR7) at Mound 12, and 17-months transplant experiments (TR) at 

Mound 12. Seepage activity: Active (A), Transition (T), Inner transition (IT), Outer transition 
(OT), Background (B). 

 

Co-inertia analysis with all samples, including in situ and experimental communities, 

yielded a correlation of 13% (Fig. 3.5A). The tanaids Parakanthophoreus sp. 1 and Typhlotanoides 

sp. 1 were positively associated with Anaerolineaceae and negatively associated with some 

ANME-1b. Seep species (e.g., Fucaria sp. 1, P. corymba, P. musaica, L. ovalis, and Neolepetopsis 

limpets) were positively associated with ANME-1a, ANME-2b, ANME-2c, and SRB1. 

Co-inertia analysis with only in situ communities yielded a higher correlation of 34% (Fig 

3.5B). The tanaids Parakanthophoreus sp. 1 and Typhlotanoides sp. 1 were positively associated 

with Anaerolineaceae and Thiohalophilus, and negatively associated with ANME-1, ANME-

2a_2b, and SRB1. Seep species (P. corymba, P. musica, P. wakefieldi, Fucaria sp. 1, 

Neolepetopsis sp. 3, Lepetodrilus stet., and Laminatubus sp.) were positively associated with 
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ANME-1, ANME-2, ANME-2c, and SRB2. The hydroid Anthoathecata was positively associated 

with ANME-1b, Lokiarchaea, and JS1. 

Co-inertia analysis with only communities on experimental rocks yielded a correlation of 

16%, and some of the patterns observed for the in situ communities changed (Fig. 3.5C). Limpets 

Lepetodrilus stet. and P. corymba and the snail P. laevis were positively associated with ANME-

1, as well as A. fauchaldi and Typhlotanoides sp. Other seep species, P. wakefieldi, P. musaica, 

Neolepetopsis limpets, and Laminatubus sp. and the tanaid Parakanthophoreus sp. 1 were 

positively associated with ANME-1a and ANME-2c, and negatively associated with ANME-1b. 

The hydroid Anthoathecata stet. was positively associated with Thiohalophilus, 

Therrmodesulfovibrionia, Gammaproteobacteria, and Lokiarchaea. 
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Figure 3.5: Co-inertia analyses of macrofaunal species and microbial OTUs on (A) both in situ 
and experimental rocks, and (B) in situ rocks only, and (C) experimental rocks only. Arrows 

indicate the magnitude and direction of variation for each species/OTU. 
 

Results of the db-RDA analysis considering all samples revealed that ANME-1 

significantly explains some of the variations observed in macrofaunal community composition 

among treatments (F = 4.13, p = 0.04) (Fig. 3.6A). However, ANME-1 was only positively 

correlated to the 7-year colonization macrofaunal communities at Mound 12. 
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Results of the db-RDA analysis considering in situ rocks only revealed that SEEP SRB-2, 

ANME-2b, and ANME-2c significantly explain some of the variation observed for in situ 

macrofaunal community composition (F = 6.66, p = 0.02; F = 5.13, p = 0.03; F = 5.09, p 0.03, 

respectively) (Fig. 3.6B). These OTUs were positively correlated to macrofaunal communities on 

in situ rocks at Mound 12, mainly at active sites. SEEP SRB-2 was negatively correlated to 

macrofaunal communities on in situ rocks at transition sites at Mound 12, and other ANME-2b 

and ANME-2c were negatively correlated to macrofaunal communities on in situ rocks at Quepos 

Landslide active and transition sites and at Jaco Scar active sites. Additionally, ANME-1a, ANME-

1, and SEEP SRB-1 were also significant at the 0.1 significance level (F = 3.84, p = 0.05; F = 2.73, 

p = 0.09; F = 3.11, p = 0.06) and positively correlated to macrofaunal communities on in situ rocks 

at Mound 12 at both active and transition sites but negatively correlated to macrofaunal 

communities on in situ rocks at Quepos Landslide and Jaco Scar. Two other interesting positive 

correlations, although not significant, were between Quepos Landslide and Jaco Scar in situ 

macrofaunal communities and the OTUs Anaerolineaceae (F = 2.47, p = 0.14), Thiohalophilus (F 

= 0.70, p = 0.45), Thermodesulfovibrionia (F = 0.94, p = 0.43), and Gammaproteobacteria (F = 

0.58, p = 0.61). 

Finally, results of the db-RDA analysis considering experimental rocks revealed some 

interesting correlations between OTUs and macrofaunal species on colonization and transplanted 

rocks, although none were significant (Fig. 3.6C-D). ANME-1 was positively correlated to 7-year 

colonization macrofaunal communities at active sites at Mound 12 (F = 2.35, p = 0.12). ANME-

1a, ANME-2c, and Anaerolineaceae were positively correlated to macrofaunal communities 

transplanted from transition to active sites (F = 0.92, p = 0.34; F = 0.25, p = 0.73; F = 0.24, p = 

0.83, respectively). These were in the opposite direction than macrofaunal communities on rocks 
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transplanted to lesser seepage activity, which were positively correlated to Thiohalophilus (F = 

0.89, p = 0.41), Thermodesulfovibrionia (F = 0.10, p = 0.85), Lokiarchaea (F = 0.28, p = 0.74), 

Gammaproteobacteria (F = 0.23, p = 0.86), and SEEP SRB-2 (F = 0.32, p = 0.68). 

 

Figure 3.6: Distance-based redundancy analysis (db-RDA) of microbial OTUs and communities 
on (A) both in situ and experimental rocks, and (B) in situ rocks only, and (C-D) experimental 

rocks only (panel D is a zoom into the top right part of panel C). Arrows indicate the magnitude 
and direction of variation for each species/OTU. A: Active, T: Transition, IT: Inner transition, 

OT: Outer transition, B: Background. 
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DISCUSSION 

Microbial activity at methane seeps provides substrate for attachment, nutrition, and 

settlement cues for invertebrate macrofaunal communities (Danovaro et al. 2024). In seep 

sediments, the methanotroph microbial community can support unique animal communities 

(Thurber et al. 2013), and we expected to see strong correlations between macrofaunal and free-

living microbial communities associated with carbonate rocks. We observed a positive linear 

relationship between macrofaunal Shannon-Wiener diversity and microbial richness, but there was 

no relationship between macrofaunal Shannon-Wiener diversity and microbial diversity (Fig. 3.1). 

This suggests that macrofaunal species might depend on specific OTUs rather than on microbial 

diversity. In addition, microbial Shannon-Wiener diversity and richness were the highest at 

Quepos Landslide and did not lead to the highest macrofaunal Shannon-Wiener diversity and 

richness, but the lowest instead (Fig. 3.2), and perhaps the microbes that have higher relative 

abundance and are more adapted to the low oxygen conditions at Quepos Landslide are not the 

OTUs that the macrofauna might be associated with. The microbial OTUs Thermodesulfovibrionia 

and Gammaproteobacteria showed higher relative abundance at Quepos Landslide. 

Thermodesulfobrionia are anaerobic sulfate reducers that have been reported in high abundance in 

low-oxygen groundwater communities (Yan et al. 2020, Rogers et al. 2022), and some 

Gammaproteobacterial methanotrophs have been shown to have adaptations to oxygen limitation 

(Skennerton et al. 2015). However, there were no strong associations between macrofaunal species 

at Quepos Landslide and these OTUs based on co-inertia analyses. The high entanglement between 

clusters based on community composition of the macrofauna and microbial communities also 

support this idea that macrofaunal patterns might be more related to specific OTUs and not to the 

microbial community as a whole (Fig. 3.3). A study comparing macrofaunal communities to 
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archaeal and bacterial communities at hydrothermal vents also showed that high archaeal and 

bacterial diversity does not necessarily lead to high macrofaunal diversity, but functional 

partnerships between macrofaunal species and OTUs form core communities, which are different 

under different fluid temperatures (Murdock et al. 2021). Here, we also observed some relevant 

associations between macrofaunal species and specific OTUs at the Costa Rican seeps, and that 

these interactions seem to dictate macrofaunal responses to natural and manipulated changes in 

seepage activity. We discuss these associations below. 

At Mound 12, the dominance of ANME-1, ANME-2, and SEEP SRB-2 at active sites might 

be favoring macrofaunal seep species (Fig. 3.4). Cell aggregates of archaea belonging to ANME-

2 and sulfate-reducing bacteria (SRB) are involved in AOM (Orphan et al. 2001), a process that 

leads to the formation of the carbonate rocks at active seepage (Marlow et al. 2014b), where these 

macrofaunal seep species are abundant. In addition, the AOM consortia provides food for many 

seep species including the limpets P. corymba, P. musaica, P. wakefieldi, Lepetodrilus stet., and 

Neolepetopsis sp. and the snail P. laevis, which graze on microbes (Levin et al. 2015, Govenar et 

al. 2015). Thus, the observed positive association between seep macrofauna and these OTUs was 

expected (Fig. 3.5A-B). However, in sediments, it is common to see a top-down control of 

macrofauna on the microbial community due to grazing activity (Baldrighi et al. 2013, Stief 2013, 

Broman et al. 2024). Thus, we also expected to see some negative associations between bacterial-

grazer species and OTUs that these animals might be grazing upon. Gut contents of some vent 

limpets showed that they specialize on Epsilonproteobacteria, while others have a more diversified 

diet (Govenar et al. 2015). Previous studies hypothesized that some of the seep grazers might also 

be specialists, especially P. laevis and P. wakefieldi (Levin et al. 2015, Pereira et al. 2021, Chapter 

2). Here, we observed a negative association between P. laevis, P. corymba, P. wakefieldi, 
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Lepetodrilus stet., and Fucaria sp. 1 with Gammaproteobacteria on in situ rocks (Fig. 3.5B). 

However, as mentioned above, Gammaproteobacteria showed higher relative abundance at 

Quepos Landslide than at Mound 12, where we do not find these species, and, thus, this negative 

correlation might not be an effect of grazing pressure, but rather an effect of low oxygen on the 

macrofaunal communities (Chapter 2).  

At Jaco Scar, tanaids were more abundant at active sites (Fig. 3.4A), and positively 

associated with Anaerolineaceae and Thiohaphilus on in situ rocks (Fig. 3.5B), which possibly led 

to the community-wide correlations between these OTUs and the communities at Jaco Scar (Fig. 

3.6A-B). A recent study showed that the order of Anaerolineales bacteria can be physically 

associated with sediment-hosted AOM consortia, especially when ANME-2a is the most abundant 

ANME lineage (and not ANME-1a and ANME-2c) and hypothesized that the microorganisms 

physically associated with the AOM consortia are different depending on the ANME lineage (Yu 

et al. 2022). Thiohalophilus are obligate sulfur oxidizing bacteria that can replace other 

Gammaproteobacteria with more versatile metabolisms (Sorokin et al. 2008). Anaerolineaceae and 

Thiohalophilus showed higher relative abundance on in situ rocks at Jaco Scar (Fig. 3.4B), and we 

hypothesize that there is a possible preference by tanaids for AOM consortia with Anaerolineaceae 

and Thiohalophilus, perhaps because the association between AOM consortia and Anaerolineales 

might alter the methanotrophic capacity of the consortia given the potential methanogenic 

metabolism of Anaerolineales (Yu et al. 2022). This association with specific OTUs and lineages 

by tanaids might also explain the differences in tanaid abundance observed at Mound 12. At this 

seep location, tanaids are more abundant at transition sites rather than at active sites as at Jaco Scar 

(Fig. 3.4A). Communities on in situ rocks at active sites Mound 12 were more positively correlated 
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to ANME-1a, ANME-2b, ANME-2c, and SEEP SRB-1 than at Jaco Scar (Fig. 3.6B), which are 

OTUs that tanaids were negatively associated with on in situ rocks (Fig. 3.5B). 

On transplanted rocks, however, it seems that the macrofaunal communities are following 

the responses of the microbial community after transplant. Macrofaunal communities on rocks 

transplanted to active sites were positively correlated to ANME-1a, ANME-2c, and 

Anaerolineaceae (Fig. 3.6C-D). This is striking because previous transplant experiments showed 

a slow response by Anaerolineaceae to seep activation, but they have high tolerance to low-activity 

conditions (Case et al. 2015). Still, the persistence of Anaerolineaceae might have led to the 

resilience of the tanaid Parakanthophoreus sp. 1 on these rocks (Fig. 3.4A) given their strong 

association (Fig. 3.5C-D).  

The seep species that colonized these rocks, including P. musaica, P. wakefieldi, 

Neolepetopsis limpets, and Chrysopetallum sp., are bacterial grazers (Wiklund et al. 2009, Levin 

et al. 2015, Govenar et al. 2015), and were positively associated with ANME-1a and ANME-2c 

on rocks transplanted to active sites (Fig. 3.5C). ANME-1 and ANME-2c are commonly found in 

higher abundance at lesser seepage activity than ANME-2a/b (Marlow et al. 2014b, Case et al. 

2015), and ANME-1 is known to be relatively insensitive to seepage activity and may perform 

methanotrophy even under low activity (Marlow et al. 2014b, Case et al. 2015). Thus, it seems 

that ANME-1 and ANME-2c were able to survive through the transplant to active sites, and the 

persistence of these OTUs might have attracted the macrofaunal seep species that feed on the 

microbial community. With longer exposure, ANME-1, which grows more slowly than ANME-2 

(Orphan et al. 2009, Girguis et al. 2003) and seems to colonize carbonates seeded by the underlying 

sediments (Case et al. 2015), was able to establish on the 7-year colonization rocks (Fig. 3.4B, 
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3.6C); on these we find more P. laevis, P. corymba, and P. musaica, which were strongly 

associated with ANME-1 (Fig. 3.4A, 3.5B). 

Communities on rocks transplanted to transition and background sites were positively 

correlated to Thiohalophilus, Thermodesulfovibrinia, Gammaproteobacteria, Lokiarchaea, other 

Archaea, and SEEP SRB-2 (Fig. 3.6C-D). In a previous transplant experiment at Hydrate Ridge, 

OR, some Gammaproteobacterial OTUs were able to remain at a relative high abundance after 

transplant to low seepage after 13 months (Case et al. 2015). In addition, some 

Gammaproteobacteria might have more diverse metabolisms (Sorokin et al. 2008) that could 

enable them to grow and establish on the experimental rocks moved to lesser seepage activity. The 

correlation and presence of SRB2 and gammaproteobacterial on these rocks suggests the 

persistence of methanotrophy after transplant, supporting macrofaunal seep species through the 17 

months of the transplant (Chapter 2). However, a general lack of association between macrofaunal 

species and SRBs might indicate that seep species are more strongly associated with archaeal 

lineages, or that the animals are feeding on the bacteria. Isotopic values of neolepetopsid limpets 

on rocks transplanted to lesser seepage activity indicate reliance on methane-derived carbon, with 

δ13C ranging from -63.0‰ to -46.6‰ (Chapter 2), which are typical of archaeal/bacterial AOM 

consortia (Orphan et al. 2001). Other bacterial grazer taxa with low δ13C values (-55.1‰ to -

42.4‰) on these rocks were chitons, although they were not included in the analyses here given 

their low abundance (Chapter 2). Feeding on archaeal-bacterial aggregates at seeps has been 

reported before for dorvilleids (Thurber et al. 2012). This further supports the hypothesis of 

persistent chemosynthetic production after transplant providing nutrition to selected macrofaunal 

seep species that were able to survive the transplant. Lokiarchaea also showed a positive 

correlation to communities on rocks transplanted to lesser seepage activity. Little is known about 
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the ecological distribution, metabolism, and role in biogeochemical cycling of Lokiarchaea, but 

given their close affiliation to eukaryotes, it is thought that eukaryotes evolved from an archaeal 

ancestor and Lokiarchaeota might be the “missing link” in the formation of the eukaryotic lineage 

(Manoharan et al. 2019). 

Finally, at Quepos Landslide, where the hydrographic conditions are influencing the 

macrofaunal community (Chapter 2), hydroids were positively associated with ANME-1b, 

Lokiarchaea, and JS1 on in situ rocks. JS1 is a heterotrophic anaerobic bacteria found mainly in 

anoxic sediments, and especially in organic-rich sediments, and an important group of bacteria in 

shallow seeps (Li et al. 2023, Miyake et al. 2023). It has high relative abundance at Quepos 

Landslide (Fig. 3.4B). On experimental rocks at Mound 12, hydroids were positively associated 

with OTUs correlated to communities on rocks transplanted to lesser seepage activity such as 

ANME-1b that is more common at low seepage (as described above) and negatively associated 

with ANME-1 on 7-year colonization rocks, where they could have been competing for space and 

food with bacterial grazers. Hydroids are known to live in high densities at shallow seeps taking 

advantage of the substrate and food provision (Prudkovsky et al. 2023, Chapter 2). However, they 

may have methanotrophic symbiotic bacteria (Goffredi and others, unpublished data), and further 

studies are needed to reveal whether hydroid patterns are purely related to the environment or to 

food provision by either free-living or symbiotic microbial activity. 

 

CONCLUSION 

By analyzing associations between macrofaunal species and microbial OTUs at methane 

seeps under natural and manipulated changes in seepage activity, we observed that animal-

microbial correlations are playing a major role in community structure and functioning. Natural 



85 

environmental drivers of microbial community patterns are reflected in animal-microbial 

associations. For example, the dominance of Anaerolineales bacteria at Jaco Scar and their 

persistence through transplant to active sites at Mound 12 could have led to high abundance of 

tanaids, which seem to thrive where Anaerolineales is associated with the AOM consortia. In 

addition, it seems that animal responses to changes in seepage activity mirror the microbial 

responses. When methanotrophic microbes are able to persist through a quiescence in seepage 

activity, seep animals that depend on chemosynthetic production as a source and provision of 

habitat also survive and thrive under low seepage conditions. In the case of seepage activation, 

ANME-1a and ANME-2c, typically more abundant at lower seepage activity, are able to persist in 

the short term (17 months), providing food for bacterial grazer that quickly colonize the rocks, 

and, in the long term (7 years), slower-growing microbes also provide food for a more established 

macrofaunal community. However, it is important to note that positive associations do not 

necessarily indicate causation. For example, if low oxygen is a driving factor of community 

structure, the distribution of aerobic animals and aerobic microbes could show positive 

associations but that does not mean that the microbial patterns are responsible for macrofaunal 

distribution. We also did not consider other microbial roles in habitat creation besides carbonate 

formation (e.g., bacterial mats, detoxifying, among others), which can also have impacts on 

macrofaunal distribution and could be incorporated into future studies. In addition, using amplicon 

sequence variant (ASV) approach instead of OTUs could provide a better resolution of microbial 

diversity. 

We conclude that while environmental drivers (i.e., seepage activity and low oxygen) seem 

to be dictating the microbial community patterns, the macrofaunal community seems to have 

associations with specific OTUs, which they depend on for food and habitat provision. Thus, the 
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macrofauna appear to respond to the resilience and resistance of these OTUs under natural and 

manipulated changes in seepage activity. This work indicates the complexity of animal-microbe 

associations at methane seeps, suggesting the importance of these interactions to the structure, 

functioning, and health of the ecosystem. The critical function of methane filtration, a key 

ecosystem service at seeps, may be mediated by microbe-macrofauna linkages. With increasing 

interest in deep-sea resources, seeps are threatened by oil and gas extraction, bottom trawling, and 

ocean warming and deoxygenation. It is important we consider animal-microbial interactions when 

planning for deep-sea ecosystem management and conservation. 
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Supplemental Table 3.1: Summary of archaeal and bacterial OTU affiliations, their physiology 
and location at the seep relative to seepage activity, from Orphan et al. (2001), Yamamoto and 

Takai (2011), Bruckner et al. (2013), Case et al. (2015), Taubert et al. (2019), Mullin (2020), and 
Beckmann et al. (2021). 

OTU Physiology Seepage activity location 
Anaerobic methane-
oxidizing archaea 
ANME-1 

Methane oxidizers (𝐶𝐻! →
𝐻𝐶𝑂"#*); Involved in the 
anaerobic oxidation of methane 
in association with SRBs or 
other bacteria via nitrate and 
nitrite reduction. 

Abundant at active and low-activity sites in 
association with SRBs and without bacterial partners 
in mono-species cell clusters; Perform 
methanotrophy even at low-activity sites; ANME-1b 
are more abundant at lesser seepage activity than 
ANME-1a. 

Anaerobic methane-
oxidizing archaea 
ANME-2 

Methane oxidizers (𝐶𝐻! →
𝐻𝐶𝑂"#*). 

Found in association with SRBs and without 
bacterial partners as individual filaments; More 
abundant at active sites than ANME-1; ANME-2a/b 
are more abundant at active sites than ANME-2c, 
which is more abundant at lesser seepage activity. 

Nitrosopumilaceae 
(e.g., Nitrosopumilus) 

Ammonium oxidizer. Higher abundance at low-activity sites. 

Deltaproteobacterial 
sulfate-reducing 
bacteria (SRB, e.g., 
SEEP-SRB1) 

Sulfate reducers (𝑆𝑂!$# → 𝐻𝑆#); 
Involved in the anaerobic 
oxidation of methane. Not all 
SRBs are coupled with ANMEs, 
some are free-living. 

Surprisingly, some SRBs involved in AOM are 
relatively insensitive to seepage activity. 

Epsilonproteobacteria 
(e.g., 
Helicobacteraceae) 

Sulfur oxidizers (4𝑆$𝑂"$# →
8𝑆𝑂!$#) 

Increased abundance at active seepage sites, where 
there are high sulfide concentrations; Adapted to 
dynamic seepage activity. 

Gammaproteobacteria 
(e.g., Thiotrichaceae) 

Sulfur oxidizers; Some groups 
perform oxidation of sulfur or 
methane. 

Increased abundance at active seepage sites, where 
there are high reduced sulfur compounds; More 
restricted habitat than for Epsilonproteobacteria. 

Gammaproteobacteria 
Methylococcaceae 
(type I 
methanotrophs) 

Aerobic methane-oxidizing with 
particulate methane 
monooxygenase (pMMO) 
(𝐶𝐻! → 𝐶𝐻"𝑂𝐻) 

Higher abundance at active sites. 

Verrucomicrobia 
(type III 
methanotroph) 

Aerobic methane oxidizers. Higher abundance at active sites. 

Gammaproteobacteria 
(e.g., Nitrospina, 
Nitrosomonas) 

Ammonium and nitrite 
oxidizers. 

Higher abundance at low-activity sites. 

Leptospirales Heterotrophs. Higher abundance at low-activity sites. 
* Coupled with SRB to realize the overall reaction 𝐶𝐻! + 𝑆𝑂!"& → 𝐻𝐶𝑂#& + 𝐻𝑆& + 𝐻"𝑂. 
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Supplemental Table 3.2: Sample identification from tanglegram. 
Number in 
tanglegram Cruise Experiment Seep location Seepage activity or 

Transplant 
1 2017 In situ Jaco Scar Active 
2 2017 In situ Jaco Scar Active 
3 2017 Colonization (7+ years) Mound 12 Transition 
4 2017 Colonization (7 years) Mound 12 Active 
5 2017 Colonization (7 years) Mound 12 Active 
6 2017 In situ Mound 12 Active 
7 2017 In situ Mound 12 Active 
8 2017 In situ Mound 12 Active 
9 2017 In situ Mound 12 Active 
10 2018 In situ Mound 12 Active 
11 2018 In situ Mound 12 Active 
12 2017 In situ Mound 12 Transition 
13 2017 In situ Mound 12 Transition 
14 2017 In situ Mound 12 Transition 
15 2017 In situ Mound 12 Transition 
16 2017 In situ Mound 12 Transition 
17 2018 In situ Mound 12 Inner transition 
18 2018 In situ Mound 12 Outer transition 
19 2018 In situ Mound 12 Outer transition 
20 2018 Transplant (17 months) Mound 12 A-B 
21 2018 Transplant (17 months) Mound 12 A-IT 
22 2018 Transplant (17 months) Mound 12 A-OT 
23 2018 Transplant (17 months) Mound 12 IT-A 
24 2018 Transplant (17 months) Mound 12 IT-B 
25 2018 Transplant (17 months) Mound 12 IT-OT 
26 2018 Transplant (17 months) Mound 12 A-B 
27 2018 Transplant (17 months) Mound 12 A-IT 
28 2018 Transplant (17 months) Mound 12 A-OT 
29 2018 Transplant (17 months) Mound 12 IT-A 
30 2018 Transplant (17 months) Mound 12 IT-B 
31 2018 Transplant (17 months) Mound 12 IT-OT 
32 2018 Transplant (17 months) Mound 12 A-B 
33 2018 Transplant (17 months) Mound 12 A-IT 
34 2018 Transplant (17 months) Mound 12 A-OT 
35 2018 Transplant (17 months) Mound 12 IT-A 
36 2018 Transplant (17 months) Mound 12 IT-B 
37 2018 Transplant (17 months) Mound 12 IT-OT 
38 2018 Transplant (17 months) Mound 12 A-B 
39 2018 Transplant (17 months) Mound 12 A-IT 
40 2018 Transplant (17 months) Mound 12 A-OT 
41 2018 Transplant (17 months) Mound 12 IT-A 
42 2018 Transplant (17 months) Mound 12 IT-B 
43 2018 Transplant (17 months) Mound 12 IT-OT 
44 2018 Transplant (17 months) Mound 12 A-B 
45 2018 Transplant (17 months) Mound 12 A-OT 
46 2018 Transplant (17 months) Mound 12 IT-B 
47 2018 Transplant (17 months) Mound 12 IT-OT 
48 2017 In situ Quepos Landslide Active 
49 2017 In situ Quepos Landslide Active 
50 2017 In situ Quepos Landslide Active 
51 2017 In situ Quepos Landslide Active 
52 2017 In situ Quepos Landslide Active 
53 2017 In situ Quepos Landslide Transition 
54 2017 In situ Quepos Landslide Transition 
55 2017 In situ Quepos Landslide Transition 
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Figure 4.1: Map and photos of sites sampled. 
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Table 4.1: Site, proximity to shore, dive number, sampling depth, and type and number of samples collected for macrofaunal and megafaunal isotope analysis in the 
Southern California Borderland in 2020 and 2021. 



99 

 
Figure 4.2: Dissolved oxygen (µmol O2 L-1) vertical profile from CTD casts in the Southern California Borderland. Figure 4.3: Dual isotope plots (δ13C and δ15N 
average ± 1 standard error) of surface (circles) and bottom (triangles) particulate organic matter off the Southern California Borderland. 
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Figure 4.4: Generalized additive model (GAM) results for δ13C and δ15N of macrofaunal invertebrates associated with hard substrates off the Southern California 
Borderland relative to rock type and the interaction between depth and dissolved oxygen. 
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Figure 4.5: Generalized additive model (GAM) results for δ13C and δ15N of megafaunal invertebrates associated with hard substrates off the Southern California 
Borderland relative to proximity to shore, depth, dissolved oxygen concentration, and the interaction between depth and dissolved oxygen. 
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Figure 4.6: Dual isotope plots (δ13C and δ15N average ± 1 standard error) of macro- and megafaunal invertebrates on mineral-rich rocks off the Southern California 
Borderland by taxa and feeding modes. 
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Figure 4.7: Trophic niche diversity of mega- and macrofaunal invertebrates on mineral-rich rocks off the Southern California borderland by rock type, proximity to 
shore, and oxygen minimum zone categories. 
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Table 4.2: Bayesian overlap (%) of standard ellipse areas of invertebrate macro- (below the diagonal) and megafaunal (above the diagonal) invertebrates on mineral-
rich rocks off the Southern California Borderland by rock type, proximity to shore, and oxygen minimum zone categories. 
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Supplemental Table 4.1: Mean ± 1 standard error carbon and nitrogen stable isotopes values (‰) of particulate organic carbon off the Southern California Borderland 
in 2020 and 2021 with proximity to shore and across oxygen minimum zone categories. 
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Supplemental Table 4.2: Mean ± 1 standard error carbon and nitrogen stable isotopes values (‰) and number of morphospecies of macro- and megafauna on mineral-
rich rocks off the Southern California Borderland in 2020 and 2021 by site, rock type, proximity to shore, and oxygen minimum zone categories. 
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Supplemental Table 4.3: Mean ± 1 standard error carbon and nitrogen stable isotopes values (‰) of macro- and megafaunal invertebrates on mineral-rich rocks off the 
Southern California Borderland in 2020 and 2021 by taxa and feeding mode. 
Supplemental Table 4.4: Mean ± 1 standard error carbon and nitrogen stable isotopes values (‰) macro- and megafaunal sponges on mineral-rich rocks off the 
Southern California Borderland in 2020 and 2021. 
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Supplemental Table 4.5: Community metrics of macrofaunal invertebrates on hard substrates off the Southern California Borderland. 
Supplemental Table 4.6: Community metrics of megafaunal invertebrates on hard substrates off the Southern California Borderland. 
Supplemental Table 4.7: Average ± 1 standard error, minimum, and maximum sampling depths for each rock type. 
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Supplemental Figure 4.1: Taxon composition (% based on number of individuals) by rock type, proximity to shore, and oxygen minimum zone categories for macro- 
and megafaunal invertebrates. 
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Supplemental Figure 4.2: Feeding mode composition (% based on number of individuals) by (A-B) rock type, (C-D) proximity to shore, and (E-F) oxygen minimum 
zone categories for macro- and megafaunal invertebrates. 
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Supplemental Figure 4.3: Dual isotope plots (δ13C and δ15N average ± 1 standard error) of macrofaunal (filled circles) and megafaunal (open circles) sponges by class 
associated with hard substrates off the Southern California Borderland with depth. 
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Supplemental Figure 4.4: Dual isotope plots (δ13C and δ15N average ± 1 standard error) of macrofaunal (filled circles) and megafaunal (open circles) invertebrates on 
different rock types, with proximity to shore, and with oxygen minimum zone categories off the Southern California Borderland. 



118 

 
Supplemental Figure 4.5: Trends in δ13C and δ15N of macrofaunal (black) and megafaunal invertebrates (gray) associated with hard substrates off the Southern 
California Borderland with depth. Data were fitted in linear regression models. 
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Supplemental Figure 4.6: Trends in δ13C and δ15N of macrofaunal (black) and megafaunal invertebrates (gray) associated with hard substrates off the Southern 
California Borderland with oxygen concentration. Data were fitted in linear regression models. 
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Supplemental Figure 4.7: Bayesian standard ellipse areas of invertebrate macro- and megafaunal communities on different rock types, with proximity to shore, and 
with oxygen minimum zone categories off the Southern California Borderland.  
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Figure 5.1: Methane seeps off the Costa Rican margin and some of their endemic species. 
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Figure 5.2: Choice card example in English. 
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Table 5.1: Attributes and accompanying levels used in the discrete choice experiment. 
Table 5.2: Variables and levels used in conditional and mixed logit models. 
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Figure 5.3: Responses when asked about the first thing respondents think of when they hear the words deep sea 
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Figure 5.4: Ranked importance of deep-sea ecosystem services by respondents. 
Figure 5.5: Respondents' level of agreement (%) on deep-sea science questions. 
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Table 5.3: Attribute coefficients and WTP estimates for methane seep conservation for the mixed logit models 
without weighing the data and after weighing the data. 

 
Figure 5.6: Respondents' level of agreement (%) on conservation actions. 

Figure 5.7: Linear regression between respondent's knowledge and level of agreement on conservation actions. 
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Table 5.4: Comparison of willingness to pay for protection of deep-sea ecosystems around the world and other ecosystems in Latin America. 
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Chapter 6 CONCLUSION 
 

Hard substrates in the deep ocean create habitat heterogeneity for diverse invertebrate 

communities and provide biofilm cues for settlement, substrate for attachment, reproductive sites, 

refuge, and, in some cases, food supply (Case et al. 2015, Levin et al. 2015, Marlow et al. 2014a). 

However, the same environmental conditions that allow for the formation of these hard substrates 

also influence biological communities and can drive benthic patterns of community structure. This 

dissertation focused on authigenic carbonates at methane seeps, ferromanganese crusts, and 

phosphorites. It investigated how environmental conditions such as seepage and dissolved oxygen 

concentration influence macrofaunal community and trophic dynamics in two ecosystems on 

bathyal continental margins: methane seeps off the Costa Rica Pacific margin and mineral-rich 

hardgrounds off the Southern California Borderland. 

Methane seep macrofaunal communities rely mainly on chemosynthetic production by 

microbial activity, while those on mineral-rich hardground rely on photosynthetic production that 

sinks from shallow waters into the deep sea. However, the provision of hard substrate in the form 

of carbonate rocks at methane seeps and phosphorites and ferromanganese crusts on the Southern 

California margin support community and trophic diversity of macrofauna. At seeps, the substrate 

(i.e., carbonate rocks) is a means for food supply access and habitat, and the higher macrofaunal 

richness at active sites highlights the heterogeneity provided by carbonate rocks at active seepage 

(Chapter 2), compared to sediment fauna, which is less diverse and has lower richness at active 

sites (Ashford et al. 2021). On phosphorites and ferromanganese crusts substrate type correlates 

with invertebrate trophic structure, with ferromanganese crusts supporting distinct macrofaunal 

niches and phosphorites supporting a specialized community (Chapter 4). Studies have reported 

distinct macro- and megafaunal communities associated with ferromanganese compared to other 
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hard substrates (Corrêa et al. 2022, Vlach 2022, Guraieb 2023), and that substrate type may drive 

the structure of benthic communities, as seen in the case of cobalt-rich crusts (Schlacher et al. 

2014). However, it remains unclear whether these differences are a direct effect of substrate (for 

example, due to rugosity or chemical composition), and we still know relatively little about the 

intersections of organisms with substrate. A recent study showed that abiotic seawater electrolysis 

produces oxygen from polymetallic nodules (Sweetman et al. 2024). If processes like this ‘geo-

battery’, as it was called, are true for other substrates like ferromanganese crusts, they could also 

influence the macrofaunal relationship with substrate. 

In addition to substrate type, environmental conditions influence both ecosystems studied 

here – methane seeps and mineral-rich hardgrounds. There are combined effects of low oxygen 

and depth; at shallow methane seeps, low oxygen seems to override the effect of seepage activity, 

creating unique macrofaunal communities (Chapter 2). Microbial community composition and 

distribution at seeps also significantly co-varies with depth and associated variables, including 

oxygen and habitat type (Seabrook et al. 2024). On the Southern California margin, the oxygen 

minimum zone at intermediate depths creates complex macrofaunal trophic relationships (Chapter 

4 (Pereira et al. 2024a)). Effects of low oxygen have been reported for megafaunal community 

composition off the coast of Southern California and on ferromanganese deposits in the Southwest 

Atlantic (Corrêa et al. 2022, Vlach, 2022). Additionally, at methane seeps, I observed a stronger 

influence of seepage activity on macrofaunal communities with increasing depth, with macrofauna 

at deeper seeps relying more on chemosynthetic production (Chapter 2). Seepage activity also 

influences sediment fauna at Costa Rican seeps, creating a ‘chemotone’ with distinct community 

composition but similar density and diversity to lower seepage neighboring habitat (Ashford et al. 

2021). 
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These findings highlight the heterogeneity of macrofaunal communities associated with 

hard substrates in the deep sea and their dependence on environmental variables. With 

manipulative experiments at methane seeps, I could examine whether the observed environmental 

variables also influence the dynamics and resilience of these communities. Low oxygen conditions 

seem to influence the in situ community to the point where the macrofaunal community is not 

sufficiently established to be able to colonize new substrates with new recruits or motile adults or 

even survive through changes in seepage activity. At deeper seeps, where macrofauna depend more 

on chemosynthetic production, seep fauna show high resilience, and the dominant feeding mode 

is associated with good colonization ability (Chapter 2). These results align with what is known  

about chemosynthetic communities; manipulative experiments at hydrothermal vents and with 

whale bones and wood pieces mimicking organic falls show that hydrothermal activity and 

chemosynthetic production lead to elevated functional diversity, improved colonization ability, 

and enhanced deep-sea biodiversity (Levin et al. 2017, Saeedi et al. 2019, Alfaro-Lucas et al. 2020, 

Young et al. 2022, Pereira et al. 2022). This dissertation provides a new perspective on the 

resilience of these communities in the face of environmental changes due to ocean deoxygenation 

and possible seepage expansion. 

Since microbial activity provides a food source to macrofauna through chemosynthetic 

production, and the reliance on chemosynthetic production and feeding modes seem to play a large 

role in macrofaunal resilience and colonization at methane seeps (Chapter 2), I hypothesized that 

macrofaunal dynamics would also correlate with microbial communities. By examining 

relationships between macrofaunal and microbial communities and associations between 

macrofaunal species and microbial operational taxonomic units (OTUs), it seems that seepage 

activity and oxygen concentration may dictate the microbial community patterns, and in turn 
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specific microbial OTUs may dictate the patterns of those macrofaunal species which they depend 

on for food and habitat (Chapter 3). Thus, the responses of macrofauna to manipulative 

experiments observed in Chapter 2 appear to reflect the resistance and resilience of these specific 

OTUs (Chapter 3). A next step is to examine animal-microbial interactions on the mineral-rich 

hardgrounds off Southern California and compare whether a more photosynthetic-reliant 

macrofaunal community might (or might not) have similar correlations to the microbial 

community as observed for chemosynthetic ecosystems. I hypothesize that the latter exhibit a 

stronger dependence of macrofauna on microorganisms for food supply and not just substrate 

provision. 

It would also be interesting to examine whether the dynamics observed in Chapters 2 and 

3 remain the same when the different substrates (i.e., carbonate rocks, ferromanganese crusts, and 

phosphorites) are in proximity within and away from methane seeps, since the systems studied 

here are geographically separated. A 7-year colonization experiment with carbonate rocks, wood, 

and bone deployed in close proximity to a seep in the Costa Rica Pacific margin showed that 

seepage activity exerts control on the communities at active sites, but at transition sites, the 

communities on wood and bone were more similar to organic-fall communities (Pereira et al. 

2022). These studies exemplify the complexity of macrofaunal dynamics among different systems. 

The findings from Chapters 2-4 characterize and inform the distributions of macrofaunal 

invertebrates living on hard substrates at methane seeps and mineral-rich hardgrounds across 

environmental gradients, including low oxygen and depth, as well as substrate type. They highlight 

that environmental conditions influence these communities including their responses to physical 

disturbances and to changes in environmental conditions. For example, low oxygen conditions 

within the oxygen minimum zone limit the recovery and resilience of seep animals, and changes 
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in seepage activity affect the microbial community that provides food and habitat for the 

macrofaunal community. Methane seeps and mineral-rich hardgrounds provide many ecosystems 

services but are threatened by bottom trawling, oil and gas extraction, deep-seabed mining, ocean 

deoxygenation, and ocean warming (Ramirez-Llodra et al. 2011, Thurber et al. 2014, Levin et al. 

2016, Schmidtko et al. 2017, Turner et al. 2019, Armstrong et al. 2022, Le et al. 2022). The 

findings of Chapter 2-4 provide insights for future seafloor management and conservation efforts. 

Stewardship efforts will likely have a higher potential for success with increased public 

support. By incorporating an interdisciplinary approach and conducting an economic valuation 

study, Chapter 5 (Pereira et al. 2024b) demonstrates that deep-sea management efforts should 

incorporate people’s preferences in order to be well-received by the public. People are willing to 

pay for protection of methane seeps and, most importantly, seem to have an affection and concern 

about deep-sea ecosystems that becomes stronger when there is more knowledge of these 

ecosystems. For example, endemic species were most valued by Costa Ricans, even above 

fisheries and climate services. This highlights the importance of biodiversity research.  

 There has been an increase in science communication efforts by the deep-sea science 

community, encouraging people to create a connection to the deep sea (Jamieson et al. 2020, 

Jamieson et al. 2022). However, from my personal experience as a science communicator, I see 

that while the deep sea is reaching more people, the perception that the deep sea is stable rather 

than dynamic still lingers. Studies like Chapter 2-4 of this dissertation and other recent studies 

(Alfaro-Lucas et al. 2020, Stratmann et al. 2021, Corrêa et al. 2022, Rybakova et al. 2022, 

Seabrook et al. 2024, among others) show the opposite. We need to constantly communicate the 

significance of these new findings to the public. 
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