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Deepwater Horizon Mesophotic and Deep Benthic Communities Restoration 
This report is part of the NOAA Mesophotic and Deep Benthic Communities (MDBC) Series of 
publications that share the results of work conducted by the Deepwater Horizon MDBC restoration 
projects.    
  
The 2010 Deepwater Horizon oil spill was an unprecedented event. Approximately 3.2 million 
barrels of oil were released into the deep ocean over nearly three months. The plume of oil moved 
throughout the water column, formed surface slicks that cumulatively covered an area the size of 
Virginia, and washed oil onto at least 1,300 miles of shoreline habitats. More than 770 square miles 
(2,000 square kilometers) of deep benthic habitat surrounding the Deepwater Horizon wellhead 
and 4-square miles of the Pinnacles mesophotic reef complex, located at the edge of the continental 
shelf, were injured by the oil spill.   
  
Under the Oil Pollution Act, state and federal natural resource trustees conducted a Natural 
Resource Damage Assessment (NRDA). The Trustees assessed damages, quantifying the 
unprecedented injuries to natural resources and lost services. They also developed a programmatic 
restoration plan to restore injured resources and compensate the public for lost services.   
  
In April 2016, a settlement was finalized that included up to $8.8 billion in funding for the 
Deepwater Horizon Trustees to restore the natural resource injuries caused by the oil spill as 
described in their programmatic restoration plan, Final Programmatic Damage Assessment and 
Restoration Plan and Final Programmatic Environmental Impact Statement. The Deepwater 
Horizon Open Ocean Trustee Implementation Group is responsible for restoring natural resources 
and their services within the Open Ocean Restoration Area that were injured by the oil spill. The 
Open Ocean Trustees include NOAA, U.S. Department of the Interior, U.S. Environmental Protection 
Agency, and U.S. Department of Agriculture.  
   
In 2019, the Open Ocean Trustee Implementation Group committed more than $126 million to 
implement four restoration projects to address the injury to MDBC. The MDBC projects are: 
Mapping, Ground-truthing, and Predictive Habitat Modeling; Habitat Assessment and Evaluation; 
Coral Propagation Technique Development; and Active Management and Protection. NOAA and 
Department of the Interior are implementing the projects, in cooperation with a range of partners, 
over eight years.   
   
Together, the projects take a phased approach to meet the challenges involved in restoring deep-
sea habitats. Challenges to restoration include a limited scientific understanding of these 
communities, limited experience with restoration at the depths at which these communities occur, 
and remote locations that limit accessibility.   
   
More information about Deepwater Horizon restoration and the MDBC restoration projects is 
available at: www.gulfspillrestoration.noaa.gov.   
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Executive Summary 
Two workshops with subject matter experts in the appropriate fields, were held in November and 
December 2021 to elicit guidance and feedback from the broader mesophotic and deep benthic 
scientific community.  These workshops focused on best practices/approaches and identifying data 
gaps relative to habitat assessment and evaluation goals of the Mesophotic and Deep Benthic 
Community (MDBC) restoration portfolio.  The first workshop was a combined effort of the Habitat 
Assessment and Evaluation (HAE) Project Team and the Deepwater Horizon (DWH) Program. 
Industrial Economics, Inc. (IEc) provided extensive workshop planning, organizing, execution, and 
facilitation support during all stages of the workshop. Based on a questionnaire sent to scientists in 
August, 2021, the workshop focused on fish and mobile invertebrate habitat associations, abundance 
trends, community metrics, and food web functionality. Topical presentations and discussions 
focused not only on demersal fish and mobile invertebrates that are directly associated with 
mesophotic and deep benthic habitats, but also considered water column species and communities 
that benefit from these habitats more broadly. The second workshop, intended to complement the 
first workshop, focused on identifying best practices and critical information gaps for key community 
metrics, larval dispersal modeling, connectivity, effects and variability of environmental parameters, 
and recovery trajectories of corals, infauna, and other sessile invertebrates.  Through literature 
review, internal HAE scientists considered these topics to be critical for restoration success. Products 
from the literature review included topical summaries (see Appendix B) that summarized the current 
state-of-the-science and provided the framework for the workshop.  Information generated from the 
workshops will assist the MDBC HAE Project, and more broadly the DWH Program, identify data gaps 
and develop a suite of best practices for restoration activities.  
 



1 

1. Introduction
1.1. Deepwater Horizon Oil Spill 
On April 20, 2010, the Deepwater Horizon (DWH) mobile drilling unit exploded, resulting in a massive 
release of oil from the BP Exploration and Production Inc. (BP) Macondo well, causing loss of life and 
extensive natural resource injuries in the Gulf of Mexico (GOM). Oil spread from the deep ocean to the 
surface and nearshore environment from Texas to Florida. Extensive response actions were 
undertaken to try to reduce harm to people and the environment. However, many of these response 
actions had collateral impacts on the environment and on natural resource services. The DWH 
Trustees documented a footprint of over 770 square mi (2,000 square km) of injury to deep-sea 
benthic habitat surrounding the wellhead and extending up the continental slope (depths greater 
than 1,000 ft [300 m]), within zones of varying impact (DWH NRDA Trustees, 2016). 

Mesophotic and deep benthic communities (MDBC) are largely composed of corals, sponges, infauna, 
fish and mobile invertebrates, and are distributed across hard and soft bottom habitats deeper than 
50 m. MDBC are vast and complex ecosystems on the ocean floor that are a foundation of GOM food 
webs, as well as provide: food, refuge and reproductive opportunities for multiple species of fish and 
invertebrates, critical for successful fisheries. Additionally, a multitude of organisms from all levels of 
the food chain, from bacteria to large predatory fishes, inhabit the GOM water column for portions or 
the entirety of their life cycle. 

As described in the Final Deepwater Horizon Programmatic Damage Assessment and Restoration 
Plan/Programmatic Environmental Impact Statement (DWH PDARP/PEIS), the full extent of injuries 
to MDBC as well as to fishes and water-column invertebrates (FWCI) from the DWH oil spill remains 
unknown. Attempts were made to quantify injuries to fishes and invertebrates inhabiting the water 
column, but these efforts were hampered by availability of information to identify pre-DWH baseline 
conditions and a limited understanding of compounded injuries associated with loss of mesophotic 
and deep-water habitats. Only small fractions of the mesophotic and deep-water habitats in this 
region of the GOM have been previously surveyed, and the current distributions of MDBC in the 
impacted area has not been determined. These knowledge gaps regarding MDBC distribution and 
connectedness to FWCI create a significant challenge for restoring both MDBC and FWCI communities 
and achieving restoration goals prescribed by the DWH PDARP/PEIS. The DWH PDARP/PEIS 
identified MDBC and FWCI as two Restoration Types to help guide restoration planning, project 
selection, and evaluation of the impacts of restoration activities at both project-specific and cross-
project and cross-resource, ecosystem scales. (DWH NRDA Trustees, 2016) 

1.2. Deepwater Horizon Restoration Plan 
1.2.1. MDBC Restoration 
The Habitat Assessment and Evaluation (HAE) Project is one of four projects selected by the Open 
Ocean Trustee Implementation Group in the Open Ocean Trustee Implementation Group Final 
Restoration Plan 2/ Environmental Assessment: Fish, Sea Turtles, Marine Mammals, and Mesophotic 
and Deep Benthic Communities to restore mesophotic and deep-water natural resources injured by 
the 2010 Deepwater Horizon oil spill in the Gulf of Mexico. In 2016, the Deepwater Horizon Natural 

https://www.gulfspillrestoration.noaa.gov/restoration-areas/open-ocean
https://www.gulfspillrestoration.noaa.gov/restoration-areas/open-ocean
https://www.gulfspillrestoration.noaa.gov/restoration-areas/open-ocean
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Resource Trustees reached a settlement resulting from the Natural Resource Damage Assessment 
process to resolve BP liability for natural resource injuries caused by the Deepwater Horizon oil spill 
in the Gulf of Mexico. Part of the settlement requires BP to pay up to $8.8 billion dollars to federal and 
state trustees for the purposes of restoring natural resources that were injured by the spill, as well as 
the services they provided. The DWH Open Ocean Trustee Implementation Group includes the four 
federal Trustee agencies: National Oceanic and Atmospheric Administration (NOAA); U.S. Department 
of the Interior (DOI); U.S. Department of Agriculture (USDA); and U.S. Environmental Protection 
Agency (EPA). The trustees work together to plan and conduct restoration for habitats and species 
injured by the oil spill, including wide-ranging and migratory species. 

The PDARP/PEIS identifies goals for each Restoration Type. These Restoration Type-specific goals 
help to guide restoration planning and project selection. In addition, the PDARP/PEIS identifies 
restoration approaches that describe options for implementation and in some cases, techniques and 
methods. In accordance with the ecosystem approach to DWH restoration, the PDARP/PEIS 
recognized that the portfolio of approaches to restore for FWCI would consist of a three-fold 
approach. Two of these approaches recognize increases in fish and invertebrate productivity that 
could be achieved via habitat restoration in 1) coastal and nearshore habitats and 2) offshore 
habitats. These offshore habitats specifically refer to restoration activities undertaken by the MDBC 
Restoration Type.  Additionally, fish and invertebrate restoration would be achieved by reductions in 
FWCI mortality by addressing known sources of mortality to fish and invertebrates, such as bycatch 
reduction and fisheries interactions. 

The Open Ocean Restoration Plan 2 considered the following restoration approaches in development 
of a reasonable range of restoration alternatives: 

Fish and Mobile Invertebrates 
Reduce impacts of ghost fishing through gear conversion and/or removal of derelict fishing gear to 
reduce impacts of ghost fishing; incentivize Gulf of Mexico commercial shrimp fishers to increase gear 
selectivity and environmental stewardship; voluntary fisheries-related actions to increase fish 
biomass; and reduce post-release mortality of red snapper and other reef fishes in the Gulf of Mexico 
recreational fishery using fish descender devices.  

Sessile Invertebrates and Infauna 
Place hard ground substrate and transplant coral; and protect and manage MDBC. In addition, the 
PDARP/PEIS identifies the need for robust resource-level monitoring and adaptive management to 
address critical uncertainties, such as deep-water and mesophotic community characteristics, food 
web dynamics, and habitat distribution. 

about:blank
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2. Fish and Mobile Invertebrates Workshop:
Conceptual models

The full topical summaries from which the following presentations were derived, can be found in 
Appendix B. 

2.1. Summary of Presentation 
A series of conceptual models had been previously developed as an initial step for planning 
assessment of habitat service benefit flows to fishes and mobile invertebrates associated with MDBC 
restoration activities. The intermediate levels of these conceptual models highlight the pathways and 
mechanisms of habitat benefits to fishes and mobile invertebrates that could be realized from 
implementation of ongoing MDBC projects as well as future MDBC associated restoration activities 
(Figure 1). Models are also intended to identify key data gaps and practices for monitoring activities 
that could quantify habitat benefits as well as indicate key, representative species that would be 
practical for assessing habitat restoration. 

Figure 1. Conceptual model presented to the participants in the fish and mobile invertebrates workshop showing 
potential beneficial pathways toward restoration and the point in the pathway for key questions.  
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2.2. Key Points from Group Discussion 

Participants were presented with a draft version of these conceptual models and were asked to 
provide input regarding the completeness of benefit flow pathways, including oversights regarding 
mechanistic benefits, and also to comment on what sort of assumptions could be identified as crucial 
underpinnings the conceptual models rely upon.  Key suggestions and summaries of the feedback are 
provided below: 

• Representation of synergistic effects from food webs and interactions between species could 
be better highlighted. There should also be a recognition that some populations of a particular 
species would benefit from restoration while others may not.

• It was suggested that the models should incorporate all known threats these communities 
face (e.g., energy extraction activities and infrastructure or commercial and recreational 
fishing). Cumulative threats will affect the resilience of communities and there is a need for 
more information about how rapidly evolving threats will impact these communities.

• The models could incorporate notions of population connectivity and source populations 
throughout the GOM.

• The models could explicitly incorporate connections/interactions with pelagic communities.

• It was noted that it is important to keep in mind the spatiotemporal scales of potential 
monitoring activities with respect to the short- and long-term effects of restoration.
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3. Fish and Mobile Invertebrates Workshop:
Characterize/Assess the Occurrence/
Distribution, Abundance, and Community
Metrics for Fish and Mobile Invertebrates

3.1. Summary of Presentations 
3.1.1. Keynote Presentation 
Stacey Harter (NOAA Southeast Fisheries Science Center (SEFSC)) —This topic follows a framework 
that was developed as a topical summary (See Appendix B) and presented to the workshop 
participants prior to the workshop. The summary was intended to be a draft of the state of knowledge 
regarding fish and mobile invertebrate community dynamics in mesophotic and deep-sea habitats of 
the Gulf of Mexico. 

Primary sampling approaches to examining fish and mobile invertebrate community metrics include: 
visual surveys, collection of physical samples, and fishery acoustics; each of which has their pros and 
cons for sampling effectiveness for specific taxa. Within these three broad sampling categories, a 
number of specific methods or gears have been used, which add another layer for considering 
selectivity and biases.  Consensus in the literature is to conduct stratified random sampling within 
habitat types for demersal and pelagic fish surveys, however, mobile invertebrate surveys have 
typically been opportunistic in the past. 

Key metrics for examining fish and mobile invertebrate communities include: abundance, density 
(#/unit area) species composition, species richness, and diversity. A common method for estimating 
abundances and densities from visual methods is to estimate MaxN, which is the maximum number of 
individuals of each species observed in a single video frame of a transect. This prevents 
overestimating a species' abundance. Maintaining a constant camera tilt, viewing angle, and height 
above the seafloor with Remotely Operated Vehicles (ROVs) and Human Operated Vehicles (HOVs) 
allows the visual field of view to be calculated to most efficiently estimate densities. Relative 
abundances have also commonly been estimated from digital still images taken at regular intervals. 
eDNA is an emerging method that may improve taxonomic identification for mesopelagic fish in the 
future. Biomass can be estimated by converting fish lengths measured by stereo lasers or stereo 
cameras to weights using known length-weight relationships. Selecting representative species 
indicative of community and ecosystem health can be challenging; common approaches focus on 
indicator species, dominant species, managed species, and/or commercially or recreationally 
important fishery species, depending on the stated assessment need.  While broader understanding of 
MDBC distribution is needed, spatial prioritization is anticipated in order to more deeply understand 
species and community habitat associations. Prioritized sites may include DWH impacted sites and 
soft bottom habitats near the DWH well head, along with reference sites, such as Flower Garden 
Banks, the West Florida Shelf (e.g., Madison-Swanson Marine Protected Area (MPA), Steamboat 
Lumps MPA, Twin Ridges, Edges MPA), the Pinnacles (e.g., Roughtongue Reef, Alabama Alps), Viosca 
Knoll, DeSoto Canyon, Mississippi Canyon.  
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Even though our knowledge of community emergent properties continues to increase, there are still 
major gaps that exist that we need to address and prioritize to effectively protect and restore these 
habitats and species. Data presently available for most of the deep Gulf fauna are incomplete and 
interspersed throughout a variety of habitat assessment studies. We know of only a single survey of 
ROV transects that specifically examined deep-living, mobile megafauna following the DWH oil spill. 
The need for accurate species identifications, and of cryptic diversity, is critical because basic natural 
history information depends on accurate specimen identification. Another major data gap, perhaps 
the largest and most important, is the lack of quantitative pre-spill data representative of baseline 
conditions. A basic step towards restoration and management of the deep Gulf requires an accurate, 
comprehensive, and quantitative list of species in the area. Additionally, understanding movement 
patterns of both fishes and mobile invertebrates is critical to determine patterns of habitat utilization 
and connectivity, both before and after environmental disasters. Finally, better spatial and temporal 
coverage is needed to establish long-term trends and understand spatiotemporal variability, namely, 
how these organisms respond and adapt to environmental change and sudden perturbations.  
 

3.1.2. Smithsonian’s Deep Reef Observation Project 2011–2019. Discovery and 
Depth Distribution of Deep Reef Fishes: 40–300 m in the Caribbean 

Ross Robertson (Smithsonian Tropical Research Institute)—This research focuses on determining 
the abundance, distribution, diversity, and assemblage structure of Caribbean fishes that utilize 
altiphotic, mesophotic, and rariphotic reefs. These investigations used manned submersibles to inject 
quinaldine to collect fishes. They found there are two depths at which the abundance and 
composition of species changes on Caribbean reefs, 40 and 130 m. Manned submersibles have been 
useful for discovering a large number of new fish species, including both deep-living crypto-and non-
cryptobenthic species in the Caribbean. 
 

3.1.3. Assessing Patterns and Connectivity of Nekton within Deep Habitats 
Kevin Boswell (Florida International University)—This study focused on the use of active acoustics 
and their applications for investigating nekton abundance, distribution, and behavior. The research 
team has been working to characterize the epi- and mesopelagic habitat of the open Gulf since the 
DWH oil spill. They use acoustics to characterize patterns and processes in the water column and on 
the seabed. This is an effective method because it is non-invasive, requires relatively low sampling 
effort, and quantifies organism distributions over broad spatial and temporal scales at high 
resolution. However, acoustic data are challenging to interpret in biologically diverse habitats (such 
as the Gulf) and thus require independent data (primarily net sampling) to identify the faunal 
composition of backscatter signatures. Boswell and colleagues are working to understand species-
specific acoustic patterns using computed tomography, as different organisms have different 
backscatters. Acoustics are particularly useful to track diel migrations of organisms, and when these 
data are converted into biomass, estimates of carbon flux can be generated. Recent studies (e.g., 
Milligan et al. 2018) have demonstrated a high degree of epi- and mesopelagic connectivity to benthic 
habitats mediated by diel vertical migration near deep-benthic habitats in the northern Gulf. 
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3.1.4. Habitat Assessment and Evaluation: Characterize Habitat for Fishes and 
Mobile Invertebrates in the Gulf of Mexico 

Amy Baco-Taylor (Florida State University) —When assessing fishes and mobile invertebrates, you 
must consider scales of variability with depth, environmental factors, replication and statistical 
power, and the need for baseline surveys to develop standardized methods. The presented research 
surveyed large areas of unexplored seamounts to characterize communities and identify areas for 
targeted sampling to understand baseline conditions and the impacts and recovery of trawling on 
seamount benthic invertebrate megafauna. The approach taken was to first conduct multibeam 
surveys to identify large areas of hard substrate and steep topography, then conduct autonomous 
underwater vehicle (AUV) surveys over large areas to get a coarse-scale idea of fauna and locate 
corals for sampling. Replicate 1-km transects were run at 50-m depth intervals from 200‒700 m. 
Statistical power was considered and a balanced sampling design was used. Lastly, the team used an 
HOV or ROV for finer-scale surveys and sampling. They found overall abundance of total invertebrate 
megafauna and corals was higher on recovering sites compared to trawled sites. Invertebrate 
diversity varied both by depth and side of seamount. Environmental variables were also considered 
given their correlation with community structure. 
 
Best practices that may be applicable to MDBC work include: 1) conducting standardized, replicated 
surveys of target areas, 2) conducting a community review of scales of variability observed in the Gulf 
of Mexico by depth and horizontal distance, and 3) conducting initial surveys to optimize scales and 
refine approaches. Proposed logistics for habitat characterization include the following process: 1) 
start with mapping from ships or AUVs, 2) data processing to highlight areas of interest, 3) AUV 
imaging that is standardized, systematic and with replication, 4) automated image processing for 
substrate and fauna, 5) use ROVs or HOVs for finer-scale imagery and sampling, and 6) thorough 
post-cruise processing including image analyses, specimen identifications, genetics, data compilation, 
and data analyses that lead to publication of the results. Tools such as eDNA fit throughout this 
process as do outreach efforts. 
 

3.2. Key Points from Group Discussion  
Participants were divided into four smaller groups to promote active discussion about fish and 
mobile invertebrate community dynamics. The groups were presented with a set of pre-developed 
questions. The questions and summaries of the feedback are provided below.  
 
Question 1: Where do the biggest data and knowledge gaps lie in terms of assessing 
community metrics of fish and mobile invertebrates? 

• Fundamental units of biodiversity, distribution, occurrence, density estimates, productivity 
and associated parameters, production rates, generation times, bioenergetics, food webs, and 
feeding rates are largely unknown 

• Better, unbiased understanding of diet information is needed; improve spatial (across Gulf 
and with depth) and habitat-specific (pelagic versus demersal) information  

• Ontogenetic changes in habitat associations for deep species; especially for crustaceans. 

• The DWH oil spill demonstrated a lack of baseline information; need a monitoring time series 
to improve ecosystem modeling beginning with detailed monitoring at a few sites 
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• Improved habitat mapping (e.g., hard and soft bottom communities, large topographic
features, etc.)

• Improved understanding of genetic and trophodynamic connectivity is needed.
• Mobile invertebrate data have been collected opportunistically in the past so more targeted

information on deep-sea invertebrates, especially crustaceans and bottom habitats is needed.

• Physical characterization is needed (currents, sedimentation, etc.)
• Currently more knowledge about dominant species relative to cryptic species

• Rates of foraging, production, and reproduction are unknown for most taxa

• Need understanding of natural spatiotemporal variability to manage expectations of bringing
communities back to their ecosystem function which is the goal of restoration.

• Need more comprehensive and systematic data collection and analysis data instead of
isolated investigations

• Gaps may be filled with existing data that has not been analyzed or incorporated

Question 2: Are there any sampling gears not mentioned in the presentations that would be 
useful for characterizing the distribution and abundance, density, and/or species diversity for 
fish and mobile invertebrates? 

• Drones

• Tucker Trawling
• Multiple Opening/Closing Net and Environmental Sensing System (MOCNESS)

• Landers instrumented with various sensors and equipment (e.g. cameras, acoustic sounders,
etc.) and deployed to capture seasonal/annual variability

• Baited traps with cameras, particularly stereo cameras to measure size, which can later be
converted to biomass.

• Seabed vehicles

• Autonomous reef monitoring structures (ARMS)

• Diel cycle sampling to understand changes in habitat use/behavior.
• Autonomous drifters that can change their buoyancy; their passive nature allows them to get

very close to organisms without disturbing them (e.g., National Geographic’s Driftcam)

• Saturation divers can help survey the mesophotic zone
• Passive acoustic gears

• eDNA
• Benthic sled for epibenthic invertebrates (Rowe and Kennicutt, 2009)

• Deep bottom trawling

Question 3: Which methods/sampling gears are prioritized for assessing abundance and/or 
species diversity of MDBC fish and mobile invertebrates?  

• AUVs can cover large areas and be used to search for target sites for finer scale studies
• Stereo surveys with dual laser system to give size measurements
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• Consider sampling approaches to accommodate models; important to have environmental
data coupled with biological data

• Need good cameras and good lighting in order to collect data and not harm organisms;
• Measuring light levels is an important parameter that is often not considered

• Conduct studies of living organisms under red light to prevent damage to their eyes

• Camera mosaics to produce high resolution habitat map of key sites

Question 4: Do you agree with a stratified random sampling design? If so, what is the best 
method for sampling (e.g., running transects) within habitats (e.g., benthos structured, 
benthos unstructured, water column)? 

• Generalized Random-Tessellation Stratified design produces a probability sample with
design-based variance estimators. It provides a spatially balanced, random sample, allows for
unequal probability sampling, and can provide an over-sample of sample sites to
accommodate field implementation issues.

• Stratification of sampling by depth and substrate (hard and soft bottom)

• Important to capture spatiotemporal variability in the sampling design
• Important to conduct day and night time sampling to capture diel variability

• May be difficult to employ a stratified random sampling design as much of the northern GOM
has not been explored

• Fixed sites to provide a temporal link

• Robustness of statistical designs allows for stratified designs to not be completely random
• Given the dynamic nature of the water column, mesoscale oceanographic features are the

more important spatial feature rather than geographic position per se.

Question 5: How do you suggest we narrow down our list of representative species to focus 
on? Which species are suited given the previously discussed ‘prioritized sampling 
approaches’? 

• If we do choose representative species, they should be easy to sample/catch

• Focus on characterizing and assessing communities and environmental indicators rather than
representative or indicator species

• Sampling across ecological niches and trophic levels

• Focus on commercially or recreationally important species.
• A species approach would be a good starting point, though it would be beneficial to look for

ecological indicators, chemical and physical indicators, and ecosystem services indicators as
well. Focusing on individual species/population comes at the expense of those other factors

• There is a desire to select species we think will be restored by certain types of restoration and
desire to see what types of benefits are yielded to those species
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Question 6: Are there any locations that stand out to you as key sites (injured or reference) to 
focus on? 

• DeSoto Canyon is a key location for deep to shallow transects 
• Characterize more areas versus finer scale characterization of few for broader-scale questions 

• Continue to monitor DWH injured and reference sites 

• Flower Garden Banks (no new fishing, range of habitats, pre-spill baseline data) 
• Consider gradient in habitats and associated communities  

• Sentinel sites could be established as a result of this work 
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4. Fish and Mobile Invertebrates Workshop: 
Characterize Fish and Macroinvertebrate 
Population Dynamics and Identify Key Taxa 

4.1. Summary of Presentations 
4.1.1. Keynote Presentation 
Randy Clark (NOAA National Centers for Coastal Ocean Science [NCCOS]) —This workshop topic 
expands on the previous topic (sampling approaches for population and community metrics) by 
focusing on the state of knowledge for fish and macroinvertebrate population dynamics, such as age 
and growth, reproduction, trophodynamics, connectivity etc. This topic follows a framework that was 
developed as a topical summary (See Appendix B) and presented to the workshop participants prior to 
the workshop. The summary was intended to be a draft of the state of knowledge regarding fish and 
mobile invertebrate population dynamics in mesophotic and deep-sea habitats of the Gulf of Mexico. 
 
In general, information about population dynamics is better known in shallower mesophotic habitats 
compared to the deep sea. However, there are significant gaps of information across both depth strata 
that would not necessarily preclude one having more priority than the other. However, when 
considering taxa, knowledge of macroinvertebrate life history and population dynamics is 
significantly depauperate compared to fishes. 
 
Participants agreed that basic census information is needed for all taxa across the mesophotic and 
deep sea, including species associations with habitat and how habitat use may change over time 
(ontogenetic). See Topic 2 summary for best practices for census approaches. 
 
Key environmental factors that influence habitat use and community structure include water 
temperature, salinity, dissolved oxygen, bottom composition and complexity, depth, light levels. 
currents and presence of biogenic structure. Additionally, some key oceanographic features, such as 
the Loop Current and associated eddies and the hydrodynamics of the Mississippi River may 
influence species abundance and distribution. There is a need to better understand environmental 
variability at the site level and compare with broader oceanographic information. 
 
Information is needed in nearly all aspects of population dynamics in order to better understand the 
function and connectivity of these habitats. Additionally, sampling these taxa is difficult, especially in 
the deep sea. It is possible that samples and other data sets already exist so these need to be 
identified and leveraged with planned field work.  
 
Reproduction of organisms at mesophotic and deep ocean depths is poorly known, especially for 
macroinvertebrates. Some mesophotic fish species are aggregate spawners but aggregation sites are 
not well described. Deep-water fish reproductive strategies are poorly understood and some 
examples of unique strategies exist. Larval forms and duration are also poorly known.  
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4.1.2. Mobile Invertebrate Information Plagued by Data Gaps 
Martha Nizinski (NOAA NMFS National Systematics Lab) —Mobile invertebrates are a major 
component of the GOM ecosystem, and are vital to improving our understanding of the system’s 
function. Despite their ecological significance, mobile invertebrates in the mesophotic and deep areas 
of the GOM are severely understudied. For example, there have not been systematic surveys 
conducted to target mobile invertebrates in the GOM. Biodiversity of mobile invertebrate populations 
are not fully documented for the GOM as well, therefore, limited to no information is available for 
basic life history attributes. Mobile invertebrate larvae are difficult to sample and describe, which 
makes their life cycles, larval dispersal and reproductive methods poorly documented and a data gap. 
Lastly, their trophic dynamics in the GOM system, mesophotic or deep, are also poorly understood.  
 

4.1.3. Population Dynamics and Connectivity of Demersal Fishes 
Andrea Quattrini (Smithsonian) —Although fishes are more frequently targeted for research or 
scientific investigations, there are still many gaps of information for mesophotic and deep-water 
species. We are still discovering new species and expanding our knowledge of species ranges. There 
is a need to know more about fish reproduction, fecundity and larval duration and match larval forms 
to adults. There is some existing information, but it is very limited.  
 
More emphasis should be placed on realized connectivity or the “ground-truthing” of potential 
connectivity by evaluating and measuring settlement and recruitment. Data gaps could be addressed 
by leveraging existing datasets, engaging other resources, such as fishermen, and focusing on 
molecular studies by generating more DNA barcoding and eDNA collections. 
 

4.1.4. Northern Gulf of Mexico Mesophotic and Deep Reef Fish Population Dynamics 
Will Patterson (University of Florida) —Our understanding of fish population dynamics is greater for 
fisheries species compared to non-fishery species. More information has been collected on 
mesophotic taxa as compared to deep-water taxa. There are many gaps in our understanding of 
population dynamics but many parameters rely on accurate aging. Currently, there is significant aging 
error resulting in imprecision and poor data accuracy. New techniques are at our disposal to help 
correct for these errors in aging inaccuracies. An example is bomb radiocarbon chronometers, which 
are used extensively around the globe to validate the aging of otoliths in mesophotic fishes. For deep-
water fishes, eye lenses can be used, a technique that focuses on birth-year carbon signatures found 
in the eye lens. Epigenetic techniques are also being developed where DNA methylation is evaluated 
to estimate age for these deep-water fishes. 
 

4.1.5. Monitoring Impacts of the DWH Oil Spill on Deep-Sea Mobile Invertebrates 
Craig McClain (Louisiana State University) —Monitoring of mobile invertebrates in and around the 
DWH oil spill site was conducted in 2010 and 2017 using ROV transects in a radial survey design to 
measure species abundance and diversity. Four reference sites were selected as comparisons to the 
impacted areas surveyed. Diversity metrics showed no difference between these reference sites and 
2017 sites. Diversity was lowest at 2010 sites impacted by the spill, with several sites having little or 
no megafauna. Faunal assemblages of 2010 sites impacted by the spill, sites near the spill surveyed in 
2017, and unimpacted sites were found to be different. Long-term monitoring should be a goal for 
many aspects of this restoration effort. Feedback for monitoring these sites include spatially 
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independent transects with standardized transect length, transect width, ROV height off bottom, etc. 
Ad hoc activity during submersible vehicle transects (stopping to collect samples, deviations to 
observe phenomena) creates challenges for statistical analysis. It would be ideal to collect all axes of 
diversity including alpha and beta diversity. 
 

4.2. Key Points from Group Discussion 
Question 1: What input can be given for study design and/or approaches for fish and mobile 
invertebrate larval recruitment and connectivity (potential and realized) in mesophotic and 
deep-sea communities? 

Best Practices 
• Methods and gear types should be appropriate for specific pelagic or benthic communities 
• Stratified sampling across range of distribution and consider biogeography 

• Sampling can be paired with modeling (hydrodynamic and biophysical), larval aging, and 
genomics (e.g., microsatellites) to address population connectivity among locations and 
identify sources; but considering movement of older life stages and genetic mixing 

• Otolith microchemistry as a means to identify sources and movement among 
habitats/locations 

• Include horizontal and vertical aspects of community structure over different time scales 

• Chevron traps can efficiently collect large fish or invertebrates while sediment traps are 
better for smaller individuals 

• ARMS may capture early life stages (not fishes, and maybe not mobile invertebrates) 

• Diel movements should be factored into the timing of sampling and sensing 
• Stable isotopes can be used to trace connectivity in food webs 

• Use fishermen to help collect certain fish for connectivity studies 

Gaps 
• Larval descriptions and duration for numerous fishes and invertebrates 

• Larval survivorship, longevity, and distribution (e.g., surface vs. at depth) 
• Desire to know spawning sites to better inform larval transport modeling for connectivity 

studies 
• Sampling of sufficient temporal (e.g., diel, seasonal) and spatial resolution 

 
Question 2: Have nursery habitats been identified in mesophotic and/or deep environments? 
What habitat characteristics make them a nursery habitat? 
Definition: Analogous to the framework developed for coastal settings, a nursery habitat enhances 
larval/juvenile fish or invertebrate density, growth, and/or survivorship that leads to enhanced 
recruitment to the adult population leading to enhanced population growth and/or growth (Beck et al. 
2001, Dahlgren et al. 2006, Fodire et al. 2009). Ideally, this would include considerations of habitat 
mosaics and the utilization of multiple habitats within and among life stages as well as differences in food 
webs among habitats (Sheaves 2009, Bostrom et al. 2011, Litvin et al. 2018, Nagelkerken et al. 2015). 

• Nursery habitat may not be universal, could be species-specific 
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• Identify known nursery habitat such as Lophelia communities; head of Mississippi Canyon;
Shark/ray egg casings have been found in Atlantic Lophelia; Catshark casings in GOM
Callogorgia

• Vertical structure of corals are potential nursery habitats, artificial structures also

• Exposed ridges with current flow to provide oxygen and food support good nursery habitats

• Most grouper and some snapper species have known nursery habitats, inshore reefs or
seagrass beds

• Sargassum may be an overlooked nursery habitat
• Shallow low relief hardbottom in the western GOM provide nursery areas for many species

such as red snapper

• Determining fish spawning aggregation sites could be more fruitful than targeting juveniles

Best Practices 
• Acoustic tagging techniques - have been done with Blackbelly rosefish
• Potential nursery sites could be confirmed with well-placed video landers

• Species-specific approach to nursery habitat rather than habitat classification - different
habitats are nursery for different species

• Cross-habitat transects that identify differences between potential nursery habitat and
adjacent habitats that do not contribute in the same way

Gaps 
• Data gap increases with depth - relatively less known of deep-water nursery

habitats/functions
• Spawning aggregation sites

• Little known about invertebrate nurseries

• Origins of larvae distribution for most taxa
• Identification of nursery habitat(s) in deep water is unknown compared to those for

nearshore habitats.

Question 3: What gaps exist for characterizing the environmental/oceanographic conditions 
(e.g., Mississippi River plume, gyres/eddies) at injured/reference sites? How do these 
conditions affect larval connectivity, trophodynamics, partitioning of the GOM into eastern 
and western communities? 

Best Practices 
• Oil platforms could assist with current velocity and direction data (GOM Coastal Ocean

Observing System)
• Check GOM Research Initiative/GOM Research Initiative Information & Data Cooperative for

physical oceanography data

• Develop a strategy for benthic landers to fill spatial and temporal gaps
• Obtain industry data in collaboration with Bureau of Ocean Energy Management (BOEM)

Gaps 
• Impact of predation on larvae
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• Disconnect between coastal water quality and broader hydrodynamic/particle movement 
beyond nearshore modeling 

• Need to know more about plumes/freshwater inputs as natural barriers to connectivity 
• Site-level oceanographic info including temporal and spatial variability 

• Freshwater plumes and their impact to genetic connectivity 
 
Question 4: What are some approaches to better characterize food webs for deep-sea and 
mesophotic communities? Where do the biggest knowledge and/or data gaps exist? 

Best Practices 
• DNA barcoding of gut contents 
• Tissue-specific stable isotope analysis; compound-specific stable isotope analysis to account 

for differing nitrogen sources (e.g., fixation) in offshore 
• Comprehensive diet information of fishes and invertebrates 

• Focus on indicator species across different habitat types 

• eDNA 
• Ecosystem modeling to demonstrate the marginal value of habitat and how value affects 

carrying capacity 

Gaps  
• Food webs poorly known in the deep sea 

• Relative contributions of differing prey species 
• Information on fishes/invertebrates that feed on coral 

• Understanding habitat utilization 

• Extent of prey substitution under different conditions 
 
Question 5: How do you suggest we narrow down our list of representative species to focus on 
for population dynamics, connectivity, and trophodynamics? What sampling gears are best 
suited to capture fishes at depth and to maintain integrity for related studies (e.g., gut 
contents, aging studies)? 

Best Practices 
• Develop indicators by community composition for various habitat types 

• Avoid cryptic species complexes 
• Diversity can be a measure of resilience and provide broader community understanding but 

with caveat that diversity indices are effort dependent 

• Can use representative species/subgroups to characterize a broader community/group with 
similar requirements 

• Advocate for specific criteria for selection, e.g., bathypelagic and bathydemersal as categories 
• Numerical/biomass abundance as a consideration 

• Select species across trophic levels and habitats 

• Potential representative taxa: 
o Corallivores (sea stars) 
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o Deepwater scavengers (Rattails - with proviso that taxonomy is complex and will 
require specialists) 

o Important mesophotic planktivores that serve as forage fish for snappers & groupers 
(Roughtongue Bass) 

• Ophiuroids that may influence the health of corals 
• Use existing pre-spill data for indicator or representative species of mesophotic demersal fish; 

commercial fish species in water column, and deep benthos 

Sampling Gears 
• Tucker trawls (complementary to MOCNESS) for capturing zooplankton 

• Stereo cameras are good to derive minimum length estimates 
• Tagging fish (acoustic, pop-up satellite archival tag, other types) 

• Multi-gear approach adapted to data needed (e.g., multiple life stages) or habitat type 

• Longlines have been used to assess fish communities  
• Baited traps/ Baited Remote Underwater Videos and benthic trawls are helpful for capturing 

mobile benthic organisms. 

Gaps 
• Fish and invertebrate census information 

• Fish and invertebrate size frequency information 
 
Question 6: What gaps remain for assessing the impacts of invasive species on food webs 
(including recovery)? Do we have a good idea of the main taxa (Lionfish for one; are there 
others)? 

• Two known invasive fish species  
o Lionfish 
o Regal damselfish 

Gaps  
• Unclear species niches 
• Effects of multiple stressors (e.g., oil spill, fishing, extreme events) in conjunction with 

invasives 

• Prey items of invasive species; invasives as prey to higher consumers 
• Better characterization of deep-sea faunal assemblages to recognize invasives 

• Abundance and distribution beyond mesophotic depths 
• Long-term monitoring  

• Ecosystem effects of invasives - selective in damage? Are their effects negative? 

• Less understanding about invasive mobile invertebrates - but none currently known 
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5. Fish and Mobile Invertebrates Workshop: Food 
webs/Ecosystem modeling 

5.1. Summary of Presentations 
5.1.1. Keynote Presentation 
Tracey Sutton (Nova Southeastern Univ) —There are two key questions associated with assessment 
of how restoration of habitat benefits to fishes and invertebrates: 1) will restoration lead to 
recruitment and development of associated communities? And 2) assuming the first element is 
achieved, will those fish and invertebrate communities contribute to continuity of their populations? 
If these are not achieved, then certain limitations underlining why/why not need to be investigated to 
inform future restoration efforts. Assuming restoration leads to increased availability of habitat 
space, then could limited food availability override a limitation of habitat? To understand if, and how, 
prey availability impacts meaningful contribution to populations from restored areas, there is a need 
to investigate food webs as drivers of colonization and maintenance of communities at restoration 
sites. This then begs the need for indices that can be used to identify ‘healthy’ food webs and 
ecosystems. 
 
There are a number of foundational elements that should be considered for food web investigations. 
The direct consumption of prey by fish and invertebrates can be analyzed via three primary means: 1) 
gut content analysis, 2) stable isotope analysis, and 3) genetic stomach content analysis. Gut content 
analyses can be considered as a ‘gold standard’ in that the approach yields highly resolved, quantitative 
data on the amount of prey consumed by predators. However, these investigations can be plagued by 
low sample sizes, especially when sufficient spatiotemporal resolution is not available, and requires a 
high degree of skill and expertise to identify prey taxa. Aside from the taxonomic expertise needed to 
conduct gut content analysis, the approach is relatively inexpensive. Stable isotope analysis is relatively 
easy to conduct and does not require species identification expertise; further, these studies also provide 
information on trophic level of the target species and can elucidate carbon sources and flow through a 
community. However, stable isotope analysis provides descriptive, not quantitative, information and 
isotopic signatures change with location and/or across time. Given these limitations, it is advisable to 
conduct stable isotopic studies in conjunction with gut content analysis to identify major processes and 
those species driving the processes, respectively. Lastly, genetic analysis of gut contents may 
complement the two previous approaches; this approach may be especially useful in the study of 
deeper dwelling species, whose integrity and that of its gut contents, could be compromised during 
sample retrieval. Genetic analysis may also need to be employed when the target predator consumes 
soft body or gelatinous prey that are not amenable to gut content analysis. Ultimately, the technique 
employed is dependent on the intent and needs of the question at hand. 
 
Investigations of feeding ecology need to be cognizant of feeding behavior; for example, time of day or 
other factors may influence the location where predation is occurring, and thus the gut contents 
observed, specifically in deep-water systems. Additional factors also need to be considered when 
interpreting diet studies, such as digestion time or physical processes such as tidal regimes. 
Ultimately, diet studies should strive to not only quantify the amounts of different prey, but also the 
daily feeding rate, or ration, of each predator. This information can be used to build up bioenergetics 
models and determine growth rates of predators. It is important to consider that assessment of 
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communities present during an observation event generally equates to an observation of standing 
stock after predation has occurred; it is more informative to know species’ production rates to know 
how much carbon cycling is occurring.  
 
Generally speaking, there are substantial limitations in our understanding of deep-sea food webs, as 
most studies have focused on either epipelagic or demersal species. This situation improves 
somewhat when focusing on Gulf of Mexico deep food webs, as trophic connections for dominant 
species are known; however, knowledge of rates of exchange and other quantitative estimates are 
lacking for this region. There were four questions posed as topics ripe for discussion: 

• What groups do we know the least about regarding trophic levels? 
• How can cryptobenthic fishes be used to identify healthy habitat? 

• At what depths do mesophotic food webs turn to deep demersal food webs? (e.g., 
disappearance of cruising predators in reefs below approximately 450 m)? 

• How connected are pelagic and benthic systems? How is feeding on deep scattering layer 
fauna restricted (e.g., diel cycle)?  

 
5.1.2. Measuring and Modeling Meso- to Epipelagic Coupling as Potentially 
Affected by Human Activities in the Deep Gulf of Mexico 
Steven Murawski (University of South Florida) —There is a need for greater understanding of 
epipelagic and mesopelagic coupling and modeling. For example, some predators such as lancetfish 
that exhibit reverse migrations; i.e., feeding deep during the evening and returning to shallower, 
warmer waters at night to digest their prey. This example breaks the paradigm that has evolved due 
to historical, diurnally focused prey studies. Implicit in this need is also a greater understanding of 
anthropogenic impacts on these trophic connections; there are a variety of activities that can lead to 
alteration of meso- and bathypelagic food webs, such as ultradeep petroleum exploration and 
production and/or light pollution produced by associated surface activities at night.  The latter can 
cause shifts in species distributions, such as diel migratory species concentrated around petroleum 
platforms, and shifts in food webs, such as diets of yellowfin tuna caught near petroleum platforms 
consisting of high levels of diel migrators (i.e., lanternfish, deep-water squid) when their diets 
typically consist of epipelagic species foraged during diurnal predation events. Predation interactions 
can be modeled as processes such as a non-cooperative game theory (e.g., the “Nash Equilibrium”) to 
better understand predator-prey interactions with respect to communities and species that occupy 
opposing diel behavioral cycles. While theoretical in nature, these approaches lead to deeper 
understanding of species’ distributions as forced by predator-prey interactions.  
 

5.1.3. GOM Atlantis 
Cameron Ainsworth (University of South Florida) —This was an overview of the Atlantis ecosystem 
model as developed for the Gulf of Mexico.  This ecosystem model is based on 92 species groups and 
is an end-to-end approach (i.e., integrates across the entire ecosystem, including human components) 
by representing productivity from bacteria to apex predators and is driven by physical and chemical 
conditions.  The Atlantis model is a popular approach when the ecosystem in question is driven by 
environmental and lower trophic level productivity dynamics due to its foundation in physio-
chemical forcing. The model is spatially explicit in three physical dimensions, including seven depth 
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layers and a number of irregular spatial polygons that reduce computation times for homogeneous 
regions. This flexibility allows it to incorporate species’ behavior that drives spatio-temporal 
abundance and distribution, such as diel vertical migrations.  

The Atlantis GOM model has a number of features that would make it well-suited for assessing 
restoration impacts and ecology.  The Atlantis framework incorporates a number of biogenic habitats 
(e.g., seagrass, oyster beds, macroalgae, coral) that also serve dynamic changes in response to 
environmental conditions, food web conditions, and/or gear impacts as well as three static physical 
characteristics (i.e., canyon, sand, mud).  All other functional groups are assigned habitat affinities 
within the model framework; within these preferred habitats, consumption is increased and 
mortality is reduced. Currently, biogenic habitats are being partitioned into fast- and slow-growing 
biomass pools which can be impacted by differing grazing modes and lead to representation of 
habitat organizers and keystone species (e.g., manatee effects on seagrasses). Habitat affinities are 
derived from fisheries independent data used to develop generalized additive models that control for 
other environmental conditions.  

More recent advances in the GOM Atlantis framework have focused on the incorporation of 
mesopelagic prey contributions to the diets of pelagic predators. These advances required 
incorporation of probabilistic sampling within Atlantis in order to recreate predation events.  This 
line of inquiry is focused on determining whether deeper prey species may offer a more consistent 
source of food during ‘boom-and-bust’ epipelagic forage fish cycles. This probabilistic approach uses 
‘zero’ and ‘zero-one’ inflated models so that locating a prey item is represented by a binomial process 
and capturing the prey once found is modeled by a separate process. Incorporating these 
probabilistic processes into Atlantis models generates much longer computation cycles (e.g., 72 hr.) 
but a combination of computing techniques including statistical emulators and cloud computing are 
used to minimize computation cycles. 

5.1.4. Deep Trophic Modeling 
Matt Woodstock (Florida International University) - Recent research has focused on development of 
an Ecopath model based on mesopelagic abundances and distributions to model trophic structure 
shifts inclusive of 2011 through 2018.  This work has revealed that >25% of trophic interactions have 
changed during this time period as exhibited by prey-switching by apex predators (i.e., direct top-
down interactions).  These shifts are representative of alternative trophic pathways and multiple 
paths of energy flow to a particular predator. This Ecopath framework considers detritus as a major 
energy source for bathypelagic food webs since micronekton become increasingly reliant on detritus 
with increasing depth. This influx of externally produced carbon is what is driving deep benthic 
productivity, however, further understanding of spatiotemporal patterns of detrital influx to deep 
benthic systems is needed to better simulate this pivotal process.  

Other aspects of this Ecopath model could also benefit from further empirical observations. For 
example, greater detail is needed regarding biomass, productivity, and life history parameters (e.g., 
age, growth, fecundity) of mesopredators (e.g., large mesopelagic fishes, cephalopods) and 
bathypelagic species. Similarly, greater understanding of localized biomass of highly migratory 
species (e.g., International Commission for the Conservation of Atlantic Tunas managed species) is 
needed and, more broadly, detailed information regarding spatiotemporal distributions (i.e., in 4 
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dimensions: latitude, longitude, depth, and time) of pelagic species. To the latter, larger midwater net 
gear that complement current MOCNESS sampling would be helpful. Greater information is also 
needed to better characterize species’ ontogenetic changes in behavior and spatiotemporal changes 
in predators’ diets (e.g., is there a shift in diets associated with increasing depth along the continental 
slope?), mortality risk (e.g., are pelagic species more vulnerable when on/near the benthos?), and 
food web studies including prey composition and feeding rate. 
 

5.2. Key Points from Group Discussion 
Question 1: Are there baseline data on trophic structure of MDBCs prior to DWH, and if so, 
after DWH? 

• Substantial complementary information exists for similar species in the mid-Atlantic; can 
leverage this information for pre-spill insights, but with caveats 

• There is a relative lack of information regarding stomach content data in the deep, more 
information exists for shelf and coastal waters/species 

• Food web/trophic structure needed at functional group resolution to update Atlantis; some 
instances would advantageous to have species-level information 

• Coarse-level food webs for the communities of interest to target parts of the food web that 
were impacted by the DWH oil spill and identify how impacts were manifested through the 
entire food web 

• The above-mentioned corollary approach is currently being employed by other MDBC 
projects (i.e., ground truthing and modeling); low-resolution data are better than none and 
provide insights to identify where higher resolution/further information is needed 

• Acknowledge differences between data at hand vs. data needed to address pivotal questions; 
food models can be constructed but are difficult to employ because of data 
mismatches/differences in scale 

• Museum specimens can be leveraged via careful dissection to obtain historical insights 

• The question at hand needs to be articulated, e.g., if the issue relates to improved resilience 
and stability, then appropriate indicators can be identified to address these goals; broader 
indicators may not currently exist, but it is helpful to consider how they could be invented 

• Prey switching is an example of resiliency 
 
Question 2: How are mesophotic and deep-sea food webs structured and connected? How do 
vertical and/or lateral (e.g., diel cycle, life stage associated, epipelagic foraging) fish and 
invertebrate movements contribute to connectivity among communities and habitats? 

• Offshore epipelagic resources move about but are more predictable; differences can be 
differentiated by food webs 

• A recent paper by Mexican scientists used deployments of acoustic Doppler current profilers 
(ADCPs) in western GOM to investigate pelagic communities 

• Vertical and lateral energetic transfers follow a ‘bucket brigade’ pathway (NOTE: analogous to 
‘trophic relay’ concept employed to describe trophic transfer from estuarine to shelf waters); 
this results in a cascade effect 
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• There are other inputs to the deep benthos other than detritus, such as food falls 
• A large gap exists concerning our understanding of cephalopods as major nodes within 

pelagic food webs; these species have not been sampled well; pelagic food webs cannot 
balance without their life histories manifestations (i.e., booms in biomass and great die-offs) 

• Food web investigations should consider alternate and/or competing food web structures 
and varying degrees of food web dependence on detrital cycling 

 
Question 3: What ecosystem modeling approaches are well suited for GOM? Most appropriate 
models for specific contexts and scales? 

• There is a need for mapping the spatial extent/locations of reef formations (Coral reefs or 
bioherms, or hard ground areas (including bioherms) that serve as rocky substrate for 
epifauna and provide 3-dimensional structure for fishes and mobile invertebrates) 

• Even within the approximately 50 known reef locations, there are difficulties in 
characterizing this relatively small number of locations 

 
Question 4: What are the current limitations/data gaps of ecosystem models to make them 
more useful to quantify habitat benefits to fishes and mobile invertebrates? 

• Productivity to biomass (P:B) ratio data are lacking for a large number of fauna, particularly 
for deeper fauna and invertebrates 

• P:B investigations could focus on functional groups, rather than being species-specific, to 
handle present limitations in understanding 

• Current understanding of GOM food webs is biased towards the West Florida Shelf (e.g., 
database from Jim Simons); to develop more representative ecosystem models, need 
incorporate data from other GOM locations (e.g., Mexico, Cuba) 
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6. Sessile Invertebrates and Infauna Workshop: 
Sessile Invertebrate/Communities Metrics 

6.1. Summaries of Presentations 
6.1.1. Sponges (Porifera) 
Rachel Bassett (NCCOS/CSS, Inc) —Sponges are important inhabitants of coral reef ecosystems as 
well as deeper water ecosystems, where they can provide important habitat for fishes and many 
invertebrates. They filter water, collect bacteria, process carbon, nitrogen and phosphorus, and make 
carbon biologically available to other organisms.  
 
The most common metrics for surveying sponges are abundance, density, community composition, 
and size distribution. These metrics are collected using remotely operated and human occupied 
vehicles to collect video transects and still images. Imagery is also collected through long-term 
monitoring using fixed cameras. Other metrics include age distribution, genetic connectivity, and 
diversity. These metrics require identification of collected tissue or organisms. Equipment to collect 
samples for these metrics includes box cores, multi-cores, trawls and grab samples. 
 
Most, though not all, sponges are associated with hard substrata. Shallower ecosystems in the Gulf 
are generally dominated by demosponges, with glass sponges becoming more numerous in deeper 
water.  Some examples of differences in species with depth and substrate 

• <60 m, Florida Middle Grounds most common sponge species are Aiolochroia crassa, Niphates 
erecta, Amphimedon compressa, Cribrochalina vasculum, unidentified hard orange sponge, 
Cinachyrella alloclada, and Scopalina ruetzleri. 

• 116‒135 m, West Florida shelf Sticky Grounds dominant taxa are Astrophorina, 
Heteroscleromorpha, Corallistidae, Pachastrellidae, Spirastrellidae, and Placospongia sp. 

• >200 m, Mississippi/Louisiana slope, the most frequently occurring organisms (besides 
hydroids and sabellid polychaetes) are unidentified encrusting sponges. 

• >400 m, West Florida Lophelia lithoherms dominant taxa are demosponges Phakellia sp. and 
species in the families Corallistidae, Pachastrellidae, Petrosiidae, and Astrophorina, as well as 
glass sponges such as Heterotella sp. and Aphrocallistes sp. 

 
There is an overall lack of data and research on Porifera in the deep Gulf of Mexico. Porifera are 
difficult to identify without samples, therefore, obtaining samples of structure-forming sponges is 
imperative for restoration efforts. There is limited long-term monitoring of areas impacted by the 
DWH oil spill and almost no sustained monitoring of deep-water communities (especially >200 m). 
 

6.1.2. Corals 
Nancy Prouty (United States Geological Survey (USGS))—In the GOM, as in many other parts of the 
oceans, the functional role of deep-sea and mesophotic coral ecosystems is to provide habitat 
heterogeneity, diversity, and substrate for numerous faunal associates of the deep-sea.  These 
foundation species support diverse faunal assemblages that include obligate, endemic, commercially 
important, and often, reef-characteristic, and hard-bottom substrate species.  The dominant deep-
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water, managed or indicator species in the GOM include antipatharians (Leiopathes sp.), octocorals 
(Callogorgia spp., Chrysogorgia spp., Paramuricea spp.) and scleractinians (Lophelia pertusa, 
Madrepora spp.). 
 
These various corals can be found on stable, hard substrate in the GOM including authigenic 
carbonates as well as human-made structures such as shipwrecks or oil platforms.  Out of all the 
indicator species listed above, octocorals are the most abundant taxa, especially below 1000 m 
according to work by Fisher et al. (2014).  In situ image analysis by either video or still cameras has 
proven to be a powerful tool and can be considered a best practice for documenting both impact and 
health of deep and mesophotic corals.  This approach was used to document the progression of 
impact on Paramuricea biscaya between 2010 and 2012 including the presence of flocculent as well 
as the colonization by hydroids, which is an important indicator of impact. 
 
While image analysis is a powerful tool, it can also be coupled to discrete sampling, typically by ROV 
to confirm species identification as well as analyze samples for trophic position, and contaminants.  
Based on image analysis the key metrics of coral health and impact include varying degrees of tissue 
loss, sclerite enlargement, excess mucus production, hydroid colonization, and mortality. These 
impacts were noted from a survey conducted by Fisher et al. (2014) at 29 deep sea coral in 2010 and 
again in 2012.  Follow up work also noted impacts to branches even in 2017. 
 
Injury to mesophotic corals was also observed using similar survey methods.  Using still images 
captured from ROV video transects at four coral reef locations, injury to mesophotic gorgonians was 
evaluated at Alabama Alps Reef, Roughtongue Reef/Yellowtail Reef, Coral Trees Reef, and Madison 
Swanson South Reef.  Before the spill, injury was observed for 4–9% of large gorgonians. After the 
spill, injury was observed in 38–50% of large gorgonians-with the largest percent of injury occurring 
at Alabama Aps Reef. 
 
In summary, the most abundant deep-water corals in the GOM are octocorals, especially Paramuricea, 
in 1000‒2400 m depths, and they are the indicator species. Best practices for evaluating these 
indicator species are surveys conducted by either stills or video cameras, coupled to discrete 
sampling through ROVs.  The greatest impact is at the deeper reefs which include branch loss, 
hydroid colonization and mortality.  Some sites showed signs of impact as recently as 2017.  
However, mesophotic sites, especially at Alabama Alps Reef showed signs of injury, as high as 70%. 
 
Data gaps that represent areas of future work include: 

• Evaluate long term impact/recovery at both deep and mesophotic depths given signs of 
impact in 2017 

• Updating recovery estimates based on recent surveys, especially given some research 
suggesting recovery of branches within 10 years 

• Investigate other potential indicator species as needed according to survey results 
 

6.1.3. Infauna 
Jill Bourque (USGS)—Sediment macrofauna (>300 µm) and meiofauna (>45 µm) are important 
components of benthic biodiversity, providing essential ecosystem functions and represent important 
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indicators of ecological health. Baseline information on these communities is critical for 
understanding their overall sensitivity, connectivity among habitats, regions, and depth regimes, and 
for estimation of the magnitude of impact following disturbance. 

Physical sediment samples are required for assessing infaunal communities, typically collected using 
quantitative ship-deployed box cores or multicores, or submersible vehicle-deployed push cores. 
Post-processing includes vertical sectioning, up to 3 cm for meiofauna and 10 cm for macrofauna, 
fixation, and sieving for the specific size classes. The most common community metrics for study are 
abundance/density, biomass, diversity, and composition, all requiring sorting and identification of 
individuals to at least family level for comparison to earlier studies. Additional trophic and functional 
metrics include stable isotope analysis and feeding characteristics can provide information on 
ecosystem functioning.  

Multiple taxa have been used as indicators of disturbance and contamination. For macrofauna, 
amphipods are known to be sensitive to pollutants, while the polychaete families Capitellidae, 
Cirratulidae, and Spionidae, are tolerant and opportunistic. Therefore, the ratio of polychaetes to 
amphipods occurring in a contaminated environment has been used as an indicator. Community 
variability has been used as an indicator of stress for near-coral communities in the GOM and soft-
sediment communities elsewhere. For meiofauna, nematodes are known to be tolerant to 
contamination and disturbance while copepods are sensitive. As such, the nematode to copepod ratio 
is frequently used as an indicator and has been useful in the GOM studies. For mesophotic soft-
sediment communities, a combination of the Shannon diversity and relative abundances of Tubificid 
oligochaetes, Capitellidae polychaetes, amphipods, and bivalves are used as indicators of habitat 
health. Lastly, the key community metrics are often used themselves as indicators of system health.  

Sedimented areas throughout the mesophotic zone were sampled in 2010 with some additional 
information at three mesophotic reefs.  Soft-sediment habitats are the dominant component in the 
deep GOM and have had the most pre-spill studies in multiple features including canyons and banks, 
and occur across multiple depths. Study of hard substrate habitats has been limited, mostly occurring 
in the north-central GOM and at depths less than 2000m, but includes three coral sites impacted by 
the DWH. Spatial coverage of all habitats has increased since the DWH oil spill.  

Pre-spill baseline information is lacking for most of the area that was estimated to be impacted from 
the post-spill assessments. In addition, few coral habitats are known within the impacted area, which 
given the depths at which the spill occurred, provides few comparisons and evidence. Overall 
community metrics combined with environmental data, particularly for deep and mesophotic hard-
substrate associated sediments is lacking.  

Lastly, information on the temporal dynamics of these communities is lacking, since deep soft-
sediments have not been sampled since 2014 and near-coral habitats since 2017.  
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6.2. Key Points from Breakouts 
6.2.1. Sampling Approaches and Best Methods 

• The scientific questions and goals need to be well defined in order to use the appropriate 
sampling methods, e.g., the methods differ for monitoring, determining populations, or 
propagation.  

Sediment-based 
• Sediment monitoring using Sediment Profiling Camera systems was suggested as a possible 

tool to complement other quantitative sediment sampling approaches. 
o While sediment profile imagery was mentioned, participants indicated that the 

method was not proven successful or informative for the DWH assessment work. 
While sediment profile imagery may be a useful qualitative tool, quantitative multi-
coring is a proven approach. Sediment profile imagery was discussed in Parameter 2 
breakout, potentially useful for specific types of study, including geology, providing a 
quick look at what is there. It is not useful for the assessment and PDARP/PEIS did not 
include any results from its application. Cost/benefit is not worth it in terms of ship 
time and deployment ops. Physical samples are the best method.  

• Visual ground-truthing provides the best information on discrete sampling areas, however it 
is not always practical. High resolution acoustic mapping can produce high quality maps over 
a broader scale and thereby inform sampling across different habitats and transition zones. 

• Spatial coverage is important for sediment sampling in particular, in lieu of replicate sampling 
within a station.  

• Sediment sampling: Multi-coring is a best practice, superior to other available coring methods 
to quantify sediment macrofauna and meiofaunal communities. It allows multidisciplinary 
assessment of the sediment environment: biology, geology, and chemistry.   

o Vertical sampling within the core (at 1 cm intervals down to 10 cm) would improve 
vertical resolution of both the infauna and their associated environmental 
geochemistry. This enables tracking deposition through time. Given the infauna 
dominate the upper 10 cm, once deposition and burial of the contaminated layer 
reaches beyond 10 cm, consider the system “restored” because that layer is beyond 
the dominant bioturbation zone. Also, best for assessing the bacterial community 
composition. 

• One participant expressed concern about using multicores and not hearing more about ROV-
deployed sediment core samplers. It is better to use an ROV for spatial analyses, and it is 
important to standardize the diameter of the cores to compare data across studies.  

o A standard does not currently exist for push core diameter—many use 6.35 cm or so. 
o HOV Alvin and ROV Jason cores are 6.355 cm diameter.  
o The smaller the diameter, the more compacted the sediment is. Infauna numbers can 

be impacted if sediment volume is low.  
o Industry cores are usually smaller than 7.5 cm in diameter and present many issues 

(e.g. do not retain top water well, too compact, etc.) 
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Image-based 
• AUV photomosaics are a useful tool for habitat assessment, particularly for capturing 

transition zones among connected environments, from one habitat to the next. 
• Continue long-term monitoring that has already been started and examine long-term 

variability in communities to allow for separation of natural variation from recovery. 

• When we conduct imaging, it is important to examine it in 3D. Stereo imaging is a good start 
for this. 

• Standardized ROV/AUV video transects are needed. Need to have standard elevation above 
seafloor, set speed, width of screen, camera angle, length of transect, no stopping for 
sampling, etc.  

• Stereo imagery, relatively linear transects with consistent altitude using a stratified sampling 
design has worked well for many. Repeatable transects could be achieved by dropping 
physical markers. 

• Photogrammetry has value if enough images are taken of the targets. 

• Use of AUVs for imagery transects and fine scale topography.  

• Lasers should be turned on at all times, except when collecting samples using ROVs.  
• Use of both cameras and accurate positioning systems (e.g. ultra-short baseline) on ship-

deployed sampling gear such as corers for ground-truthing.  

• It is important to continue the long-term monitoring of corals that has been started. 
• Measuring Crustose Coralline Algae communities at mesophotic depths was identified as a 

priority. They are a huge driver of biodiversity. ROV/AUV surveys can be a method to survey 
those communities.  

• There has been some experimenting with different types of transects. Artificial Intelligence 
can be used to guide remote imaging using real-time data from an AUV. An AUV can be 
building a map of habitat as it goes, which allows you to shift transect distances while 
gathering info from the AUV and that increases the efficacy of a survey in trying to understand 
how habitat is distributed. 

• Transects can provide additional community information besides that of target species. 

• Use of ROVs and AUVs facilitates randomization in sample selection as well as spatial analysis 
of species distribution. 

Other 
• McLane phytoplankton sampling pumps were prioritized to look at temporal variability in 

particle and phytoplankton availability. 

• ARMS can be useful for providing baseline data for cryptic biodiversity and a timeline of how 
quickly a variety of smaller taxa may recruit to a site—important factors in understanding 
community recovery. Their feasibility has been demonstrated down to 500m. 

• Molecular-based assays that can look at molecular biomarkers of stress (e.g., used in shallow 
coral disease outbreaks).  

• No gear can replace a diver in the water. Tech/Saturation Divers will be extremely useful for 
mesophotic work. A lot of what we consider “coral reef” may really be predominantly a 
Crustose Coralline Algae derived reef with a few corals and sponges dispersed through it. 
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• Taxonomic expertise may be lacking. Molecular methods and automatic image recognition 
can be used to replace this in some cases but AI will be time-consuming to “train.” 

• eDNA (filtered water) is also a valuable method. It is expected to pick up the major benthic 
community members. Also, a possible tool to help validate habitat suitability and presence 
models. 

• DWH damage assessment did not do a great job at evaluating microbiomes. One of the most 
important things is to assess the coral microbiome in the context of the broader system. 
Sequencing and metagenomics of bottom water requires a McLane pump on a conductivity, 
temperature, depth (CTD) instrument. Consideration needs to be taken when sampling for 
microbiome —the sampling approach is similar but the handling is different with regard to 
contamination (e.g., bioboxes not preferred, individual samples into quivers preferred).  

• The hierarchy of sampling and handling of individuals should be well defined to maximize 
usability of samples with regard to sample quality and proposed analyses.  

• Map corals in relationship to active petroleum seeps to assess different growth rates or 
population structure associations 

• Monitoring of corals is not easy to do autonomously. There has to be standardized 
methodology and equipment to conduct repeated measures of corals. 

• There needs to be standardization in field and lab methods. For instance, meiofauna size 
limits vary widely. 

• Stratified random approaches should be incorporated into sampling designs to reduce bias.  

• Consistency in sampling design among sites provides for replicates. 
• Best method depends on the questions being asked. Randomized transects are important for 

statistical power. Randomly selecting transects based on bathymetry, backscatter and geology 
is a good first step. One transect in an area is not going to cut it, especially given patchiness, to 
understand variation and distributions within sites.  

• Having high resolution bathymetry and backscatter for detection of substrates is a priority.  
• Quantitative analysis that enables characterization of the habitats/environments and 

quantifies recovery or further damage, decouples natural variability from post DWH impacts. 
For megafauna, this would encompass visual analyses. Also, sampling that enables 
characterization of transition areas between connected habitats. 

• Revisiting historical stations is a good practice.  
• Utilize data acquisition of all metrics when possible to ensure that with every collection, there 

is corresponding information on the environment (either co-deploying CTD sensor attached 
to multicore and/or ROV sampling with CTD).  

• Benthic Landers with full instrumentation—useful to get information on currents, particle 
flux, etc. 

• For sponges and corals in particular, genomics methods are needed for species-level 
identification. There are likely 2 species of Paramuricea from the deep coral injured sites, 
which requires confirmation.  
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6.2.2. Data Gaps 
• How the distribution and abundance of different taxa vary across spatial and temporal scales.
• It is urgent to continue long-term monitoring work. The last coral and near-coral sediment

monitoring was completed in 2017 so it’s been four years without data.

• Site specific variability in associations with other species. Having information about the
biology of the corals is important. Genetic structure may also play a role in site differences.

• Understanding natural variation versus changes driven by episodic events. This will involve
not only spatial but temporal variability as well. Many places have been studied but few have
been revisited. This is a huge limitation to understanding how the function of ecosystems is
related to reproductive physiologies of the organisms and if they were impacted and/or have
recovered. It is important to acknowledge that all organisms have different scales on which
they live and influence the environment. This will affect sampling strategies to identify those
impacts.

• Understanding the effect of the environment on reproduction, life histories, feeding and other
key metrics for coral sites that were impacted.

• Microbial communities, especially those associated with deep-water corals. Microbial
functional relationship to infaunal communities.

• DNA reference libraries for various species are lacking.
• Difficult to accurately identify sponges.

• Environmental and species differences that distinguish shallow and deep-sea environments.
• Chemical markers, topographic characteristics

• Coral geographic relationship to seep environments

• Also, coral relationship to seep geochemistry/other chemical variables, like propane, oils, etc.,
in addition to the typical suite of measurements.

• Lack organic chemistry and geochemical data

• Lack of baselines for many metrics so new baselines need to be established through
appropriate reference sites for comparison (similar depths, substrates).

• Finding the appropriate reference sites.

6.2.3. Key Metrics to Focus On 
• Redox depth of sediments, community structure of meiofauna and infauna, bioturbation rates.

• It may be more important to look at the trajectory of change rather than specific metrics.

• One important metric is beta diversity which needs good taxonomy and replicates.
• Recruitment

• Functional taxon groups

• Focusing only on dominant and rare taxa can hide some important patterns and shifts.
• Calcification rates

• Abundance, biomass, production, and body size are all linked through metabolic theory.
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• Nuanced metrics (e.g., growth rates) and suggested applications of isotope analysis for 
growth.  

• Taxa/species identification through imagery coupled with collections for genomic 
confirmation. 

• Identification of associated fauna to refine understanding of species interactions which is 
examined further in parameter 2. 

• The key metrics depend on the question being addressed. 

• Development of a benthic health index that applies to deep sea and/or mesophotic areas 
would be helpful 

• Microbiomes and microbial communities, their host associations, and in sediments as they are 
important indicators of health.  

• More assessment of contaminants in deep communities is needed. 

• Functional metrics should be included, including physiology and biogeochemistry as they 
might be equally important as classic metrics such as density and diversity 

 

6.2.4. Representative Species or Groups to Focus On 
• Impacted species 

• Looking at rare taxa can give an idea of restoration efficiency. 
• Microbes 

• Infaunal ratios 

• Montastraea cavernosa, Stephanocoenia intersepta - upper mesophotic corals 
• Key meiofaunal taxa: Copepod Family diversity (within Harpacticoida), nematodes 

• Paramuricea sp., Asteroschema, Sponges, Callogorgia, Swiftia exserta, Muricea pendula, 
Antipathes, Leiopathes, Paragorgia, and the scleractinians 

• Do not be too selective –consider functional groups and larger groups of animals (e.g., 
sponges and corals). 

• Other invertebrates like hydroids, anemones, barnacles, etc. might be important to look at in 
addition to corals. May also be missing the algal component of communities.  

• Brittle stars 
• Do not lose sight of non-aggregating sessile invertebrates such as cup corals, whip corals and 

bamboo corals. 
 
 

6.2.5. Key Sites to Focus On 
• New Flower Garden Banks National Marine Sanctuary (FGBNMS) banks for reference and 

monitoring sites. 
• Mississippi Canyon sites 

• Wellhead site is an obvious site which needs to be characterized 

• Atwater and Green Canyon 
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• Spatial Coverage is a key consideration across sites of interest 
• Revisit sites that have pre- or post-spill data as potential fixed stations (to capture long 

[yearly] and short [seasonal] temporal dynamics) 
• Revisit Previous Sites 

o Desoto Canyon, West Florida Slope 
o Source areas for corals 
o Revisit impacted versus non-impacted stations and return to historical sites 
o Reference sites: monitor potential source areas of corals and sponges (e.g., Desoto 

Canyon, West Florida Shelf/Escarpment) 

• Find/utilize reference sites with similar species composition, habitat type, and substrate.  
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7. Sessile Invertebrates and Infauna Workshop: 
Species and Habitat Interactions 

7.1. Summaries of Presentations 
7.1.1. Sponges 
Rachel Bassett (NCCOS/CSS, Inc)—Most sponges prefer hard substrate and coarse, stable sediments 
not easily disturbed, both of which are indicators of more ecologically stable communities. However, 
suitable habitat is very likely taxon specific. Many of the trends noted below are based on a limited 
number of studies. Most exposed carbonates on the West Florida slope (400–450 m) are colonized by 
sponges, although large, potentially habitat-forming sponges are rare. Lease blocks GB535 (515‒540 
m) and GB354 (525 m) have a high abundance of large white sponges, some up to 0.5 m in diameter. 
Sponges have been found associated with biological substrata other than scleractinian corals (e.g., 
gorgonians and seep organisms). 
 
The percentage of sponge density and sponges with internal embryos positively correlate with water 
temperature but not with salinity. Also, relatively high particulate organic carbon (POC; >3.2 uM) was 
found in DeSoto canyon sediment, as deep as 2,300 m, and may be a driver in high sedentary 
macrofaunal densities on both its upper and lower slopes, including sponges. The impact of 
terrestrial floodwaters on offshore reef communities was studied FGBNMS East and West Bank in 
Agelas clathrodes and Xestospongia muta. The wastewater-associated bacteria found in the sponge 
tissue illustrates the effect of hurricanes, runoff and other coastal events on offshore reef organisms.  
 
The continental slope of the GOM has shown a sharp drop in abundance and community dominance 
of sponges in depths >500 m. This may be due to an increase in bioturbation. Lower continental 
slopes (>1,500 m) had lower faunal abundance than did the upper slopes (200‒1,500 m) and shallow 
waters. The western GOM showed sedentary fauna were once again the dominant taxa in depths 
>2,000 m, though their numerical abundance did not increase. The sponge cover in FGBNMS did not 
change with depth <100 m in a sample area that was mostly flat with small patch reefs. In Puerto 
Rican waters, sponge biomass and cover both decreased >100 m with encrusting sponges dominant 
>130 m depth. 
 
Additional data is needed to find a generalized pattern of sponge abundance in the mesophotic zone. 
Also, reproductive strategies and sponge larval dispersal models specific to the GOM are scarce. 
 

7.1.2. Corals 
Nancy Prouty (USGS) —Specific environmental conditions must exist to create suitable habitat for 
mesophotic and deep-sea corals. These key parameters include adequate temperatures, suitable or 
appropriate hard substrate (which can include consolidated sediment or hard rock including 
authigenic carbonates), as well as human made structures such as shipwreck or oil platforms. In 
addition to hard substrate and water temperatures, corals need either constant or periodic flow of 
water that serves to transport food to them. Flow of water can also deliver oxygen to the coral and 
remove sediment and waste. As a result, corals concentrate on ridges or rocky outcrops where 
currents are accelerated. For Scleractinia corals that build their skeleton out of calcium carbonate, the 
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depth of the aragonite/calcite saturation horizon (which limits the corals ability to extract calcium 
carbonate from the water column), can influence the suitability of an environment for habitat. Given 
their remote locations, both in terms of water depth and distance from shore, advanced tools and 
technologies that allow better access to these habitats are used to increase our knowledge about 
mesophotic and deep-sea coral environments. 
 
A variety of techniques can be employed to evaluate suitable coral habitat, these include mapping and 
geospatial tools (such as multibeam and seismic to identify exposed hardground with topographic 
highs), ROVs and AUVs that can be used to ground truth ship-based surveys, and long-term 
instrument deployments using landers and moorings. Within the GOM, there have been at least two 
long term lander deployments, both in the Viosca Knoll region at approximately 400 m water depth. 
One was deployed 2008–2009 prior to the DWH spill and again in 2009–2010 after the DWH spill, 
directly under known surface slicks of DWH surface oil. The deployment of landers is a valuable 
approach to making long term and high-resolution measurements of environmental variables, 
including temperature, salinity, turbidity, current (speed and direction), and fluorescence which 
serves as a proxy for food flux. 
 
Results from these two deployments in Viosca Knoll provide a near continuous, high-resolution 
record of temperature and current speed from October 2008 through September 2011. These time 
series show the high degree of variability of bottom water temperatures, varying between 6.5 and 
11.7°C and current speeds as high as 40 cm/sec, again attesting to the need for accelerated flow to 
deliver food to the sessile filter feeders, including corals. Previous work in the GOM indicates that 
distribution of deep-sea corals is defined by depth, and depth related variables including 
temperature, salinity, and saturation state, therefore gaining knowledge about temporal variability 
for key environmental variables is important. In addition to various sensors, the landers can also be 
equipped with sediment traps that can be evaluated for food quantity and quality to the corals. The 
sediment traps can be equipped with a carousel of bottles to capture organic matter delivered to the 
reefs monthly for example. Using a suite of geochemical measurements, including 210Pb, C:N isotopes, 
the flux of food as well as the quality and quantity can be evaluated. These unique datasets highlight 
both variability as well as seasonality to the composition of food delivered to the corals. Data from 
ship-based approaches, visual surveys from AUV/ROVs and landers can be incorporated into habitat 
models. However, data gaps exist, particularly in terms of a need for greater spatial and temporal 
variability of food quality and flux to both mesophotic and deep-sea corals. Additional lander 
deployments are needed, especially in mesophotic habitats, to identify baseline, natural range and 
possible trends. We can continue to fill knowledge gaps by using data for model validation. 
 

7.1.3. Infauna 
Jill Bourque (USGS)—Soft-sediment macrofauna and meiofauna in the GOM are relatively well-
studied through two large scale studies previously conducted: Naval Global Ocean Monitoring System 
(1980s) and Deep Gulf of Mexico Benthos (early 2000s). Data for coral-associated macrofauna has 
only been known since 2009 with the majority collected post-spill in areas outside the estimated 
impact zones, and no pre-spill information is available for coral-associated meiofauna. These 
previous studies provide us with the baseline information from which to decouple natural 
biogeochemical processes from changes or effects from the spill.  
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Multiple environmental parameters are known to influence sediment communities in the GOM. Depth 
is correlated with density, diversity, and community composition for both macrofauna and meiofauna 
in soft-sediment habitats. Density decreases with increasing depth for both soft-sediment 
macrofauna and meiofauna, but is decoupled for coral-associated communities. Diversity in soft-
sediment macrofauna exhibits a maximum around 1500 meters, while no relationship with depth has 
been observed for coral-associated macrofaunal communities. Depth is closely linked with food 
availability in the form of particulate organic carbon flux to the seafloor. POC flux is an important 
driver in both soft-sediment macrofauna and meiofauna communities, affecting density, diversity, 
biomass, and community composition. Similar responses have been observed in soft-sediment 
macrofauna and meiofauna, with density decreasing with decreasing POC flux and food availability, 
while diversity exhibits a mid-depth maximum. Food availability has also been associated with 
structuring multivariate community composition. Sediment organic carbon content has been 
identified as an important driver of multivariate coral-associated community structure. Some 
additional environmental drivers known to be important in structuring sediment communities 
include the hydrodynamic regime, grain size distributions, dissolved oxygen concentrations, 
hydrogen sulfide concentrations, and concentrations of pollutants such as metals and hydrocarbons.  
 
Regional differences occur for all infaunal community components. For soft-sediment macrofauna, 
four depth zones were identified, with the mid slope and lower slope depths further divided into east 
and west components, all associated with estimations of POC flux. The primary geological features 
influencing these regional differences are the Mississippi and DeSoto Canyons where river outflow 
was also associated with high meiofaunal abundances. An east-west separation was also identified 
among coral-associated macrofaunal communities. 
 
Many unknowns still exist for GOM communities, including habitat interactions. The effect of habitat 
size and the spatial scale at which coral habitats influence adjacent sediment communities, and their 
connectivity to soft-sediment habitats is unknown. We lack information on the connectivity and 
sphere of influence of chemosynthetic habitats to soft-sediment and coral-associated sediment 
communities and how they interact with spill effects. We also do not understand the connectivity for 
infaunal communities between mesophotic and deep-sea areas, particularly for hard-substrate 
associated communities. Lastly, we only have some understanding of community changes over both 
short and long-time scales with which to assess communities in the future.  
 

7.1.4. Environmental and Oceanographic 
Stephanie Sharuga (BOEM)—The GOM is comprised of 32% continental shelf, 41% continental slope, 
and 24% abyssal plain. The region is divided into two physiographic/sedimentary provinces by De 
Soto Canyon: terrigenous sediments in the north and west, and carbonates originating from the 
Florida platform in east. The deepest area is Sigsbee Deep abyssal plain, which reaches a depth of 
3,800 m. Structure of continental margins in the GOM is the result of tectonic activity related to salt 
movement, reef growth, bottom currents, and sedimentation. It consists of mostly soft sediments, 
with hard substrate composed of exposed bedrock or authigenic reef scattered throughout. Deep 
environments are dominated by a mix of terrigenous and biogenic mud. The seafloor of the GOM has 
hundreds of salt domes and many seeps scattered throughout. Chemosynthetic-based primary 
production occurs at seeps, whereas photosynthetic primary production in upper sunlit waters is 
dominated by processes along the margins. Variability of vertical particle fluxes is affected by 
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mesoscale circulation, seasonal cycles of primary productivity and is related to wind forcing, inputs 
from rivers, and seasonal cycle of mixed-layer depth. 
 
The Loop Current is the dominant circulatory feature and primary source of energy for circulation in 
the GOM. It is part of the North Atlantic Western Boundary current system that extends from the 
GOM, around the south of Florida, and up along the Atlantic coast. Anticyclonic eddies separate from 
Loop Current and propagate westward, with some persisting for over a year. In addition to the Loop 
Current, there is another major large-scale, permanent, anticyclonic circulation feature in the western 
and central GOM. Currents in the GOM extend to depths greater than 700 m and observations indicate 
decreased current speed with depth. Near the bottom of the Loop Current, velocities are low and 
uniform in vertical direction with bottom intensification. 
 
Temporal and geographic scales of measurement for environmental and oceanographic parameters 
vary based on parameter, location, study needs, and more. Common oceanographic sample collection 
approaches include CTD casts (at sea surface, in water column), sediment traps, and instruments 
attached to towed vehicles or submersibles. Ocean circulation is typically measured using drifters, 
ship-movement, ADCP, and landers with instrumentation. Localized data on ocean circulation is 
brought into models to extrapolate broader circulation. In situ time-series investigations are used to 
measure processes over time (e.g., using landers). Soft sediment areas are typically investigated using 
towed vehicles, submersibles, and sediment samples using cores or grabs. Observations of physical 
and biological seafloor characteristics of both hard and soft substrate areas usually come from video 
and still imagery. Additionally, general seafloor exploration and locating of hydrocarbon emissions 
occurs via use of gas flare mapping, seafloor bathymetry, backscatter mapping, sub-bottom profiling, 
and remote sensing approaches. 
 
The current state of knowledge for environmental and oceanographic parameters in the GOM varies. 
Most research that is currently available is for sea surface and water column areas. There are many 
ocean circulation studies and models for surface and mid-water areas, but fewer in deeper waters or 
for interactions with seafloor or mesophotic and deep benthic communities. Generally, there is often 
limited information in deeper waters and what is available is usually tied to mesophotic and deep 
benthic habitats of interest. Most environmental and oceanographic parameters have not been 
extrapolated basin-wide in mesophotic and deep waters. Further, soft sediment areas appear to have 
had less focus. 
 

7.2. Key Points from Breakouts 
7.2.1. Sampling Approaches and Best Methods 

• Landers  
o Sediment traps & time lapse cameras are really important in addition to landers. Time 

lapse cameras could give temporal ideas of what’s going on (i.e. coral feeding 
behavior, species interactions) which could be related to environmental variables and 
seasonal variation. Leaving landers down for at least a year would be ideal because it 
allows you to gather seasonality data. 

o Larval settlement data collection, specifically discussed ways to optimize preservation 
for eDNA and settler analysis. Pumps for filtration possibly coupled with a device that 
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holds RNAlater. May need many landers in order to increase chances of capturing 
larvae (rare). For POC flux (sediment traps), require high temporal resolution and 
cohesive and coordinated efforts to link across environments.  

o Landers, observatories, moorings, and/or buoys for short and long-term monitoring – 
soundscapes, passive information (settlement), deploy at multiple depths and 
locations, real-time data retrieval, and smart sampling capabilities.  

o Gather environmental data (e.g. pelagic and bottom current info from ADCPs, CTDs, 
sediment traps, etc.) that can be useful for modelers 

• ARMs, settlement traps/sediment traps for characterizing settlement of new larval recruits. 

• There is a high-resolution camera that can capture even the microscopic fauna. It can be 
programmed to take photos at a certain time series. $80–90k. Can be deployed with ADCPs 
and CTDs and can capture zooplankton data. 

• Co-locate marine mammal acoustic instrumentation to get data over time and can help with 
ground-truthing. 

• Utilize AUVs for photomosaics  

• Utilize nighttime ROV(s) or low light cameras to evaluate nocturnal activity  
• Vertical profiles of the water column would be important. Holographic microscopy can be 

used to identify pelagic fluxes to the seafloor.  
• Stable isotopes to look at relative contributions of photosynthesis and heterotrophy. 

• Previous work has demonstrated the importance of artificial habitats to the system. How the 
potential removal of those habitats/rigs might affect the system is really unknown. 

• Problem/question-based sampling approaches: key to linking environmental parameters to 
species responses (framing the question first).  

• CTDs should always be used to collect correlating ancillary data 

• Infauna: Multicoring–to characterize biology, geology, and chemistry all from the same 
location.  

o Enable particle size, food analysis, with infaunal community assessment. 
o Section cores every cm to 10 cm (macrofauna) to 3 cm for meiofauna. This fine-scale 

resolution will enable capturing strata that encompass bioturbation activities and 
possibly the DWH contaminant layer.  

o Sediment microbial analysis needed. Would be nice to allow microbial researchers to 
have their own sediment core so it can be handled and sampled for comparability to 
other studies.  

o Sampling frequency sufficient to capture seasonal and yearly change, particularly with 
respect to food flux variability.  

o Capture mud/sand ratio to link to community structure.  
o For meiofauna, need to examine copepod and nematode diversity 
o Functional diversity was not analyzed during the assessment, key to understanding 

response and species/environmental interactions.  
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• Access seafloor sub-bottom profiling seismic data sources (industry has the lion share for the 
GOM). Provides information on water column dynamics, mesoscale variability in currents, 
flow regime, presence of seeps.   

• Approaches that enable short term (intensive work) and long-term analysis to characterize 
baseline. Capture transition from corals to soft bottom environments.  

• Availability of historical baseline data should guide sampling plans moving forward. Depth 
has been shown to be very important, also differences between eastern and western sites. 

• Chemical indicators, pollution and oil contamination are important components to consider 
both for sediments and animals.  

• Suggest using sponges as bioindicators of water quality.  

• Need to address trophic interactions.  
• GOM Research Initiative oceanographic analyses—capture what has already been collected. 

• Investigate microbial communities. 16S DNA sampling is needed. 

• Be aware of timing and sterility issues when collecting samples for microbial analyses. 
• Monitor oxygen concentrations during overall monitoring activities.  

• Use glass jars or aluminum foil and plastic bags for geochemical sediment samples, 
polycarbonate jars for faunal analyses.  

• Ensure uniform methods for all groups and sampling efforts for comparability.  

• Link stochastic data to those of observatories to connect the information.  
• Building of reference molecular databases-metabarcoding and eDNA. 

 
7.2.2. Data Gaps 

• Larval information 
o Information on larval development, vertical migration behavior, and feeding rates are 

needed for modeling larval dispersal. 
o Recruitment survivorship 
o Reproduction and settlement processes for new recruits: what are the requirements 

for successful settlement? What are the ways to collect settlers to determine when 
they settle (e.g., traps on landers)? What are the cues for gamete release? 

o Fecundity and survivorship 

• Spatial and temporal variability and separating episodic events versus impact and recovery 
trajectory are important. We need to know the differences between impacted and reference 
sites. 

• Temporal variability (seasonal, yearly): potential for landers to be deployed/recovered at 
particular frequency to capture short- and long-term temporal dynamics, facilitating larval 
collections. Infaunal community changes with time—temporal dynamics not well constrained 
or quantified.  

• Gaps in understanding of species-level response to changing environment.  
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• Food supply and spatiotemporal fluctuations over a large-scale area can be inferred from
satellite data, but the resolution is poor and the reality of food flux at discrete sites remains
unquantified.

• Utilization of surface-derived organic matter versus locally derived chemosynthetic organic
matter at seeps, which may influence the distribution of species (food source, quality,
quantity).

• Need for improved taxonomy spans all the major groups represented in MDBC. Smithsonian is
a great resource

• eDNA—helpful for biodiversity but needs ground-truthing of collected samples. Methods to
optimize sample collection, reduce sampling time are in development.

• Lack information on reef structures, existing infrastructures, and their role for understanding
regional connectivity.

• Lack information on fluxes in carbon, nitrogen and pollutants.
• Lack of pre-spill data. Evaluate impacted and non-impacted sites

• Lack particulate phosphorus data as a key nutrient.

• Microbiome of corals and other invertebrates.
• Variability of coral microbial associates.

• Larval dispersal model validation

• For corals, and even less so for sponges, we do not have a good understanding of small-scale
current-related oceanographic and habitat conditions and how they influence community
structure

• Temporal variability of currents.

• We have a poor understanding of the distribution and variation of the sediments in the GOM.
Need a systematic approach for establishing baselines, especially in environmentally dynamic
areas such as Mississippi canyon. Ground-truthing is critical.

• Lack of understanding of sea pen and sponge distributions.

• One of our biggest data gaps is in sedimentation and the role of resuspension and
redistribution. Landers and sediment traps can provide a better picture.

• There exists a significant data gap in water chemistry. We especially need temporal and
spatial coverage. Very rarely is organic nitrogen, POC, and phosphorus known.

7.2.3. Representative Species Across Habitats 
• Octocorals, Paramuricea sp. which was the most common deep impacted coral; mesophotic it

was Swiftia sp., Thesea sp. and Hypnogorgia (Muricea) pendula.

• Black corals are less well-studied than octocorals.

• Examining infaunal communities can be used to ground-truth hydrodynamic models since
there is a link between infauna and current regimes and other organisms that are present.

• Connectivity studies with soft-sediment taxa (non-aggregating spp.) would be valuable as
well. Examine different groups of varying ages and larval dispersal potential.
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• Sponges may be more important here because of their biomass, diversity, and their 
interactions as filter feeders. 

• Functional diversity should be considered when targeting representative species. 
• Capture taxonomic diversity to offset limitations from focusing on key species 

• Identify taxonomic diversity, and stratifying sampling/analysis design to capture the rarer 
species that may be more sensitive to environmental disturbance. Suggestion to pick species 
that are representative across depth gradients. Capturing other “associated” species.  

• Compare common vs. rare species. 
• For infauna, identification has been limited to family level (macrofauna), or higher for 

meiofauna- species-level info lacking, so no clear picture of species-level responses, 
limitation.  

• Target species that may have different sensitivities to environmental changes. Do we even 
know this level of info? 

• Targeting sediment organisms across groups is difficult as you cannot see them prior to 
sampling.  

• Target other soft-sediment invertebrates and sessile species such as sea stars, sponges, and 
sea pens as they are also important to communities and their health. 

• Assess previously collected video for other invertebrates and sessile species, particularly 
sponges, to provide additional baseline information.  

• Target Archaea, as they are ubiquitous and are potentially sensitive indicators in soft-
sediment habitats. They are also present in wood and metals and may be useful in assessing 
impacts in artificial structures.  

 

7.2.4. Environmental Variables to Focus On 
• For corals, temp, currents, dissolved O2 and POC fluxes  

• For sponges, POC, dissolved organic carbon, dissolved oxygen, and quality of nutrients  
• Other forms of carbon (not just POC). 

• For infauna, grain size is important which necessitates the need for physical samples. POC, 
dissolved organic carbon, dissolved oxygen, and quality of nutrients  

• Assess fluxes of key nutrients and benthic respiration in order to understand how 
communities such as sponges and corals are cycling carbon and nitrogen. 

• In the mesophotic, light is important particularly for corals, Crustose Coralline Algae, and 
macroalgae.  

• Variables include full CTD suite, oceanographic and topographic interaction measurements 
(landers, cameras, sediment traps, and passive acoustic sensors are possible instruments of 
choice). Establishing monitoring sites (both impact and references sites) would be a priority 
for lander deployments.   

• Priority pollutants, including total organic carbon, metals. Metals are useful because they co-
occur with oil spills, drilling activities, and other human activities, but since they are not 
biodegradable, they persist and serve as a good historical record of past events.  
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• Food supply, temperature, oxygen, salinity. (Prouty presentation captured the breadth of 
variables).  

• Fishing gear, marine debris. 
• Trace metals (useful for meiofaunal analysis), microplastics, marine debris.  

• Collect information on the organic chemistry of the water column and how it connects to the 
benthic habitats.  

• Use the same methods for assessing water chemistry and animal tissues. 

• Need to assess variations in temperature in order to put other parameters (e.g. respiration, 
growth, community change) into context.  

• Additional sediment geochemistry parameters, including porosity, pH, oxygen, and oxidation 
products of pollutants using uniform approaches.  

• Assessment of terrain variables such as rugosity and slope that can influence community 
structure.  

• Assessment of current speeds and turbulence, which are important for understanding 
exchange and replenishments of communities (e.g., connectivity) and nutrients. 

• Assessment of frequency and longevity of these environmental measurements, with at least 
once a year for sediments, and provide for time series with a large spatial coverage. 

• Assess known seasonality patterns in the GOM when assessing long-term patterns.  

• Address what time scales are best to assess success of restoration efforts. 
• Assess the dynamics of the mid-water column, possibly combining CTD sampling with 

moorings.  

• Zooplankton are less characterized and there are in situ samplers that can be used and even 
put on landers. Nailing down dynamics at the base of the food web is critical. 
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8. Sessile Invertebrates and Infauna Workshop: 
Coral Metapopulation Dynamics and Genetic 
Diversity 

8.1. Summaries of Presentations 
8.1.1. Octocorals 
Cheryl Morrison (USGS)—The degree to which geographically separated populations are connected 
through the exchange of individuals has important implications for demographics and resiliency to 
local disturbances. Given that deep-sea corals often occur over large geographic scales and are 
spatially fragmented, they may act as metapopulations, allowing the identification of source-sink 
dynamics and connectivity corridors. Interconnected population networks may support higher levels 
of genetic diversity, creating the potential for local adaptation to changing environments, and are 
more likely to be replenished after local disturbances, therefore mitigating recovery from stressors 
through recruitment.  
 
For octocorals in the marine environment, dispersal occurs via reproduction and planktonic larvae. 
Physical forces, such as broad-scale hydrodynamics, localized recirculating flow (eddies), upwelling, 
and depth, may influence larval dispersal. Biological factors, such as timing of reproduction, larval 
behavior and length of larval life (also known as planktonic larval duration), may also influence the 
degree of larval dispersal. Since biological factors are species-specific, we may expect different 
patterns of connectivity among species. Given both the small sizes of larvae and the vast and complex 
ocean environment, it is difficult to directly trace paths and patterns of dispersal. Instead, genetics 
and genomics techniques are often used to ascertain general time-integrated patterns of dispersal 
distance and direction.  
 
Several recent studies on genetic connectivity in octocorals in the Gulf of Mexico have provided 
critical information on species impacted by the DWH oil spill. For Paramuricea biscaya, 
metapopulation sub-structuring was confirmed using genome-wide single nucleotide polymorphisms 
(SNPs), with asymmetrical dispersal from east to west, suggesting that DeSoto Canyon and West 
Florida Escarpment populations may serve as larval sources to injured populations. Dispersal also 
appeared more frequent between populations at similar depths. Similarly, depth appeared more 
important than distance in structuring populations of Callogorgia delta in the northern GOM. 
 
Suggestions for best practices include verifying taxonomy, when necessary, with either DNA barcodes 
or ultra-conserved elements to assess higher-level taxonomy. High resolution markers, such as SNPs, 
may provide resolution of connectivity patterns as well as identification of clones and family 
structuring, along with selection or local adaptation. A challenge when using SNPs is the requirement 
of high-quality DNA, whereas barcoding and Ultraconserved Elements techniques can tolerate lower 
quality DNA, making it possible to incorporate museum and type specimens. Genome resequencing or 
skimming is another approach for obtaining genome-wide SNPs, especially if genomes are available. 
It should be noted that numerous tissue samples are required per site for population genomic 
analyses and samples must be processed quickly. Coupling population genomics methods with larval 
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dispersal models that estimate potential connectivity is a powerful approach and may allow us to 
tease apart the mechanisms shaping genetic patterns. 

Although we are beginning to understand patterns of connectivity for several octocoral species, there 
are many lacking genetic data. Out of 117 octocorals known from the GOM, 57 do not have any 
genetic data available, and 22 of those were injured. Knowledge of basic life history traits and 
reproduction is lacking for most species, making predictions of potential connectivity difficult.  

8.1.2. Age and Growth for Mesophotic and Deep-sea Corals 
Nancy Prouty (USGS)—Information on growth-rates and life-spans of mesophotic and deep-sea 
corals is important for understanding the vulnerability of these organisms to both natural and 
anthropogenic perturbations, as well as the likely duration of any observed adverse impacts and 
potential to recover. In addition, age and growth rate information is important for understanding the 
life history and ecology of these habitat-forming corals for management and conservation strategies.  

It is now well established that deep-sea corals exhibit extreme longevities, with some corals such as 
Leiopathes sp. having life spans several thousands of years, and radial growth rates as slow as 10 
μm/yr. A variety of methods can be used to date the corals depending on the species and time span. 
These methods include band counting, U-Th dating, radiocarbon, and 210Pb. Given these extreme 
lifespans, the existence of long-lived colonies is crucial to maintain survivorship given low 
recruitment rates. Leiopathes sp. from the head of De Soto Canyon and Viosca Knoll living at 300 m 
water depth, were radiocarbon dated and yielded lifespans from 530 to over 2000 years, consistent 
with reports from other locations outside the GOM of extreme longevities. Using the radiocarbon 
ages, radial growth rates were determined between 10–20 μm/yr. A similar study was conducted on 
Paramuricea biscaya capturing life spans from 70–1000 years. 

While these radiocarbon age methods have proven valuable, there is a need to establish independent 
methods of aging given fluctuations in the reservoir age correction. Because many octocorals grow in 
a similar fashion to trees, we can take advantage of this growth structure and utilize the growth 
bands for aging. Band counting can be done using scanning electron microscope techniques to reveal 
both visual bands as well as high frequency changes in the chemical composition of the individual 
bands. With minimal age differences in the band counting relative to radiocarbon dating, these 
techniques offer promising approaches to aging that are independent of radiocarbon dating. For non-
destructive approaches, in situ imaging is also an important technique for developing age model and 
growth rates. Comparison between image analysis and radiocarbon ages suggests that colony height 
could be a reliable approach for in situ age estimates that are non-destructive.  

In summary, work in the GOM confirms the slow growth and extreme longevities of deep-sea corals 
using a variety of techniques, including destructive methods such as radiocarbon and band counting, 
but in situ image analysis offers a promising non-destructive approach.  

This review also highlights a dearth of age data from mesophotic corals, therefore, focused efforts on 
these communities is highly desired. If radiocarbon ages are required, more work is needed to 
resolve the spatial and temporal variability of the reservoir correction. To expand the utility of age 
models based on image analysis, we need to continue validating this work with additional sampling. 
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8.2. Key Points from Breakouts 
8.2.1. Sampling Approaches and Best Methods 
Genomic approaches 

• Restriction site-associated DNA Sequencing (RAD-seq), genomic skimming. Barcoding species 
should not be the only approach, need multiple methods. Need genetic approaches that 
resolve between species (e.g., Paramuricea). 

• Shallow genome sequencing is another way to get SNPs, aside from RAD-seq. It is a good 
approach when there is already genome-level data available.  

• Shotgun sequencing can also be used to get full mitochondrial genomes. 
• SNP assays or bait capture can be used to pull out certain regions, and can get away with 

using degraded DNA from older samples. 

• Corals require fast preservation, and high molecular weight DNA for SNP data. 
• Additional approaches using Ultraconserved Elements or hybrid capture approaches could 

also be considered (not in lieu of RAD-seq, but to enable use of samples in hand/previously 
collected).  

• Dedicated cruises and/or dives for collection of genetic material in order to reduce 
degradation of genetic material. 

• Investigate possible in situ methods that can be employed to reduce degradation of collected 
genetic materials. 

• For connectivity, intermediate (ghost) populations need to be detected and sampled. This 
needs to be done with depth in mind. Hydrographic models of the depths where the corals 
exist would be useful. Currents do not seem to change much with season, but depth has a 
strong influence. 

• We need increased resolution of connectivity maps by sampling more sites. 
 
Age/growth 

• Utilize traditional ecological methods for assessing growth rates, habitat monitoring with 
sampling that will enable understanding habitats across gradients.  

• Best method for measuring growth with least variation is using a model based on linear 
length of all the branches, over time. Height is not the only parameter you can use. Need to 
consider branching structures.  

• Need high resolution imagery with size references in photos. 

• For growth rates, at least a year is needed between two sets of images. Shallow water corals 
consistently grow within a year, probably slower for deep sea. Growth rates can only be 
generalized by site. Different sites have different growth rates, and more important the bigger 
the colony is. Two colonies of the same height at different sites can have a huge difference in 
age (Girard et al., 2019).  

• Laser line survey collecting imagery will need scales to measure various metrics for corals, 
point metrics. For size estimates, there are easier approaches than photogrammetry. Some 
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methods facilitate rapid measurements (laser line systems) versus more detailed, time 
intensive photogrammetry on a few colonies.  

• Amino acid racemization that is currently used for shell aging has potential but some species 
do not have skeletal elements required for certain aging methods.  

• Consider using other estimates besides coral height for age, such as area and width of specific 
branches.  

• We should consider using a suite of tools such as ROV for sampling and AUV for imaging for 
demographics. Photogrammetry and stereo imaging have been used with AUVs to gather 
demographic information. 

• Consider engineering a way to core/biopsy corals in situ (non-destructive). Could plan focus-
sessions on engineering. Now is the opportunity to engineer the tools we need for improved 
sampling and the best way to utilize each cruise between participants. 

• Consider taking advantage of survey work/ocean observing for additional monitoring 
opportunities using imagery.  

• Need to prioritize sites for different analyses- sampling sites for genetics might be different 
than long-term monitoring sites, etc.  

• For data on reproductive ecology and early life history, you will need sequential samples 
throughout the year preferably for multiple years which is logistically challenging.  Metrics 
include reproductive modes, timing, frequency, and planktonic larval duration. 

 

8.2.2. Data Gaps 
• Size and age frequency 

• Recruitment surveys, degree of self-recruitment 
• Need more information on mesophotic corals to fine tune the age models.  

• Larval suitability and where they settle relative to parent populations. 

• Limited spatial data- suggest expansion of spatial coverage particularly at reference 
areas/sites. 

• Areas of exploration within data gaps: 
o Validate sites 
o Possible source pools at Florida escarpment and Desoto Canyon to Mississippi Canyon 

• We need more info on current hydrodynamic conditions on various scales. 
• Post-recruitment survivorship 

• We need more information on demographics such as size structure. This information could 
factor into reproductive output and recruitment rates. 

• Topical summaries focused on octocorals, but the group brought up the need for data on 
scleractinians as well. 

• Basic knowledge and seasonality of reproductive biology, for example, are they brooders or 
spawners? 

• There is a lack of data on coral reproductive ecology and early life histories.  
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• Lack of data on mesophotic areas, reservoir age corrections. Data has not been collected since 
2017.  

• Need additional data for validating the imaging approaches. 
• Consider using microbiomes as a way to age corals and communities, as they may change with 

coral colony age and location on the colony.  

• Consider utilizing staining for growth rates in situ to provide 3D information and growth 
patterns colony-wide, but different stains may need to be investigated for non-scleractinian 
taxa.  

• Physical oceanographic processes such as circulation. 

• Should consider how particle flux and other environmental/chemical parameters play a role 
in age and growth among sites. 

• Consider using objects of known age (e.g., shipwrecks) to help with aging corals. 

• Assess age, growth, and distribution of associated taxa to help understand age, growth, and 
distribution of coral taxa.  

• Assess how genetic composition of a community correlates with age/growth among sites. 

• Understanding levels of kinship between individuals at one site, kinship between injured 
versus uninjured individuals at site, and were injured corals genetically related. Does cohort 
success exist/occur for MDBC corals? 

• Missing genetic data for many coral taxa 
• For connectivity studies, need to know taxa are abundant enough to sample and get the 

resolution we need.  
 

8.2.3. Species Prioritization 
• Injured taxa should be the highest priority. 

• Leverage existing collections to improve taxonomic resolution. 

• We should consider what level of diversity must be maintained. Preserving the most diversity 
possible, creates more resilient populations/metapopulations. We could look at varying 
impacts at sites among species to determine resistant or tolerant species. 

• Consider species that have a more ubiquitous range to allow for cross-Gulf comparisons, 
because population connectivity may extend across the Gulf, and also because the most 
intensively-studied and monitored mesophotic habitats are all in the W. Gulf (FGBNMS)— 
even though these habitats were evidently not impacted by DWH. 

• Target species for which we have larval dispersal/reproductive information. 
 

8.2.4. Connectivity Best Practices 
• Need high quality DNA; requires good preservation methods.  

• Different approaches for museum samples, barcoding and Ultraconserved Elements. Need to 
know what’s available in collections to inform which we need to sample more of.  

• RAD-seq approaches in concert with larval dispersal and habitat suitability models. 

• Utilize larval dispersal, recruitment, and habitat suitability models. 
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• Utilize lander studies to understand connectivity and biofilms in and around coral habitats.
• Utilize and develop methods used in shallow coral work such as tracer studies to track

dispersal.
• Investigate using chemical signatures of larvae and adults as tracers to track sources of

populations.

• Gather genetic and recruitment information to feed into predictive models.
• Best practices at resolving contemporary versus historical connectivity.

• Recruitment information is key, since reliance on dispersal models for connectivity is not
sufficient.

• Understanding key environmental parameters (and their uncertainty) in the GOM is
important to help inform models, including food availability, currents, localized information.

• For aging corals, it is not feasible to continue to collect whole colonies. We need to be able to
use non-invasive methods. Transplanting corals has value but we need to keep in mind the
caveats of this technique. We need to know more about its success.

• For sampling design, we need to agree upon a vertical stratification of sampling that can be
kept consistent across sites.

• Having dedicated cruises/dives to increase sample numbers. 30–35 samples per species is a
good number. For scleractinians, a power analysis was completed for Montastraea cavernosa
in FGBNMS and you can get as low as 15 samples with SNPs and 22 with microsatellites. It
was agreed that it would be better to have few samples from more sites rather than more
samples from fewer sites.
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9. Sessile Invertebrates and Infauna Workshop: 
Coral Larvae Dispersal Modeling 

9.1. Summary of Presentation 
9.1.1. Modeling and Ecology 
Matt Poti and Cheryl Morrison (NCCOS and USGS)—To effectively manage marine species, knowledge 
of the spatial scale at which populations are connected is beneficial. Larval Dispersal Models (LDMs) 
integrate biological parameters such as larval traits and behavior with a physical ocean circulation 
(hydrodynamic) model to simulate and track the movement of virtual larvae. Besides ocean current 
velocity, other environmental conditions, such as ocean salinity, temperature, and locations of 
suitable habitat can be incorporated into models. LDMs produce maps and other information such as 
connectivity matrices that can be used to identify potential pathways for larval dispersal (linkages, or 
‘connectivity corridors’), potential source or sink populations, and resilient populations that have 
potential for recovery from disturbance. The models can also identify potential barriers to dispersal 
that may isolate populations, making them more vulnerable to disturbances. This information can be 
used for the spatial management of benthic habitats, such as the design of networks of marine 
protected areas. 
 
Numerous studies have documented the use of LDMs to estimate the population connectivity of 
benthic species that rely on a planktonic larval stage for dispersal, although to date, the majority of 
these have focused on shallow-water species and especially fishes. For deep-sea species, LDMs have 
predicted that most larvae are retained in the local area, but there is substantial variability in model 
outcomes depending on the temporal scale (weeks to years). Models suggest that many populations 
are self-seeding, especially those with short planktonic larval durations (PLDs) such as the cold seep 
tubeworms Lamellibrachia, whereas others are open and more highly connected, such as 
Bathymodiolus cold-seep mussels that have long PLDs. Depth is a factor that limits connectivity for 
several species in the GOM, including the octocorals Paramuricea biscaya and Callogorgia delta. An 
LDM suggested limited dispersal for the black coral Leiopathes glaberrima in the northern GOM. For 
mesophotic corals such as scleractinian Montastraea cavernosa, an LDM suggested potential 
connectivity between mesophotic and shallow reefs. In most cases, outputs from LDMs agree with 
genetic estimates of connectivity. 
 
There remains a critical need for information on relevant biological, physiological and behavioral 
parameters for the larvae of most mesophotic and deep corals, yet empirical studies to determine 
these parameters are challenging. Limitations to the models include a lack of knowledge about sub-
mesoscale currents and near-bottom vertical resolution. Another limitation is the available 
computational capacity, which often requires trade-offs between the scale and timeframe 
encompassed by the models. Many have suggested companion LDM and genetic connectivity studies 
to test assumptions and hypotheses and ultimately better understand the modeled processes. 
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9.2. Key Points from Breakouts 
9.2.1. Larval Dispersal Modeling Approaches 

• Physical oceanography parameters 
o Solicit scientists already working on these models and oceanographic metrics; 

dispersal models are further along in GOM than other ocean basins 
o Gliders can be used to obtain physical oceanographic data over large scales, depths 
o Utilizing remote technologies to get higher temporal and spatial resolution to 

incorporate into models.  
o Prioritize the physical and biological parameters that are easiest to measure 
o  Water masses, density layers—can influence larval dispersal 

• Physical/biological parameters, including vertical migration of larvae, information on water 
masses where corals are located is key. Tap into physical oceanographers who ensure the 
proper information is incorporated into models.  

• Add larval traps and settlement plates to simultaneously investigate larval recruitment and 
biofilm development to new and existing observatories and aid modeling.  

• Stratified eDNA samples with CTDs can potentially pick up larvae. 

• Utilize zooplanktonic surveys that may contain larvae to aid modeling.  
• Desirable to schedule cruises and sampling efforts around known spawning events. 

Unfortunately, this is currently unknown for most non-scleractinian corals. 

• Be mindful of broad versus narrow scale of model. The specific information and scales fed 
into models is important. Does it encompass the GOM as a whole, or smaller scales?  

• Better hydrodynamic models are needed. Particle tracking models that do not have biological 
data in them do a fairly good job at predicting genetic structure, creating better hydrodynamic 
models.  

• Particle/larval size is a key factor in models, perhaps more than planktonic larval duration.  
• We should consider eDNA sequencing and sampling targeted key species at multiple depths to 

validate and constrain models. We eventually need to narrow down where the larvae are 
being dispersed from and when.  

• Population demography of larval sources and destinations is important for the models. 

• Environmental tolerance is a parameter needed for a successful model. 
• Upward looking bottom mounted ADCPs could be used to ground-truth models. 

 

9.2.2. Data Gaps 
• Majority of the data gaps are related to the biology of the taxa of interest for modeling. 

• Timing and seasonality might be easy to get, but requires temporal sampling. 
• Seasonal fluxes of nutrients. 

• Geographic variation of biological characteristics. 

• Spawning cues for corals.  
• Finer scale circulation patterns at deeper depths. 
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• Distribution estimates for connectivity - need increased exploration.  
• Lack information on currents and other physical parameters for deep areas.  

• Need to identify the type, age and density of structures between habitats to understand larval 
connectivity and the possibility of larvae hitchhiking among habitats. 

• Lack information on the role of biofilms and their structure, function, density, composition, 
and maturity in larval settlement. 

• Ground-truthing of spawning events and larval recruitment.  

• Larval behavior critical; spawning information, larval duration, dispersal:  
o Utilize info available from other species 
o Release date and triggers, spawning type, larval duration, fecundity estimates, larval 

production, gender demographics, reproduction strategies, larval behavior, and life 
history information 

o Develop models using genetic information or create simulation models to help inform 
predictions, develop testable hypotheses 

• Sources for injured sites 
o West Florida escarpment and Desoto Canyon for Mississippi Canyon, but do 

Mississippi Canyon populations seed sites further west? 
o Need to identify key parameters that explain the most variance variables.  

 

9.2.3. Species Prioritization 
• Focal species would be the dominant, common and injured species. A stratified approach to 

look at a few taxa from different modes of reproductive strategies could be used. 

• Suggest Swiftia (mesophotic), Lophelia (mid depths), Callogorgia delta (mid depths) and 
Paramuricea biscaya (deep) as target species.  

• Already have some population connectivity data for Callogorgia, Paramuricea, Swiftia and 
Muricea 

o Montastrea, Leiopathes, and Lophelia, since we have some data for those too 

• Antipathes spp. in the mesophotic zone and Bathypathes spp. in the deep sea 
• Species for which we have reproductive biology information. 

• Most abundant species in different depth strata, that are important for habitat and easier to 
come across and sample. 

• Habitat creating species (e.g., sponges, corals, other structure making species). 

• Rare species and common species to capture enough individuals per site 
• Potential for identifying dispersal corridors, indicator species 

• Species with commensal relationship to injured corals. 

• Target both species that are more ubiquitous across regions and depths, and those with 
limited ranges. 

• Target species with important functional roles and diversity, habitat builders, including corals 
and sponges. 
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• Target longer-lived species with low recruitment rates such as octocorals and antipatharians. 
 

9.2.4. Dispersal Best Practices 
• Consider the underlying quality of the modeling tools and inputs—where to 

optimize/improve—if the oceanographic model is robust, then model output is useful. Ensure 
the tools used and their uncertainty/limits are understood. 

• Complete with oceanographers to ensure integrity of the model. 

• Might be able to look at ocean current models and how they vary over time, and maybe target 
sampling when currents are higher. That could be a cue for species.  

• Model multiple PLDs. 
• Garavelli et al. (2018) describes habitat of where corals might end up and their survivability 

where they recruit. Not enough studies look at that angle, and it should be straightforward in 
the GOM.  Good parameter, possibility of actual settlement. 

• Should also include different larval duration times and life history traits for key taxa. 

• Leverage those already working on these projects, do not reinvent the wheel. 
o Recruitment in relation to existing oil/gas infrastructure and environmental 

information being collected on infrastructure 
o Assess how existing structures affect the ecosystem.  
o Permanent observatories that encompass multiple data gathering types to assess 

dispersal combined with other biological, chemical, and physical parameters.  
• Vertical swimming behavior should be considered as larvae get transported to completely 

different locations than those with passive behavior and all settle at once. In situ holographic 
microscopy and lidar are methods that could be used for in situ larval behavior info. Lidar will 
let you distinguish between particle sizes. 

• Lab studies can be conducted to keep corals alive for long periods to get at larval behavior. 
This is not an easy task for deep species. Some work has been done with Lophelia and Oculina. 
The biggest challenge is getting corals when they’re close to spawning and bringing them in.  

• Octocorals will be different, we need to figure out how to keep them alive in aquaria. We can 
get at when they spawn by using histology, but there are drawbacks. 

• Raman Spectroscopy for elemental analysis of skeletal material can be used to determine 
natal source location for corals. 

• Tenting is a method for larval collection, particularly at mesophotic depths. Currents may be 
an issue for using this with deep species. 

• Landers can be used for detecting spawning timing and therefore sampling times. Installed 
sensors on the landers that provide 3D images using light field microscopy can be used to 
view larvae/eggs. This will allow a time series of data for coral larvae abundance to be 
developed. 

• Multi-year, long term monitoring needed for larval dispersal studies. 
• Utilize chemical tracers, such as oxygen and hydrogen isotopes, combined with eDNA 

methods, but would require collection of larvae. 
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• Assess connectivity and dispersal of associated taxa to provide information on coral
communities.

• Need to sample and investigate microbiomes in community analysis to assess trajectories of
impacted communities compared to non-impacted communities and provide benchmarks for
future change.
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10. Sessile Invertebrates and Infauna Workshop: 
Recovery Trajectories and Restoration Targets 

10.1. Summary of Presentation 
10.1.2. Infaunal Community Recovery 
Amanda Demopoulos (USGS)—The impact of disturbance to infaunal communities has been 
conducted in a suite of environments, with similar themes resonating across studies. Following the 
DWH incident, deep-sea infaunal communities in soft sediment environments and near-coral habitats 
were examined, and a few of these communities were monitored over multiple years. To date, 
temporal changes in infaunal communities post DWH have only been examined in a handful of studies 
in soft sediments and near-coral environments. There is limited information on the long-term trends 
in benthic resources, their stability in time and space, recruitment, and their recovery after 
disturbance, and in the deep sea, recovery from disturbance takes a long time. Tracking recovery 
following disturbance in infaunal communities requires several considerations, including 
assumptions about equilibrium and ecological variability. Long-term, multi-year sampling at 
sufficient spatial scales at reference and impacted sites is necessary for taxa with long recovery 
periods or multiple taxa with different temporal dynamics, as is the case with infaunal communities. 
Including environmental monitoring can enable use of covariates to help decouple natural variation 
from DWH impacts. Specific community metrics for long-term monitoring include abundance, 
diversity, evenness, composition, life history stage, nematode:copepod (N:C) ratio, 
polychaete:amphipod (P:A) ratio, abundance of indicator taxa (sensitive/tolerant), feeding groups, 
and relative dispersion. Environmental metrics include temperature, salinity, dissolved oxygen (both 
bottom water and sediment porewater), as well as the following sediment parameters: total organic 
carbon, total nitrogen, total polycyclic aromatic hydrocarbons, total petroleum hydrocarbons, metals, 
234Th excess activity, 210Pb excess activity, porewater sulfide and ammonia concentrations, and 
estimated particulate organic carbon flux. Through robust sampling and analysis, the information 
collected may enable the development of a benthic marine biotic index that provides information on 
both soft-sediment infauna and near-coral infaunal communities. Lastly, the hypothesis that impacted 
infaunal communities will recover at some point when the contaminated sediment is buried below 
the bioturbation zone (>10 cm) is directly a function of sedimentation rates within the impacted 
zones, which are highly variable. However, detection of the contaminated layer can be challenging 
due to many factors, not the least of which bioturbation directly disturbs and obscures sediment 
layers. By quantifying multiple metrics of contamination indicators, including those mentioned above, 
through direct measurements at several impacted and reference locations, we can improve recovery 
estimates across space and time. These metrics, coupled with the development of a benthic marine 
biotic index, can help inform decision-support tools for natural resource managers to guide future 
management and protection activities in these environments. 
 

10.2. Key Points from Breakouts 
10.2.1. Sampling Approaches and Best Methods 

• Natural events can alter the communities significantly. It is beyond the scope of this project to 
know when we have conducted sufficient sampling to get at this natural variability because of 
the age of the organisms. We can tackle the spatial aspect however. From a practical 
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standpoint at best we’ll do some annual monitoring and may need to incorporate episodic 
monitoring after big events. 

• In addition to imaging/cores, we need physical samples to assess health. 
• Repeated imagery and microscopy over time to determine the health of coral. 

• Need to maintain or establish time series in impacted coral communities. We also need to 
monitor reference sites to compare to impact sites. Just knowing the recovery of impact sites 
might not tell us as much if we do not know what is going on in similar reference sites. 

• Picking reference sites for corals can be difficult because they differ so much. For example, it 
is tough to find a good reference site for deep Paramuricea. Good idea to find reference sites 
with the same corals, at the same depth range.  

• Monitor chemical composition in sediments. 
• ARMS are a non-destructive way to examine impacted versus non-impacted cryptic fauna. 

• Database of sampling methods and best practices for GOM would be of value and could feed 
into databases available for other basins 

• Determine microbial composition with respect to coral health in order to establish metrics for 
accurately measuring coral health. For example, in shallow water, coral microbiome metric of 
coral stress response. This is ascertained via transcriptomic studies. This approach does not 
require a huge sample. Gene expression.  

• Biochemical signatures through isotope analysis, including deposition and bioturbation by 
using radioisotopes, and compound specific stable isotope analyses to infer food selection, 
dominate sources. 

• Determine species and functional metrics for diversity. 

• Transcriptomics to help infer health of sampled corals. 

• Histopathology to establish a baseline of health and changes at the cellular level/structure. 
• Reproduction, ecotoxicity, tissue burden of pollutants and heavy metal concentrations. 

• Sampling frequency for infauna: varies depending on organisms, quantify variability on a 
small scale, then expand spatial resolution from there. 

• eDNA to identify changes/shifts in eukaryotic and prokaryotic relationships (Kleindienst et 
al., 2016). 

• Reactive oxygen species - to determine stress response. 

• Artificial intelligence may help improve speed and capacity for these assessments. It can help 
with identification of species/taxa/features within imagery, depending on taxa type. 

• Continue the repeated measures initiated after the spill. 

• Collection/preservation methods are extremely important. Standardization of data is critical. 
Protocols need to be established, but not too restrictive at the same time so as to compromise 
samples. 

• Need to sample and investigate microbiomes in community analysis to assess trajectories of 
impacted communities compared to non-impacted communities and provide benchmarks for 
future change.  

• Need to look at community function and how they are cycling carbon and nitrogen.  
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• Need to identify and sample appropriate reference sites (e.g., similar depths, habitats).  
• Consider looking at the impacted sediments using the depth of the oil layer as an indicator of 

the footprint and extrapolate a recovery timeline.  
• Consider assessing the concentrations of contaminants and oxidized byproducts in both 

sediments and the fauna (particularly sponges) to better understand how the ecosystem is 
being impacted.  

• Environmental data should be collected in direct context to the habitat, including physical 
water columns, sediment, and microbial samples.  

• Sampling of grain size and sediment porosity, combined with extracting terrain variables 
from high resolution bathymetry.  

• Expand sampling to outside the impacted area to provide better coverage for understanding 
the GOM ecosystem.  

 

10.2.2 Key Metrics 
• Tissue growth of damaged coral colonies. The mesophotic challenge is there are no well-

established stations like there are in the deep. Markers get overgrown quickly. 

• Possibly use percent healthy tissue on corals to establish a baseline of natural tissue damage.  

• One thing to consider when thinking about recovery trajectories is not just that the corals are 
there/not there or losing tissue or not but if they’re reproductively active or not. 

• Community oxygen consumption/respiration to measure metabolic rates provides a metric 
for energy consumption within a community to determine health of a system. 

• Assess carbon cycling and respiration combined with environmental and community metrics, 
including biomass.  

• Need to identify the baseline for functional diversity of communities, as well as, functional 
equivalency that is ideal for restoration. How do we identify whether the communities are on 
the right trajectory for restoration success? Are the functions of the community being met by 
composition, similar to pre-spill levels?  

• Define/identify resilience of an ecosystem or at a community level, potentially through cryptic 
species. 

• Develop biotic indices for deep-sea to aid assessments.  

• Assess size and distribution of sizes of coral colonies as proxies of age to assess succession in 
these habitats.  

• Sample biofilms and microbiomes, particularly from hard substrates, to help understand 
recovery.  

• Assess how the accumulation of marine organic snow has been affected at impacted sites.  

• Need to understand microbiome and nutrients. 
• For infauna, nematode:copepod (N:C) ratio is useful to track recovery. 

• Record abundance and biomass of corals and include healthy tissue levels on each colony. 
Image analysis using total linear extension of branches as a proxy for total biomass. 

• Growth rates of corals. 
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• Measure coral fecundity using microscopy. Shallow water impacts have resulted in fewer 
gametes produced. 

• Sedimentation accumulation and transport rates. 
 

10.2.3. Species Prioritization 
• Key species to focus on include impacted species and their associated communities, structure 

forming species, species that are long lived, less motile, with lower fecundity.  

• Interactions between species versus specific species are ultimately more important than how 
one species is doing as they all contribute to the health of the community and the potential 
recovery of the individuals. 

• Infauna may be a better indicator of change, for instance, looking at the nematodes to indicate 
disturbed systems.  

• Note the return of coral associated taxa such as barnacles and anemones, which may return to 
a healthier coral and signal recovery. 

• Microbial communities and microbiome analyses of impacted/recovering organisms. 
• Requires investment in taxonomists. 

• Family level ID for infauna has proven value- but some impacts may be species specific. 
 

10.2.4. Baseline Data 
• Baseline data is the main challenge because we are constrained by what we knew before 

DWH. Consistency with strides that have been done since DWH is key and making sure data 
collected during this project is standardized and comparable.  

• Imagery is what we have the most of for corals. 

• The most baseline and monitoring data currently exists for Paramuricea biscaya. There is also 
a lot of imagery data for Paramuricea sp. B3, although from a site that was not impacted. 

• Known nematode:copepod (N:C) ratios for infauna. 

• Leverage museum samples for baseline information but, consider how and when they were 
collected and preserved. There is a lot of baseline information out there, but it has not been 
used to its maximum potential. 

• One of the things this program will be doing is establishing the new baseline for future 
perturbations. The types of monitoring we can do now did not exist back before the oil spill, 
so we need to develop protocols to implement the new technology. 

• There are multiple surveys that collected meiofaunal data, however, the shift in sampling 
programs from shallow to deep-water environments makes comparisons to previous results 
limited. 

• Use industry data as resource for information from several platforms, for example: 
o Environmental impact surveys before establishing platform 
o Scientific and Environmental ROV Partnership using Existing iNdustrial Technology 

(SERPENT)—Mark Benfield 

• Functional equivalence versus returning to baseline. 
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• Transcriptomic data—reiteration of importance, baseline data following spill plus site-
specific data pre-spill and post spill in some areas. Connecting this info to environmental data 
is important to understand possible cause and effect.  

• In situ investigations with ROV and HOV. 

• Data mining the pre-spill inventory for any relevant data sets that might be useful.  

• Utilize datasets collected between 2014 and the present to determine current trajectories, 
including unpublished data.  

• Utilize already collected imagery data to provide information on additional species and 
communities not originally targeted.  

• Utilize chemical tracers to identify sites that should be investigated further. Chemical tracers 
can point us to the sites that need more attention. 

 

10.2.5. Data Gaps 
• Lack of baseline information on microbial communities and microbiomes for the coral species 

and for sediments, need to understand the composition, density, diversity in order to 
understand how they’ve changed.  

• Need to acknowledge that we do not know the species for many of these environments, first 
order Taxa prioritization, also, time may be a factor- what is the identification level required 
for specific restoration objectives? 

• What are the dominant/rare species present at the different sites? 
• Need for higher taxonomic resolution across groups, including corals, sponges, and infauna. 
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11. Conclusions 
The workshop objectives were to gather experts in biology, oceanography and modeling to identify 
the gaps of information in MDBC, determine the best practices for filling gaps and identify potential 
partnerships for MDBC restoration activities. Overall, 44 subject matter experts participated in the 
fish and mobile invertebrates workshop. Forty-five attended the workshop focusing on sessile 
invertebrates and infauna.  The information provided by this assemblage of subject matter experts 
are key ingredients to understanding the state of the science for mesophotic and deep benthic 
communities. Without this input the task of generating this information ourselves would be 
impossible.  
 
Many project restoration objectives have requirements based on identifying the gaps in the science 
and implementing the best practices to gather the data. The information and feedback synthesized 
here will guide habitat assessment and evaluation activities in the development of implementation 
plans that will be the framework for field operations from 2022‒2026. 
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Appendices  
Appendix A: Workshop Details and Participants 
 

A.1. Workshop #1: Focus on Fish and Mobile Invertebrates 
The first HAE Project workshop was held on November 15 and 17, 2021 from 1pm to 5 pm ET in a 
virtual platform (Google Meet).  Hosting of the workshop was a combined effort of the HAE Project 
Team and the DWH Program. Industrial Economics, Inc. (IEc) provided extensive workshop planning, 
organizing, execution and facilitation support during all stages of the workshop. Opening remarks 
were contributed by Melissa Carle regarding the connections between MDBC restoration and broader 
assessment of habitat service flows as restoration outcomes anticipated by the PDARP/PEIS and by 
Randy Clark who provided context for the HAE Project within the portfolio of currently ongoing 
MDBC Restoration Projects. The HAE Project team members and invited presenters provided 
interesting state-of-the-science uses of drone technology for coastal ecosystem management. 
 
Hosts: Randy Clark (NOAA NOS NCCOS), Stacey Harter (NOAA NMFS SEFSC), Andy David (NOAA 
NMFS SEFSC), Kristopher Benson (NOAA NMFS Office of Habitat Conservation [OHC]), Melissa Carle 
(NOAA NMFS OHC), Ian Zink (NOAA NMFS OHC), Katie Hornick (Earth Resources Technology, Inc.), 
Amanda Demopoulos (USGS), Jennifer Hart (IEc), Hanna Bliska (IEc), and Tracey Sutton (IEc sub-
contractor; Nova Southeastern University) 
 
Moderator: Ian Zink (NOAA NMFS OHC) 
 
Presenters: Ian Zink (NOAA NMFS OHC), Stacey Harter (NOAA NMFS SEFSC), Ross Robertson  
(Smithsonian Tropical Research Institute), Kevin Boswell (Florida International University), Amy 
Baco-Taylor (Florida State University), Randy Clark (NOAA NOS NCCOS), Martha Nizinski (NOAA 
NMFS National Systematics Laboratory), Andrea Quattrini (Smithsonian Institute National Museum of 
Natural History), Will Patterson (University of Florida), Craig McClain (Louisiana State University), 
Tracey Sutton (Nova Southeastern University), Steve Murawski (University of South Florida), 
Cameron Ainsworth (University of South Florida), Matt Woodstock (Florida International University) 
 
Breakout Leads: Randy Clark (NOAA NOS NCCOS), Kristopher Benson (NOAA NMFS OHC), Katherine 
Hornick (NOAA NMFS OHC), Ian Zink (NOAA NMFS OHC) 
 
Facilitators/Notetakers: Jennifer Hart (IEc), Hanna Bliska (IEc), Nina Gal (IEc), Eden Blutstein (IEc), 
Maddie Latimore (IEc) 
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Table A1. Participants Fish and Mobile Invertebrates Workshop #1 

Topics 1 and 2 Topics 3 and 4 
Facilitators Katie Hornick Katie Hornick 

Kris Benson Kris Benson 
Ian Zink Ian Zink 
Randy Clark Randy Clark 

Participants Cameron Ainsworth Cameron Ainsworth 
Hanna Bliska Hanna Bliska 
Kevin Boswell Eden Blutstein 
Heather Bracken-Grissom Kevin Boswell 
Amy Baco-Taylor Heather Bracken-Grissom 
Matthew Campbell Matthew Campbell 
Melissa Carle Melissa Carle 
Andy David Andy David 
Nina Gal Amanda Demopoulos 
Daniel Hahn Fanny Girard 
Jennifer Hart Daniel Hahn 
Stacey Harter Jennifer Hart 
Jennifer Herting Stacey Harter 
Daniel Holstein Jennifer Herting 
Tom Hourigan Daniel Holstein 
Scott Jones Tom Hourigan 
Samantha Joye Sean Keenan 
Sean Keenan Maddie Latimore 
Maddie Latimore Christopher Lewis 
Topher Lewis Craig McClain 
Zan Milligan Zan Milligan 
Steven Murawski Steven Murawski 
Martha Nizinski Martha Nizinski 
John Quinlan Will Patterson 
D Ross Robertson Andrea Quattrini 
Steve Ross John Quinlan 
Tracey Sutton Steve Ross 
Chris Taylor Ashley Rossin 
Mike Vecchione Tracey Sutton 
Matt Woodstock Acadia Taylor 
Yuying Zhang Mike Vecchione 

Matt Woodstock 



60 

A.2. Workshop #2: Focus on Sessile Invertebrates and Infauna
The second HAE Project workshop was held on December 1 and 2, 2021 from 9 am to 1 pm ET in a 
virtual platform (Google Meet).  Hosting of the workshop was a combined effort of the HAE Project 
Team and the DWH Program. Laurie Rounds planned and moderated the workshop.  

Moderator: Laurie Rounds (NOAA NMFS OHC) 

HAE Project Managers: Randy Clark (NOAA NOS NCCOS), Stacey Harter (NOAA NMFS SEFSC), 
Amanda Demopoulos (USGS Wetland and Aquatic Research Center (WARC)), Kristopher Benson 
(NOAA NMFS OHC) 

Presenters: Rachel Bassett (NOAA NOS NCCOS/CSS, Inc.), Nancy Prouty (USGS Pacific Coastal and 
Marine Science Center), Jill Bourque (USGS WARC), Cheryl Morrison (USGS Eastern Ecological Science 
Center), Matt Poti (NOAA NOS NCCOS), Amanda Demopoulos (USGS WARC), Stephanie Sharuga (BOEM) 

Breakout Leads: Jill Bourque (USGS WARC), Kristopher Benson (NOAA NMFS OHC), Amanda 
Demopoulos (USGS WARC), Stacey Harter (NOAA NMFS SEFSC) 

Facilitators/Notetakers: Andy David (NOAA NMFS SEFSC), Janessy Frometa (NOAA NOS 
NCCOS/CSS, Inc.), Rachel Bassett (NOAA NOS NCCOS/CSS, Inc.), Jen Herting (NOAA NMFS SEFSC), 
Jake Howell (NOAA NOS NCCOS/CSS, Inc.), Laughlin Siceloff (NOAA NOS NCCOS/CSS, Inc.), Sarah Hile 
(NOAA NOS NCCOS/CSS, Inc.), Kirstie Francis (NOAA, National Academies of Sciences, Engineering 
and Medicine Fellow) 

Table A2. Participants Sessile Invertebrates and Infauna Workshop #2 

Group A Group B Group C Group D 

Breakout Lead Stacey Harter Kris Benson Jill Bourque Amanda 
Demopoulos 

Flipchart/ Toolshed Andy David Janessy Frometa Rachel Bassett Jen Herting 

Note taker/time 
keeper Jake Howell Laughlin Siceloff Sarah Hile Kirstie Francis 

Topic 1 Participants Sandra Brooke Heather Bracken-Grissom Amy Baco-Taylor Jeffrey Baguley 

Fanny Girard Jason Chaytor Erik Cordes Andrew Davies 

Santiago Herrera Peter Etnoyer Leila Hamdan Alicia Caporaso 

Chris Meyer Samantha Joye Christina Kellogg Leonardo Macelloni 

Mark Mueller Craig McClain Furu Mienis Paul Montanga 

Josh Voss Martha Nizinski Isabel Romero Marissa Nuttall 

Stephanie Sharuga James Sinclair Sam Vohsen Andrea Quattrini 

Scott Gallagher Cheryl Morrison Nancy Prouty Matt Poti 

Jeroen Ingels 

Topic 2 Participants Sandra Brooke Heather Bracken-Grissom Amy Baco-Taylor Jeffrey Baguley 

Fanny Girard Jason Chaytor Erik Cordes Andrew Davies 

Santiago Herrera Peter Etnoyer Leila Hamdan Alicia Caporaso 
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Stephanie Sharuga James Sinclair Sam Vohsen Andrea Quattrini 

Scott Gallagher Cheryl Morrison Nancy Prouty Matt Poti 

Jeroen Ingels    
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Fanny Girard Jason Chaytor Erik Cordes Andrew Davies 

Santiago Herrera Peter Etnoyer Leila Hamdan Alicia Caporaso 

Chris Meyer Samantha Joye Christina Kellogg Leonardo Macelloni 

Mark Mueller Craig McClain Furu Mienis Paul Montanga 

Josh Voss Martha Nizinski Isabel Romero Marissa Nuttall 

Stephanie Sharuga James Sinclair Sam Vohsen Andrea Quattrini 

Scott Gallagher Cheryl Morrison Nancy Prouty Matt Poti 

Jeroen Ingels    

Topic 4 Participants Sandra Brooke Heather Bracken-Grissom Amy Baco-Taylor Jeffrey Baguley 

Fanny Girard Jason Chaytor Erik Cordes Andrew Davies 

Santiago Herrera Peter Etnoyer Leila Hamdan Alicia Caporaso 

Chris Meyer Samantha Joye Christina Kellogg Leonardo Macelloni 

Mark Mueller Craig McClain Furu Mienis Paul Montanga 

Josh Voss Martha Nizinski Isabel Romero Marissa Nuttall 

Stephanie Sharuga James Sinclair Sam Vohsen Andrea Quattrini 

Scott Gallagher Cheryl Morrison Nancy Prouty Matt Poti 

Jeroen Ingels    

Topic 5 Participants Sandra Brooke Heather Bracken-Grissom Amy Baco-Taylor Jeffrey Baguley 

Fanny Girard Jason Chaytor Erik Cordes Andrew Davies 

Santiago Herrera Peter Etnoyer Leila Hamdan Alicia Caporaso 
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Appendix B: Topical Summaries 
 

B.1. Fish and Mobile Invertebrates Workshop #1 
 
B.1.1. Topical Summary for Fish 1 
Provided by Stacey Harter - NOAA NMFS 
 
OBJ 1 - PAR 1 
 
Best practices for Objective 1. Fill data gaps and determine baselines for health and condition to 
guide restoration and protection.  
 
Parameter 1. Sampling approach and sufficiency for population/communities metrics.  
 
Key Metrics discussed: Dominant, managed, or indicator species identified; Age/size distributions; 
Biomass; Density; Abundance; Community Composition; Diversity; Richness; Ontogenetic changes 
associated with metrics; Feeding groups/trophic guilds; Functional indices 
 
Sampling approaches for mesophotic and deep fish population/communities metrics 
There are three main sampling approaches for studying mesophotic and deep fish population and 
community metrics. The first is visually which includes utilizing cameras on remotely operated 
vehicles (ROV), human occupied vehicles (HOV), towed and stationary camera arrays, and technical 
diving. These methods provide the imagery necessary for quantifying fish size distribution, biomass, 
density, abundance, community composition, diversity, and species richness. The consensus among 
the literature is for a stratified random sampling design. Stratifying by habitat features is an efficient 
sampling strategy and an effective means of partitioning variability [1] but requires high resolution 
mapping data to be available to stratify by habitat features. A stratified random design within benthic 
habitat or geological features has been used with several sampling gears including ROV [2,3], HOV 
[4], and camera arrays [5].  Some studies have conducted quantitative belt transects or roving 
transects within habitat features [6-9]. Others have conducted four orthogonal 25m long transects 
from a fixed point [10,11] and then summed the fish counts across all transect sampling segments to 
acquire a total fish count [12]. Due to the difficulty in conducting such work, technical diving visual 
surveys in mesophotic depths have rarely been demonstrated. Munoz et al., 2017 [13] was one of few 
who have used technical divers to conduct 100m² transects at randomly selected sites in the Flower 
Garden Banks to examine fish community composition and biomass.  
 
The second sampling approach involves directly capturing fish using various trawling nets (otter, 
tucker, MOCNESS, bongo, neuston), longlines, traps, hook and line, as well as capturing smaller fish 
via suction sampler on an ROV or HOV or baited traps deployed by an underwater vehicle [8]. In 
addition to gathering information on size distribution, biomass, abundance, density, community 
composition, diversity and species richness that visual data provide, collecting fish can also provide 
information on age distribution and trophic groups. Cameras are often attached to traps when 
deployed, which provides both visual and capture data [15]. MOCNESS, tucker trawls, bongo and 
neuston nets are used for sampling the mesopelagic fish community [16,17] while otter trawls, 
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ROV/HOV, baited traps, and longlines are primarily used for sampling demersal or near-bottom 
species. 
 
The third and final sampling approach is fishery acoustics to survey fish in the water column. This is 
often accomplished with a splitbeam echosounder system such as a Simrad EK60 [2]. Fishery 
acoustics have been used to measure size distribution and fish density [18] as well as spatial 
distribution of fish [19]. Passive acoustic monitoring has also been used to verify the presence of a 
particular fish species [20]. This requires catching, tagging, and verifying fish acoustic signals. 
 
To determine sample size, the number of species vs. sampling effort needs to be analyzed. Ramirez et 
al., 2019 [14] used this method to determine what percentage of species richness was recorded in 
their study. 
 
Specific methods for key metrics 
Abundance/Density/Biomass/Composition/Diversity 
A common method of estimating abundance and density of fish from visual methods is to estimate a 
MaxN, defined as the maximum number of individuals of each species observed in a single video 
frame, which prevents overestimating. This method has been employed with camera arrays referred 
to as Stereo Baited Remote Underwater Video [19] and ROV [6, 21]. Streich et al. 2017 [6] has 
suggested maintaining a constant camera tilt, viewing angle, and height above the seafloor so the 
visual field of view can be calculated for ROV and HOV cameras to most efficiently estimate fish 
densities. Relative abundances of fish have also been estimated by using still images collected at 
regular intervals [22]. Generalized linear models are commonly used to test the effects of variables 
such as habitat complexity, habitat relief, and depth on fish densities and abundance [12]. eDNA has 
been used to resolve finer scale taxonomic identities of mesopelagic fish species since it consists of 
genetic material sampled from an environmental source rather than biological source [23]. Biomass 
is typically estimated by converting reef fish lengths to weights using known length-weight 
conversion formulas [3,24]. For analyzing fish species composition and diversity, PRIMER is a 
common program to examine differences and changes in fish assemblages and diversity 
[3,4,6,12,25,26]. 
 
Age/Size Distribution 
For visual sampling methods, lasers projected on cameras [2,27] or stereo cameras [19] are often 
used to estimate fish size. When using capture sampling methods, fish can be aged via otolith band 
counts using the sagittal otoliths [28,63]. To validate the accuracy of age estimates using otoliths, 
radiocarbon (14C) values of otolith cores are used. 14C has been incorporated into aragonite skeletons 
of hermatypic corals [29] from testing of nuclear weapons in the 1950-60s, which provides a 
reference series to which otolith 14C values can be compared to validate the accuracy of age 
estimation. Coral 14C reference series can be combined with known-age fish to create a coral-otolith 
reference time series to compare otolith core 14C values [30]. Histograms of frequency of occurrence 
of age and size classes is a common way to represent these data [31,32] and ontogenetic changes in 
habitat with age and size can be compared [21]. 
 
Trophic Ecology 
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Stomach contents and stable isotopes are the main methods used to obtain information on fish diet 
and trophic ecology [19,33,34]. Stable isotopes reveal dietary signals integrated over the previous 
weeks to months while stomach contents reveal recently ingested items. Trophic guild can be 
assigned to fish using diet data from the literature or Fishbase [10,11,35]. Stable isotope and 
community analysis (density, biomass, multivariate analysis) can be used to assess structure and 
food-web functioning of fish communities. Stable carbon isotope values (δ13C) of primary producers 
are influenced by their photosynthetic pathway and inorganic carbon source, and changes little with 
trophic transfers. This allows the δ13C of consumer tissues to be traced back to its primary producer 
origins [36,37]. Stable nitrogen isotope values (δ15N) undergoes a predictable stepwise enrichment in 
15N with trophic transfers (2‒4‰), which allows the evaluation of consumer trophic levels [38]. 
Together, δ13C and δ15N can be used to construct a time-integrated biochemical outline of organic 
matter pathways within food webs. Therefore, stable isotopes of C and N have been successfully 
employed to study trophic structure and ecological functioning [39‒42,61]. These methods can also 
be used to assess ontogenetic changes in fish diet [26,33,43]. Whereas white muscle tissue is the most 
common tissue to use for isotope analysis, one study even demonstrated the utility of using fish eye-
lens isotope records for investigating life histories of tilefish and red grouper [28]. 
 
Dominant, Keystone, and Managed Mesophotic and Deep Benthic Fish Species 
Given the extensive list of fish species known to be associated with mesophotic and deep-benthic 
environments, it is critical to narrow down the target species list. One approach to consider focuses 
on the dominant, keystone, and managed species within the northern Gulf of Mexico. Most of the 
managed species of interest are from the mesophotic depth zone and include snappers, groupers, 
amberjack, porgies, and triggerfish. Dominant apex predators present at the FGBNMS were managed 
species including: scamp (Mycteroperca phenax), red snapper (Lutjanus campechanus), and greater 
amberjack (Seriola dumerili) [2].  Along the West Florida Shelf, dominant species observed included 
managed species (gag [Mycteroperca microlepis], scamp, red snapper, vermilion snapper 
[Rhomboplites aurorubens], red porgy [Pagrus pagrus], red grouper [Epinephelus morio], lesser 
amberjack [Seriola fasciata], and greater amberjack) as well as blue angelfish (Holacanthus 
bermudensis) and tattler (Serranus phoebe) [5,45,46]. Anthiids, such as roughtongue bass 
(Pronotogrammus martinicensis) and red barbier (Hemanthias vivanus), were dominant species at an 
area along the West Florida Shelf known as Sticky Grounds [4]. Since 2010, lionfish (Pterois 
volitans/miles) have become a dominant fish species in mesophotic depths and their effect on the 
community has been examined in several studies [43,47]. 
 
From the deeper fish community, several fish species have been associated with reef-building stony 
coral, Desmophyllum pertusum (formerly known as Lophelia pertusa), including barrelfish 
(Hyperglyphe perciformis), greater amberjack, Darwin’s slimehead (Gephyroberyx darwinii), snowy 
grouper (Hyporthodus niveatus), misty grouper (Hyporthodus mystacinus), American conger (Conger 
oceanica), and scorpionfish (Scorpaenidae) [22]. Powell et al. (2003) [48] documented the dominant 
species in three depth zones of the DeSoto Canyon and Mississippi Trough. On the upper slope 
blackfin grenadier (Caelorinchus caribbaeus) and luminous hake (Steindachneria argentea), were 
dominant. On the mid-slope the fauna is dominated by Macrouridae: rattail (Nezumia cyrano) and 
thickbeard grenadier (Coryphaenoides zaniophorus). The deep zone is dominated by Ophidiidae: 
digitate cusk-eel (Dicrolene kanazawai) and bony-eared assfish (Acanthonus armatus). Similarly, 
Sulak et al. 2007 [8] reported the dominant fish taxa for two depth horizons. On the 325m depth 
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horizon, dominant taxa were Stromateidae (butterfish), Serranidae (grouper), Trachichthyidae 
(slimeheads), Congridae (conger eels), Scorpaenidae (scorpionfish), and Gadiformes 
(cods/hakes/grenadiers). On the 500m depth horizon, large mobile visual macrocarnivores of 
families Stromateidae and Serranidae dropped out, while a zeiform microcarnivore assumed 
importance on reef "Thicket" biotope, and the open-slope taxa, Macrouridae (grenadiers) and 
Squalidae (dogfish sharks), gained in importance. As for managed species in the deeper community, 
golden tilefish (Lopholatilus chamaeleonticeps) population demographics have been examined [32].  
 
Spatial Data 
Several locations in the GOM have been commonly referred to in the literature as known areas of 
mesophotic and deep benthic communities and will, therefore, be of interest for HAE operations. The 
Flower Garden Banks has been an area of interest over the last several years especially given the 
recent expansion of the FGBNMS. Long-term monitoring projects are ongoing at several of the banks 
[9,49]. Areas along the West Florida Shelf including Madison-Swanson MPA, Steamboat Lumps MPA, 
Twin Ridges, Middle Grounds, and the Edges MPA have been documented in the literature [5,45,46]. 
While these areas are further from the DWH oil spill event and are not in the anticipated impact 
plume, they could be used as mesophotic reference sites for comparison to injured sites. The 
Pinnacles area, specifically Alabama Alps and Roughtongue Reef, has been documented in the 
literature as having substantial impact from the DWH oil spill [50,62] and will, therefore, be of 
interest for HAE restoration work. In the deep benthic zone, the fish communities of Viosca Knoll 
have been examined as it provides a distinct 3-dimensional hard substrate live bottom continental 
slope sub-biome [8,51]. Finally, DeSoto Canyon and Mississippi Canyon support high abundances of 
fish [48] and was identified as a biologically important area following DWH that also acted as a 
focusing mechanism for MOSSFA (marine oil snow sedimentation and flocculent accumulation) 
[52,53]. 
 
Mesophotic vs Deep Benthic Communities 
While the methodology used to examine mesophotic vs. deep benthic fish communities does not 
generally differ, depth is an important variable for many species and is an influential factor 
contributing to several fish population and community metrics. Clark et al. 2014 [2] found depth 
along with habitat relief to be the most important factors structuring fish communities at the East and 
West Flower Garden Banks. Several studies have demonstrated fish abundance, biomass, community 
richness and diversity to be highest in mid-shelf (approximately 150‒200 m) and ‒upper slope 
(approximately 300‒750 m) depths and decreases with depth [48,54‒56]. Many fish species show 
preferences for specific depth ranges and the highest functional group diversity, species diversity, 
and biomass in the shelf/slope zone [57]. Since the shelf/slope zone displays its highest diversity, and 
because greater diversity has been linked with greater resilience and stability of fish communities, 
this depth zone may be the most resilient zone [57]. 
 
Importance of Environmental Variables to Examining Mesophotic and Deep Benthic Fish 
Populations/Communities 
This summary focuses on a subset of water column variables that may be influential in structuring 
fish communities and populations. Salinity, temperature, and dissolved oxygen have been shown to 
be the most influential environmental variables affecting mesophotic and deep benthic fish 
population and community metrics. These variables have had a significant effect on fish density [18], 
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species composition [19], and species richness [55,58]. Temperature has also been influential for 
changes in larval composition [59] and was identified as the most important environmental variable 
containing functional distribution of fishes [60]. Sea surface height [58] and the outflow of the 
Mississippi River [59] have been shown to be influential in richness, diversity, and composition of 
larval fish.  
 
Data gaps 
Several data gaps have been identified in the literature to guide future research. For instance, the 
impact of the DWH oil spill on Ophidiidae has been largely understudied [44]. Their habitat was likely 
impacted by deposition of MOSSFA material and they are a major and representative component of 
the deep benthic fish community. Secondly, given the biological importance of DeSoto Canyon and 
Mississippi Canyon (mentioned above in the Spatial Data section), it is imperative to continue 
ongoing research efforts in these areas to disentangle the effects of ongoing petroleum exploration 
and DWH from other chronic stressors, particularly to document the pace of long-term recovery [44]. 
Finally, Schwing et al. (2020) [44] indicated that long-term research programs must address 
communities that are important to management such as economically important taxa and/or 
keystone and indicator taxa. 
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B.1.2. Topical Summary for Fish 2 
Provided by Randy Clark - NOAA NCCOS 
 
OBJ 1 - PAR 2 
 
Objective 1. Fill data gaps and determine baselines for health and condition to guide restoration and 
protection 
 
Parameter 2. Identify species and habitat interactions (Fish) 
The objectives of this topical summary are to highlight the general benthic habitat interactions of fish 
in the Gulf of Mexico. Mesopelagic fish communities are not included here, however, that does not 
minimize the need to understand the connectivity between benthic and pelagic communities. 
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Habitat associations  
The utilization of hard and soft bottom habitats by fishes in mesophotic and deep-sea communities is 
not well known. Strategic surveys targeting fish movement, diet, mortality, reproduction and 
recruitment are needed to know how a specific habitat supports benthic communities. As such, this 
summary will highlight the available literature that describes multi-habitat species assemblages or 
highlight extensive surveys that can be analyzed in the future to determine habitat use. Chen (2017) 
provides a summary of fish family distribution and preferred habitat type for GOM habitats (Table 9.1 
in Chen, 2017).  
 
Deep-sea or cold-water corals support extensive and important ecosystems along continental slopes. 
There is growing appreciation of their functions as fish habitat (Costello et al. 2005; Ross and 
Quattrini 2007) and as hotspots of biodiversity (Henry et al. 2010). These unique, diverse habitats 
occurring along the continental slope in the Gulf of Mexico (GOM) have escaped detailed examination 
because of their depths, rugged bottom topography, and strong currents.  
 
Reef structural complexity influences marine biodiversity and community structure at multiple scales 
(Friedlander and Parrish, 1998). Broad-scale terrain rugosity has been cited as a driver of deep-sea 
biodiversity (Robert et al. 2015). Measuring fine-scale complexity of deep-sea habitats at a similar 
scale to that in shallow-water coral reef research is problematic owing to the difficulty of sampling at 
depth. As a result, studies of fish habitat use in mesophotic (50‒300 m) habitats are more numerous 
than deep-water habitats (>300 m). Generally, it is easier to conduct surveys in the mesophotic, 
because the shallower depths are conducive to technical diving in addition to remotely operated or 
autonomous gear.  It has been assumed that deep-sea fishes generally lack habitat specificity or are 
opportunistic in terms of habitat selection, but this assumption lacks explicit data. Submarine 
canyons are complex geomorphological features that have been suggested as potential hotspots for 
biodiversity. However, few canyons have been mapped and studied at high resolution (tens of m).  
Deep-sea fishes are usually grouped by depth; however, such classification may often be inaccurate. 
In the deep sea, fish and habitat relationships have been obscured by the indirect methods, such as 
sampling by dredges and trawls, used to collect most data and, generally, low sample size. These 
techniques lack habitat specificity and are difficult to estimate small-scale density. Species that use 
multiple habitat types may require multiple sampling gears to adequately provide density estimates. 
Replicated, direct observation is the preferred method for gathering explicit data on faunal 
relationships to habitat in marine environments but due to expense, such methods are less frequently 
used in the deep sea. Methods such as trawling, bottom longline, dredging, stationary and towed 
cameras, are all suitable approaches but individually have inherent sampling biases for accurate 
density estimates and generally do not observe cryptic species well. A combination of direct 
observation using crewed or uncrewed vehicles and multi-gear sampling (trawls, traps, hook and 
line) may be useful to better characterize hardbottom and nearby soft bottom communities. 
 
Soft bottom habitats 
Using trawls, Powell et al. (2005) documented four fish assemblages on soft bottom habitats across 
the northern Gulf of Mexico. Assemblages include: 

• Shelf (188–216 m) 
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• Upper slope (375–785 m) 
• Mid slope (686–1,369 m) 

• Deep (1,533–3,075 m) 
 
The shelf assemblage occurs in the mesophotic zone and was numerically dominated by the 
deepbody boarfish, Antigonia capros. The remaining three assemblages occur in the deep zone (>300 
m). Abundance and diversity were greater in the upper slope assemblage where the blackfin 
grenadier (Caelorinchus caribbeaus) and luminous hake (Steindachneria argentea) were numerically 
dominant. Two rattail species (Nezumia cyrano, Coryphaenoides zaniphorus) were the most abundant 
taxa in the mid-slope assemblage. The deep assemblage is dominated by Ophiidae: cusk eel (Dicrolene 
kanazawai) and the bony eared assfish (Acanthonus armatus). 
 
Soft bottom surveys were conducted in and around the DWH spill site for assessment using videos 
mounted on ROV (Valentine and Benfield, 2013; McClain et al. 2019). Taxonomic richness was 
greatest north and west of the spill site and both noted reduced, homogeneous communities near the 
wellhead compared to unimpacted areas. 
 
Hard bottom habitats 
Mesophotic 
Depending on depth (approximately 50 m), some mesophotic habitats can be surveyed by scuba. This 
approach may better capture cryptic species than other in situ methods. Clark et al. (2014) 
documented fish assemblages on hard bottom (mesophotic coral reef, coralline algal reef, and algal 
nodules). Additionally, the FGBNMS has well established diver-based monitoring on Stetson Bank 
(Nuttall et al. 2017) and East and West Banks (Johnston et al. 2021). Diver based surveys are 
adequate for attributing species-specific habitat use and size frequency analysis. The information 
could provide small-scale ontogenetic habitat use analysis. 
 
ROVs offer a robust survey tool for quantifying fish density or abundance at a range of depths, 
including those inaccessible to most scuba-based survey methods (approximately >30 m). ROVs have 
been commonly used at FGBNMS, south Texas Banks [10] and Pulley Ridge, southwestern Florida 
(Reed et al. 2019) to determine localized habitat utilization.  
 
Stereo cameras have been used to document relative abundance of reef fish on northern GOM banks 
(Gledhill 2001; Campbell et al. 2015; Langland 2015) and general habitat associations were made and 
cross-bank differences in fish assemblage were recorded.  
 
As previously mentioned, multiple sampling techniques can be used to characterize benthic 
communities [4]. This approach used video surveys on crewed and uncrewed vehicles in combination 
with trawling, small hook and line (sabiki rigs) and suctioning/rotenone via ROV. This combined 
approach identified new species associations with hardbottom communities in the northern GOM.  
 
Deep water 
In the GOM, fish assemblages in deep waters associated with Lophelia and Oculina reefs have been 
documented (Sulak et al. 2007). ROV surveys, traps and suction samples taken by ROV were used to 
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characterize fish communities. Two species were documented having the greatest occurrence 
(blackbelly rose fish, Helicolenus dactylopterus; codling, Laemonema melanurum) on the deep reefs. 
Nine species were noted in the Oculina reef habitat: Warsaw grouper (Epinephelus nigritus), snowy 
grouper (Epinephelus niveatus), red barbier (Hemanthias vivanus), ocean sunfish (Mola mola), apricot 
bass (Plectranthias garrupellus), bank butterflyfish (Prognathodes aya), roughtongue bass 
(Pronotogrammus matinicensis), greater amberjack (Seriola dumerili), and almaco jack (Seriola 
rivoliana). Brooke and Schroeder (2007) describe species associations with deep coral communities 
including red snapper (Lutjanus campechanus) vermillion snapper (Rhomboplites aurorubens), 
roughtongue bass (Pronotogrammus martinicensis), threadnose bass (Anthias tenuis) and several 
species of grouper. Rezak et al. (1985) provide a list of fish associated with reefs and banks in the 
northwestern Gulf of Mexico. 
 
Artificial habitats 
Artificial reefs in general, and oil and gas structures in particular, have often been invoked as stepping 
stones for non-native and invasive species. The 1000s of artificial structures in the GOM expand the 
habitats for naturally occurring (Sammarco et al. 2004; Patterson et al. 2014), invasive (Dahl and 
Patterson 2014), and fouling communities in the region, and simultaneously increase the density of 
the dispersal networks of these communities. Invasive examples include the lionfish (Pterois volitans) 
and regal demoiselle (Neopomacentrus cyanomos). In 2016, the total number of artificial reefs in the 
northern GOM (including active and inactive) was 4,176. 
 
Limited studies comparing fish communities on artificial reefs to those on nearby natural habitats in 
the northern GOM have been conducted (Sammarco et al. 2004; Patterson et al. 2014; Streich et al. 
2017) using ROV. Benfield et al (2019) report significantly different fish communities on a 
mesophotic oil platform (that had abundant colonies of Lophelia pertusa on the platform and on 
nearby rubble) versus adjacent soft bottom habitat. On the platform the fish assemblage was 
dominated by American barrelfish (Hyperoglyphe perciformis), greater amberjack (Seriola drumerili), 
Darwin’s slimeheads (Gephyroberyx darwinii), snowy grouper (Epinephelus niveatus), misty grouper 
(Hyporthodus mystacinus), American conger (Conger oceanicus) and Scorpaenidae. The soft sediment 
habitat was dominated by king snake eels (Ophichthys rex) and Scorpaenidae. Artificial reefs provide 
ecosystem services, particularly as habitat for economically important fish species like red snapper.  
 
Best Practices 

1. Better understand the taxonomic composition, connectivity and interactions between 
artificial and natural reefs to enhance the ability to manage and protect fisheries species 

2. Develop monitoring plans to document survival, recruitment and movement patterns in order 
to provide essential data to guide management actions and can be used to assess MPA efficacy 
or development. 

3. Surveys, with evaluations of which methods to include, in the deep sea are needed to better 
characterize hard and soft communities. 

 
Species specific habitat preferences 
Some managed species such as red snapper (Lutjanus campechanus), red grouper (Epinephelus morio) 
and golden tilefish (Lopholatilus chamaeleonticeps) have well known life histories (Chen 2017) and 
are summarized below. 
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Red snapper 
• Juveniles (6 months) recruit to structure, low-profile relief, 18‒64 m (Gallaway et al 1999;

Szedlmayer and Lee 2004)
• Adults (1.5 years) reside on large reefs, outcroppings, rigs, and wrecks across the shelf to the

shelf-edge approximately 200 m (Stanley 1994; Gallaway et al 1999; Patterson et al 2001)

• Spawning adults (8+ years) are found on soft bottoms, 55‒92 m.

Red grouper 
• Juveniles (<5 years) on very shallow reefs (3‒18 m)
• Adults (4‒6 years) on rock bottoms 36‒122 m

• Eggs require salinities greater than 32ppt which are typical of shelf waters

Golden tilefish 
• Burrows on continental slope and shelf sediments (mud, silt, sand, clay), depth (120‒360 m)

and temperature preferences (9‒18℃)

• Population centers off the Mississippi River in Desoto Canyon, Texas and Campeche Banks

More species-specific details are available for some of the fishes; summarizing that information could 
be addressed in targeted fish-specific topical summaries as needed.  

Best Practices 
Identify additional representative species, particularly on soft sediments and deep-sea habitats. 

1. Focus sampling methods to address habitat preferences for the identified species

Ontogenetic habitat use 
Habitat shifts that occur during the life cycles of marine fishes, influence population connectivity and 
structure. Our understanding of cross-shelf connectivity in marine fishes is primarily limited to 
tropical coral reef-mangrove systems and estuarine dependent reef fishes. The degree to which 
similar cross-shelf habitat shifts occur in subtropical and temperate reef fishes remains poorly 
understood. Dance and Rooker (2019) modeled relationships between environmental variables 
(depth, dissolved oxygen, temperature, longitude, and distance to artificial structure or natural reef 
structure) and juvenile, sub-adult and adult red snapper (Lutjanus campechanus) abundance over 
mesophotic soft bottom habitats. Red snapper size increased with increasing depth. Juvenile red 
snapper nurseries occur at depths ranging from 10‒40 m; sub-adults were most abundant between 
20‒55 m and adults were most abundant between 20‒65 m. According to Clark et al. (2014), red 
snapper adults use both hard and soft substrates. 

Depth is an important driver of reef fish community structure (Friedlander et al. 1998; Brokovich et 
al. 2008) and was among the most influential variables of red snapper relative abundance across all 
age classes and regions. Similar patterns are observed with gag grouper (Mycteroperca microlepis) 
and red grouper (Epinephelus morio; Heppel et al. 2006; Gruss et al. 2017). 

Trophic characterization/structure 
Very few studies have examined the feeding habits and diets of benthic mesophotic and deep-sea 
fishes, despite the claim that food limitation may be the most important limiting factor in deep-sea 
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ecology. This lack of information is due to a number of factors, such as the financial and physical 
limitations of deep-sea work, problematic nature of in situ and laboratory observation or 
experimentation, everted stomachs that are common in some species brought to the surface quickly 
from the deep sea, and empty stomachs due to irregular feeding intervals (Gartner et al. 1997). As a 
result, the diets and feeding behavior of bottom and midwater fishes associated with mesophotic and 
deep-sea environments are relatively poorly understood.  
 
Most deep-water fishes feed on various Crustacea for food; however, in some species, polychaetes 
and fishes contribute noticeably to diets. High abundance and diversity of invertebrates have been 
observed on GOM reefs (Cordes and others 2008) indicating a rich food resource for benthic fishes. 
Demopoulos et al. (2017) provide information representing percent volume of stomach contents for 
31 species of fishes analyzed.  
 
Richards et al. (2020) examined the isotope values of Particulate Organic Matter and seven deep-
water fishes. This paper informs the design and interpretation of future feeding studies in the pelagic 
realm and advances our knowledge of deep-pelagic food web structure. 
 
Simons et al. (2012) developed a trophic interaction database for the GOM. The database is a 
collection of 747 references that can be used to investigate spatial and taxonomic distributions of the 
fish species examined, and identify data gaps. 
 
Gartner et al. (1997) organized deep-sea fishes into 10 demersal trophic guilds and 3 pelagic trophic 
guilds based on their diets. 
 
Demersal guilds (abundant taxa) 

• piscivores 

• macronekton foragers 
• micronekton predators 

• benthivorous infaunal predators 

• microphagous epifaunal browsers 
• megafaunal croppers and browsers 

• macroplanktonivores 

• specialist necrophages 
• necrophagivores 

• detritivores 
 
Pelagic trophic guilds 

• micronektivores 
• zooplanktivores 

• generalists 
 



 

76 
 

Powell et al. (2005) note general diets for a variety of fish taxa. More species generalized diets may be 
found in McEachran and Fechhelm (1998).  
 
Snappers are active predators feeding mostly at night on a variety of prey (Allen 1985). Fishes 
dominate the diet of most snapper species, and other common prey include crabs, shrimps, other 
crustaceans, gastropods, cephalopods, and planktons. Generally, the larger, deep-bodied snappers 
(example, red snapper) feed on other fishes and large invertebrates on or near the surface of the reef. 

• Groupers feed on fishes, large crustaceans and cephalopods (Heemstra and Randall 1993). 
• Red grouper prey: crustaceans, fish, shrimp, crabs 

• Red grouper predators: sharks, larger groupers 

• Tile fish prey: crustaceans, squids, salps, mollusks, annelids, cukes, eels, spiny dogfish 
• Tile fish predators: sharks 

 
Factors affecting habitat use or distribution 
Changing ocean temperatures as climate responds to global warming have been clearly associated 
with many examples of behavior modifications of key species reflecting, for example, the emergence 
of new preferred habitats for several fishes of importance. Movements toward the poles and toward 
deeper waters have been predicted and demonstrated (Fulton 2011; Pinsky et al. 2013; Sydeman et 
al. 2015). Consequently, latitudinal shifting is probably being replaced by distributional shifts in 
depth to deeper, cooler waters. Pinsky et al. (2013) demonstrated a southwest shift in the 
distribution of groundfishes in the northern GOM from 1987 to 2001 as a result of shifting isotherms 
at depth. 
 
Physicochemical properties of seawater such as temperature, salinity, and/or dissolved oxygen 
concentration can influence growth, fitness, and/or survival of marine organisms. Thus, spatial and 
temporal variability in these factors can play an important role in determining habitat quality and 
regulating the distributions of marine fishes (McEachran and Fechhelm 2005). 
 
Important influential gradients: 

• Salinity 
• Bottom composition 

• Spatial variability in depth from shore to edge of shelf 

• Currents 
 
Habitat ‘complexity’, in terms of topographic complexity or rugosity, substrate diversity, variety of 
refuge holes, vertical relief, percent live cover or percent hard substrate, is often cited as an 
important determinant of abundance and diversity (Langland 2015). Langland characterized fish 
assemblages and examined the relationship with environmental parameters (depth, dissolved 
oxygen, salinity, temperature, and relief) and observed strong correlations between reef fish 
assemblage structure and substrate consistency and percent live cover. 
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Biogeographic breaks 
The GOM cannot be defined as a biogeographic province, which requires that more than 10% of all 
the species be endemic (Briggs 1974); GOM fish endemism is determined to be 4.6%. However, it can 
be considered a unique biogeographic region because of its high fish species richness and unique 
community of warm temperate and tropical fish species (McEachran and Fechhelm 2005). This may 
be due to a combination of diversity of habitats, geological and oceanographic conditions, and 
geographic location. This allows for the GOM to be accessible to warm temperate and tropical shore 
fishes and most deep-sea pelagic and benthic fish species (McEachran and Fechhelm 2005).  
 
Powell et al. (2005) did not observe any biogeographic (east to west) breaks in soft bottom fish 
communities in the northern GOM.  
 
Red snapper movement (passive or active) across the Mississippi River plume appears to be limited 
(Addis et al 2013; Lyczkowski-Shultz and Hanisko 2007). These may be reflective of two distinct 
populations in the eastern and western GOM.  
 
The Loop Current may act as an important geographic isolating mechanism that separates inshore 
fish populations of the eastern and western Gulf of Mexico (Govoni and Grimes 1992; Sturges and 
Leben 2000). 
 
Reproduction 
We need more information here on what we know and do not know about general reproductive 
strategies in mesophotic and deep habitats of the GOM. Below are some cursory examples and some 
specific information for a select set of species.  
 
Recruitment of reef fish were evaluated on shallow (to 40 m) mesophotic reefs (Wetmore et al. 2020) 
and note reef type-specific differences in assemblage composition and high interannual variability of 
juvenile recruitment indicate that mid-shelf and shelf-edge coral reefs may fill different functional 
roles for demersal fishes in the northwestern GOM.  
 
A key reproductive strategy utilized by many mesophotic taxa is an extensive migration to selective 
offshore areas along outer reefs to form seasonal spawning aggregations in the week or so prior to 
the full moon (Martinez-Andrade 2003). 
 
Some groupers form spawning aggregations and are broadcast spawners. Campbell et al. (2015) 
document Marbled grouper (Dermatolepis inermis) relative abundance on hard bottom areas. Highly 
rugose habitats 60‒100 m were areas most likely to encounter this species, a rare species in the GOM, 
typically found off of Louisiana and known to form spawning aggregations.  
 
Golden tilefish: unknown spawning locations; batch spawners; pelagic eggs found on edge of shelf; 
larvae are pelagic. 
 
Deep-water fish reproductive strategies are poorly known. Lophiiform fishes (anglerfish) have 
documented strategies where males attach, permanently or temporarily, to the females (Pietsch 
2009). Marks et al. (2020) document the reproductive ecology of the family Stomiidae in the GOM.  
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Oviparous sharks use a variety of epifauna for spawning including corals, hydroids, sponges and 
bryozoans (Etnoyer and Warrenchuck 2007). 
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B.1.3. Topical Summary for Mobile Invertebrates 
Provided by Martha Nizinski—NOAA NMFS 
 
OBJ 1 - PAR 1, PAR 2 
OBJ 3 - PAR 6 
 
Although our knowledge about species diversity and habitat associations of megafaunal mobile 
invertebrates associated with mesophotic and deep-water benthic environments, particularly deep-sea 
coral habitats, continues to increase, major gaps still exist regarding the systematics, ecology, and 
species distributions of even the most conspicuous faunal groups. Megafaunal (>50 mm), mobile, 
benthic invertebrates comprise several phyla including Arthropoda (Subphylum Crustacea), 
Echinodermata, and Mollusca. Most of these taxa, with the exception of a few species of crustaceans 
(e.g., golden crabs, shrimps), are not commercially or recreationally important, although all of these 
contribute to ecosystem function. Mobile megafaunal organisms are often patchily distributed, 
generally occur at low density, and can exhibit high temporal variability at multiple scales within sites, 
thus, detecting changes in local populations of these mobile taxa is problematic (Fisher et al. 2016). 
Much of the information about megafaunal invertebrates has been gleaned from habitat assessment 
studies in the deep Gulf of Mexico (Gulf) and centers around decapod crustaceans. These crustaceans 
are conspicuous, often photographed by ROVs, and are frequently collected in ecological surveys 
(Wicksten and Packard 2005). Additionally, they are often the numerically dominant group represented 
in megafaunal invertebrate trawl collections (Pequegnat et al. 1990, Nizinski and Ames 2017).  
 
Within the Gulf, mobile invertebrates utilize a variety of natural habitats including soft-sediments 
(Nizinski and Ames 2017), deep-sea corals (e.g., Cordes et al. 2008, Lessard-Pilon et al. 2010a, 
Nizinski and Ames 2017, Becker et al. 2009, Reed et al. 2017), cold seeps and vestimentiferan worm 
aggregations (Bergquist et al. 2003, Cordes et al. 2009, Lessard-Pilon et al. 2010b), as well as artificial 
habitats such as shipwrecks and oil platforms (Kilgour and Shirley 2008). Mobile invertebrates can be 
facultative or obligate symbionts, passersby and vagrants, long-term residents, or habitat specialists. 
Yet few comprehensive studies, and none dedicated specifically to larger mobile invertebrates, have 
been conducted to quantify the occurrence of these organisms across habitats. Reference to these 
larger, benthic invertebrates is usually limited to inclusion in annotated lists of fauna associated with 
particular habitats, with few comments provided on habitat utilization and relative abundances. 
Based on species accumulation curves constructed for collections of megafauna taken prior to the 
DWH oil spill during the Lophelia II study (Demopoulos et al. 2017), the total diversity of these 
organisms at the deep-sea coral and adjacent habitats sampled has not been determined (Nizinski 
and Ames 2017).  
 
Species composition of the mobile faunal assemblage varies by habitat. Burrowing taxa, deposit 
feeders, scavengers and vagrants dominate soft-bottom habitats. A comprehensive trawl survey of 
the deep Gulf showed no distinct regional, seasonal or annual differences in decapod diversity 
(Pequegnat et al. 1990), suggesting that, at least for crustaceans, the species pool is relatively stable. 
The associated fauna of deep-sea coral habitats is often representative of the regional species pool 
(Cordes et al. 2008) with larger mobile taxa represented by a variety of taxa including crustaceans, 
echinoderms, and mollusks. Fauna found in seep-associated tubeworm habitats are mixtures of 
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endemic and non-endemic taxa, with larger mobile predators visiting this habitat to forage where 
prey abundances are higher (Cordes et al. 2009).  
 
Of the environmental factors known to influence assemblage structure in the deep sea, depth is 
hypothesized as a significant factor contributing to species composition and diversity, and ultimately, 
to similarities between community assemblages for deep-water fauna from different areas (Soto, 
1985; Pequegnat et al. 1990; Wicksten and Packard, 2005; Cordes et al. 2008). Megafaunal diversity 
in the Gulf tends to be highest at mid-range depths, where the species collected represent a subset of 
the total diversity of species reported for the Gulf, and many of these species have widespread 
distributions and occur in a variety of habitats (Nizinski and Ames 2017). Topography and 
hydrographic conditions (Soto, 1985), habitat complexity (Lessard-Pilon et al., 2010a), and 
environmental factors relating to food, habitat, pollution, and location (Haedrich et al., 2008) are 
proposed as important predictors of diversity in deep-sea environments as well. Presence of 
biological structures, such as deep-sea corals, also influence species diversity at local and regional 
scales by increasing habitat heterogeneity and providing substrata and food resources that become 
limited at deeper depths (Buhl-Mortensen et al. 2010). 
 
A variety of sampling methodologies, including image analysis, collection of physical samples, and 
database mining, are used to survey mesophotic and deep mobile benthic invertebrates and to 
characterize community composition. High-resolution multibeam data has proved to be extremely 
helpful in identifying habitats where mobile megafaunal invertebrates are likely to occur. High 
definition video and still cameras associated with ROVs and human occupied vehicles (HOV) are 
commonly used to assess species richness, relative abundance (presence/absence), and community 
structure. Although identifications of organisms and assessments of biodiversity are common from 
imagery, these identifications are frequently limited to higher taxonomic levels (i.e., Order, Family, 
Genus) due to low resolution/clarity of the image. Additionally, many distinguishing characteristics of 
megafaunal invertebrates are either too small, are located on the ventral side of the organism, or are 
internal and would not be seen even in high definition, close-up images. Still imagery and 
photomosaics are also useful to assess species presence, species richness, habitat utilization, and to 
estimate relative densities of these organisms. However, video transects are often designed to assess 
habitat features or to examine foundation species in detail. Documenting presence of mobile 
invertebrates in these types of video transects is often opportunistic with observations limited to the 
largest or most conspicuous taxa. Another limitation of video sampling techniques currently 
employed is that individuals may be hidden from view or they may simply move away from collecting 
gear or underwater vehicles making estimates of species richness and abundances conservative at 
best. Additionally, size of individuals can only be estimated if lasers are on and visible. 
 
Physical collection of megafaunal invertebrate specimens using a variety of gear (trawls, traps, boxcore, 
ROV, HOV, bushmaster and bushmaster jr) is also important. Specimens provide data necessary to 
assess relative abundances, species richness and diversity, biomass, and habitat utilization and are 
critical to taxonomic and genetic studies. Additionally, data on size distributions, reproduction, food 
habits (inferred from gut-content and/or stable isotope analyses), and toxicology can only be obtained 
through examination and analysis of physical specimens. Similar to issues encountered with image data, 
collection of specimens is also opportunistic. ROV and HOV collections are limited to those species that 
are both conspicuous and that can readily be collected with a suction sampler or claw outfitted on these 
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vehicles. Other gear types, such as an otter trawl, may provide more comprehensive collections, but 
trawl samples are usually limited to less sensitive habitat types such as soft bottoms. Trawls likely 
sample a variety of habitats during deployment thus eliminating habitat-specific information 
concerning where the individuals were actually residing. Moreover, fast-moving species or captured 
individuals may escape the gear before retrieval. Thus, organisms that are captured are limited to those 
found in habitats where trawling or dredging can be conducted, and determination of habitat 
associations of the organisms captured with these gear types is usually not possible. Additionally, gear 
types like the Bushmaster collect a quantitative sample but some mobile invertebrates may either move 
away from the sampling gear during deployment or escape before the gear is closed.  
 
Museum records and databases are also used to assess biodiversity and distribution of larger mobile 
invertebrates (e.g., Wicksten and Packard 2005, Felder et al. 2009). Although museum collections 
provide an important source of data, collections represent presence/absence information rather than 
quantitative relative abundance estimates because these collections lack information to determine 
distances covered by the sampling gear while on the bottom. Additionally, these samples may only be 
a subset of the total number of individuals originally collected and thus not be representative of the 
actual abundance of the species captured.  
 
Data presently available for the mobile megafaunal invertebrate assemblage of the deep Gulf is 
incomplete and interspersed throughout a variety of habitat assessment studies. Only one survey, 
consisting of a radial design of ROV transects located 2000 m distance north, south, east, and west 
from the wellhead and one survey 500 m north from the wellhead, specifically examined deep mobile 
megafauna following DWH (Valentine and Benfield, 2013). Lower abundances and species richness 
2000 m south and 500 m north of DWH were attributed to either mortality or emigration. Seven 
years later, McClain et al. (2019) repeated the survey with the addition of four control sites at similar 
depths (1,960–2,179 m) for comparison. Ecosystem health was examined by comparing alpha 
diversity, beta diversity and abundances at the sites surveyed immediately after the oil spill in 2010 
(Valentine and Benfield 2013) with impacted and background sites surveyed in 2017 (McClain et al. 
2019). Each survey (2010 DWH, 2017 DWH, and 2017 background transects) exhibited significantly 
different faunas. At 2017 DWH, large mobile megafauna, particularly giant isopods, asteroids, and 
holothurians, common at background sites, were absent from this site in the impacted area; in 
contrast, crustaceans were present in high abundance. Degraded hydrocarbons at the DWH site may 
be serving as both a chemical attractor (sex hormone mimic) for some crustaceans and as a toxin for 
other species (McClain et al. 2019). Based on the data collected in these previous studies, Schwing et 
al. (2020) evaluated the resiliency and recovery potential of some megafaunal species to best 
characterize the impact to, and the response of, the deep benthic ecotype following DWH. Using a 
vulnerability-resilience analysis, they predicted that high vulnerability and low resilience best 
described the megafauna. Factors contributing to this assessment were slower growth rates, slower 
community turnover, and longer lifespan of the megafaunal taxa examined (Schwing et al. 2020). 
 
A major data gap and obstacle to restoration efforts are the lack of quantitative pre-spill data for Gulf 
megafauna (McClain et al. 2019, Schwing et al. 2020). A basic step towards restoration and 
management of the deep Gulf requires an accurate, comprehensive list of species in the area. Yet, 
even this fundamental knowledge is not available as the biodiversity of the mobile megafauna has not 
been totally assessed. Based on results available to date, diversity estimates for faunal associates of 



85 

deep-water coral habitats underestimate the total diversity occurring at these sites in particular 
(Nizinski and Ames 2017), and likely the same situation exists for other specialized benthic habitats 
within the Gulf. It is important to recognize the difficulties encountered when attempting to compare 
results between most studies because levels of sampling effort, types of gear employed, taxonomic 
level of resolution of identifications, investigator bias (in other words, better resolution for taxa of 
interest), and sampling bias all vary between studies. Since many deep-sea taxa are represented by 
fewer than five specimens in museum collections, determining if a species is present in low numbers, 
or is absent from an area, or occurs in high abundances elsewhere but was just not collected in the 
area under study is challenging (Wicksten and Packard 2005, Danovaro et al. 2017).  

The need for accurate identifications is critical because basic natural history information, including 
species associations, size, sex, reproduction, and distribution data that is lacking for many of these 
species, depends on accurate identification of the specimens. Museum collections have been utilized 
to assess some of these topics, but without a regular sampling program and collection of additional 
specimens, the ability to assess seasonal or long-range variation in deep-sea organisms is not 
possible. Wicksten and Packard (2005) recognized such impediments in their study of deep-sea 
decapod assemblages in the Gulf. Additionally, opportunistic images captured during 
telepresence/ROV missions have provided insights into the natural history of large mobile 
invertebrates, including predation events (e.g., Pawson et al. 2015, Wicksten and Heathman 2015, 
Mah 2020), but these observations represent just the beginning of the data needed to more fully 
understand the complexities of species interactions in deep-sea assemblages. 

Understanding movement patterns of mobile megafaunal invertebrates is critical in determining 
patterns of habitat utilization, both before and after environmental disasters. Not all species respond 
to such events in similar fashion. For example, in the deep Gulf, some commensal ophiuroids, which 
are frequently observed in association with Paramuricea biscaya, remained with their damaged coral 
colony and exhibited both physical damage and changes in behavior after DWH (White et al. 2012). 
Other components (e.g., squat lobsters, shrimps, sea urchins) of the megafauna were no longer visible 
on or near injured corals suggesting that the more mobile of these invertebrates either left the area or 
died. But, how far these organisms are capable of moving under the best of conditions is unknown. 
Whether these larger mobile invertebrates return if/and when a healthy coral habitat is re-
established is also unknown. The mechanism, either emigration of individuals from the local 
population or through larval recruitment, which result in a species’ return to and re-population of 
deep-sea coral habitats, is also unclear. Our understanding of daily movements of mobile 
invertebrates as well as of deep-sea larval dispersal remains limited. Girard et al. (2016) found some 
evidence that ophiuroids associated with P. biscaya occasionally move from coral to coral within the 
same site (i.e., short distances). Crustaceans are also likely moving between corals but no studies 
have been conducted to actually document this behavior. There is a critical lack of information 
regarding movement abilities, movement patterns, and recruitment processes for the majority of 
deep-sea megafaunal invertebrates in the Gulf (and elsewhere). 

Identifying specific indicator species to signal changes or issues in particular habitats is not always 
straightforward. The deep-sea red crab (Chaceon quinquedens) can be considered as a sentinel 
species for oil exposure in deep benthic environments as forensic evidence determined that a large 
population of these crabs was exposed to oil from DWH and this exposure event could still be 
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detected in individuals four-years later (Douglas et al. 2018). Washburn et al. (2016) suggested 
echinoderms might be useful as bioindicators, but most echinoderm taxa were not present at their 
sampling stations or occurred in high enough abundances to be useful for monitoring effects of an 
environmental disaster. Fouling organisms, such as hydroids, may serve as indicator species of coral 
colony stress. However, the presence of these organisms on the corals may not necessarily represent 
a stressor for the associated mobile fauna. In fact, in some deep-water areas, dead corals support 
higher abundances and diversity of associated fauna (e.g., Cordes et al. 2008, Buhl-Mortensen et al. 
2010, and others) than do live colonies. This situation possibly confounds the question of what 
factors are important for repopulation of an impacted habitat. Unanswered questions regarding 
recovery following an environmental disaster are many. Will mobile invertebrates return once 
signs/impacts of the oil slough are gone? Do the skeletons of impacted coral colonies that have died 
due to contamination from oil and dispersants harbor higher levels of contaminants that would 
adversely affect the recruitment and survival of associated fauna? 
 
Whether or not species return to and survive in a contaminated area also depends on the availability 
and quality of the food supply, particularly for deposit feeders and scavengers. If infaunal 
communities change due to contamination (Montagna et al. 2013), benthic deposit feeders with 
broad diets may not be as heavily impacted provided that the infaunal organisms are not carrying a 
heavy contaminant load. Effects of oil-spill disasters are both short and long term. Four years after 
DWH, elevated (orders of magnitude higher) concentrations of contaminants were still present in 
sediments (McClain et al 2019). Oil-contaminated sediments remain close to the surface of the 
substratum as evidenced by a red crab re-exposing these sediments as it walked (McClain et al 2019). 
Thus, soft-sediment assemblages may continue to be directly impacted negatively by residual 
contamination in the sediments and this re-exposure could indirectly affect megafaunal predators 
feeding on epi- and infaunal benthic prey. The persistence of contaminants, due to low temperatures 
and lower organic carbon and nutrient input to deep waters (Montagna et al. 2013), may make 
habitats hostile to a variety of mobile organisms. These include megafaunal vagrants due to poor food 
quality, burrowing organisms unable to repopulate soft-sediment habitats for extended periods of 
time following the oil spill due to contamination, and other taxa which died or emigrated and fail to 
repopulate the area entirely.  
 
In summary, protecting and restoring mobile, megafaunal invertebrate assemblages requires better 
understanding of the taxonomy, basic biology and life history traits of the component species. Better 
spatial and temporal coverage is needed to establish long-term trends (Schwing et al. 2020). Factors 
affecting species richness (food, habitat, pollution and location) vary between taxa (Haedrich et al. 
2008) and the response of these organisms to environmental change will depend on the ability of 
these organisms to adapt to perturbations. Thus, expanding our knowledge of the biology, physiology, 
and species interactions, as well as the factors controlling food webs and dispersal will help us better 
understand the complexity of biological interactions and trophic food webs within these deep-water 
benthic ecosystems (Danovaro et al. 2017).  
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B.2. Sessile Invertebrates and Infauna Workshop #2

B.2.1. Topical Summary for Porifera (sponges)
Provided by Rachel Bassett—CSS, Inc. in support of NOAA NCCOS 

OBJ 1 - PAR 1 and PAR 2 
OBJ 3 - PAR 6 

Objective 1. Fill data gaps and determine baselines for health and condition to guide restoration and 
protection 

Key Metrics. Dominant, managed, or indicator species identified; Age/size distributions; Biomass; 
Density; Abundance; Community Composition; Diversity; Richness; Ontogenetic changes associated 
with metrics; Feeding groups/trophic guilds; Functional indices 

Parameter 1 (Sampling approach and sufficiency for population/communities metrics.)  
Summarize methods used to ensure appropriate sample sizes for addressing/answering questions 

Bathymetric data must be ground truthed with visual observation in order to verify the presence of 
hard-bottom habitat suitable for sponge and coral colonization [32]. 

Methodology for sponge sampling in the DWH spill footprint 
Although deep sea sponges can be collected using manipulator arms on ROVs and HOVs, they can also 
be collected using boxcores and trawls [13,14].  

Galloway et al., (1988) used a box core to collect sediment from which they extracted meiofauna and 
macrofauna. For meiofauna samples, they placed the sediment directly into sample jars with isotonic 
magnesium sulfate and preserved the samples with neutral buffered formalin with rose bengal. To 
extract macrofauna, the sediment was washed with filtered sea water on a 300-micrometer sieve. The 
retained material was placed into sample jars with isotonic magnesium sulfate and preserved with 
neutral buffered formalin in sea water with rose bengal [14]. For trawl sampling of megafauna, an 
otter trawl was towed at approximately one to three knots for one hour at stations <1300 m and two 
hours or longer at deeper stations [14]. Carballo et al. (2006) collected sponges from shallow waters 
(1‒5 m) using divers. They then used the volumetric displacement method to measure the volume 
(mL) of each sponge by placing them individually in plastic bags with water from the site [3,8].  

When sampling near oil platforms, benthic contamination effects seem to be localized to 100‒200 m 
away from platforms at 29‒125 m depth [11,23] with high concentrations of drilling muds in benthic 
samples taken closer than 250 m to the platform [11]. Daigle (2020), therefore, designated control sites 
to be further than 1.5 km from platforms where contamination effects seemed to be negligible [11].  

Video transect methods are an effective way to gather images of macrobiota, including sponges. 
Locker et al. (2016) divided ROV transects into geological features and used the features to classify 
zones within a dive. Transects were annotated with presence/absence of sponge and other 
macrobiota species occurrence and percent cover of substrate type. Coral Point Count with Excel 
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extensions was used to analyze the images quantitatively by identifying one hundred random points 
on each image as substrate type and benthic fauna, with macrobiota (>3 cm) being identified to the 
lowest practical taxa level [11,17,32]. 

Long-term monitoring via imagery - best practices 
To create stationary photo stations for long-term monitoring, concrete blocks with eye bolts are 
useful markers. Wire rope is attached to the block with a shackle and thimble, with a small 20 cm 
hard trawl float attached to the rope using crimping sleeves. During deployment, the wire rope is 
coiled and lightly secured with painter’s tape to secure the wire. To make the marker 1 kg negative in 
the water, a cut away float system is used. The cut away float consists of additional hard trawl floats 
secured to the marker using 136 kg test fishing line. The ROV deploys the markers, placing the 
concrete blocks on the sampling sled and holding them in place by clasping the eyebolt with the 
manipulator arm. The manipulator arm positions the marker and uses a cutting tool mounted to the 
back of the manipulator arm to remove the extra floats. This allows the wire rope to unfurl to its full 
length. The fishing line and cut away float are collected on the surface [22]. 

• Identify indicator species, species with ecological importance (keystone species) or most
abundant species

Most abundant sponge species in 4 different areas and depths 
On the hard bottom at the Florida Middle Grounds Habitat Area of Particular Concern (<60 m depth), 
the most common sponge species encountered are Pseudoceratina crassa, Niphates erecta, 
Amphimedon compressa, Cribrochalina vasculum, an unidentified hard orange sponge, Cinachyra 
alloclada, and Scopalina reutzleri. The abundance of these common sponge species ranges from 0.6 to 
1.4 colonies per square meter [9]. On the hard bottom in the mesophotic range (116-135 m) at the 
Sticky Grounds on the West Florida shelf, Porifera is the most diverse phylum (12 taxa). The 
dominant taxa are Astrophorida, Lithistida, Corallistidae, Pachastrellidae, Spirastrellidae, 
Placospongia sp., several unidentified Demospongiae, and a few Hexactinellida. Sponges in this region 
are difficult to identify without a specimen [19]. In deep water (>200 m) on the hard bottom of the 
continental shelf of Mississippi and Louisiana, the most frequently occurring organisms, besides 
sabellid polychaetes and hydroids, are unidentified encrusting sponges [10]. In the West Florida 
Lophelia Lithoherms (412-448 m), in addition to Antipatharia and Octocorallia, the sponges 
Heterotella spp., Phakellia spp., and Corallistidae dominate [25]. On a nearby terraced lithoherm (466 
m) the dominant species include Heterotella spp. and other hexactinellid vase sponges, and various
plate and vase Demospongiae (Pachastrellidae, Petrosiidae, Astrophorida) [25].

• Identify significant research that has documented community structure and species function

Significant research that has documented community structure 
Debose et al., 2013 [12] document change in community structure through long-term monitoring. On 
Stetson Bank between 1993 and 2008, percent coral cover and percent sponge cover decreased 
drastically as algal cover increased. This may be due to several factors, including temperature, river 
discharge, salinity, solar radiation fluctuations and bleaching events, among others. 

Nuttall et al., 2017 [22] Give a good overview and summary of observed community structure at 
Stetson Bank and a description of long-term mesophotic monitoring with photostations and ROV 



91 

transects. They include detailed methodology, issues encountered and the solutions for those issues. 
This resource is useful for best practices. This study showed a decrease in the algal cover which left 
open areas available for coral or sponge colonization. 

• Highlight pertinent literature, not everything, but the more definitive sources that address the
above bullets

Pertinent literature that addresses many desirable metrics 

• Reed et al., 2017 [24] give methods for characterizing habitat with methodology for video
sampling.

Data Gaps 
Although Reed et al. (2006) documented sponge communities on the West Florida lithoherms, there 
is an overall lack of data and research on porifera in the deep Gulf of Mexico [6].  

• Overall lack of data and research on porifera in deep Gulf of Mexico

• Porifera are difficult to identify without samples so most identifications are at genus or even
family level, making it difficult to plan for restoration efforts. Obtaining samples of structure-
forming sponges is imperative.

• Limited long-term monitoring of impacted areas
• Almost no sustained monitoring of deep-water communities (especially >200 m)

Parameter 2 (Identified species and habitat interactions) 

• Habitat association/interaction (answer the question: where do they live?)

Habitat parameters 
Sessile fauna, including sponges, are likely to favor coarse, stable sediments that are not easily 
disturbed. Thus, they can be used as indicators of more ecologically stable community structures that 
may conform to equilibrium type processes [1]. In some studies, the percentage of individual sponges 
with embryos and sponge density were positively correlated with water temperature but not with 
salinity [3,15]. In the shallow water sponge, Haliclona (Reniera) implexiformis, the abundance of these 
organisms increased 55% from summer to winter. This increase could be associated with a 
reproductive period but also possibly due, in part, to asexual reproduction (fragmentation) [2,3]. 

• Identify any known biogeographic breaks

Biogeographic information 
Work on the continental slope of the Gulf of Mexico has shown that there is a sharp drop in 
abundance and community dominance of sedentary fauna, such as bivalves and sponges, below 500 
m. This may be related to increasing levels of bioturbation as sediments with high levels of
megafaunal bioturbation inhibit abundance of sedentary taxa [1]. However, many western Gulf of
Mexico stations showed that sedentary fauna were once again the dominant community taxa in
depths greater than 2000 m even though their numerical abundance did not increase [1,14].
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Recent studies suggest that there is no evidence for the “sponge increase hypothesis” for sponge-
depth correlation in the Caribbean [28]. The hypothesis states that ‘‘sponges throughout the 
Caribbean show a pattern of increasing biomass and diversity with depth down to 150 m’’ [18].  
However, evidence shows that sponge biomass and cover both decrease below 100 m in Puerto Rico, 
with encrusting sponges predominant below 130 m [28,29]. Visual analysis of mesophotic hard 
bottom substrates in Puerto Rico (PR), St. Thomas (St. T) and Flower Garden Banks (FGB) indicate 
that sponge cover either decreases with depth (PR) or does not change with depth (St. T and FGB). St. 
T and FGB site terrain was mostly flat with small patch reefs and depth ranges were 39‒97 m and 34-
100 m respectively. The PR site had a depth range of 26‒178 m and sloped from approximately 40 m 
to between 85‒100 m. From there, a nearly vertical wall began and transitioned to a soft plane 
around 150‒180 m. To find a generalized pattern of sponge abundance in the mesophotic zone, 
additional data are needed [28]. 
 
Identify locations where environmental information has been collected, specifically in situ, with 
landers or other deployed instrument assemblage, such as ROV/AUV/HOV instrument data 
assessment of environmental information at various scales, site-specific, regional, gulf-wide 
 
Local and Regional data collection 
Within the GOM, abundance and diversity values vary more at local scales than those between 
different regions or depth zones [1]. At both local and regional scales there is wide variation in all 
macrofaunal measurements. This affirms “the increasing importance in marine ecology of spatial 
patchiness in biological communities and the risks in upscaling measurements to larger-sized areas” 
[31]. High variance due to insufficient sampling can be overcome by varying the areal size of 
collection sites and increasing the number of samples within the sites [1]. 
 
Most of the exposed carbonates on the West Florida slope (400‒450 m) are colonized by sponges, 
although large, potentially habitat-forming sponges are rare. Lease blocks GB535 (515‒540 m) and 
GB354 (525 m) have a high abundance of large white sponges, some up to 0.5m in diameter. In lease 
block MC751, sponges are very often found associated with biological substrata other than 
scleractinian corals (e.g., gorgonians and seep organisms) [7]. 
 
For Ammons (2007) deep GOM surveys, the lower continental slopes (>1,500 m) had lower faunal 
abundance than did the upper slopes (200‒1,500 m) and shallow waters (<500 m). DeSoto canyon 
was the exception, with similar or only slightly less abundance on its lower slope. The relatively high 
particulate organic carbon (>3.2 uM) in the sediment, as far down as 2,300 m in the DeSoto canyon, 
may be a driver in the high macrofaunal densities (>6,300 m2) on both its upper and lower slopes. 
Sedentary fauna abundance values in the GOM canyons were only slightly higher than non-canyon 
sites at equivalent depths [1]. 
 
Gallaway et al. (1988) performed an extensive study on the GOM continental shelf. The study 
included 60 stations that ranged in depth from 300‒3,000 m. Using an otter trawl and a box core for 
sampling, 39 sponge taxa were reported with 22 of them identified to species. Densities ranged from 
0‒137/m2 with a single site at 2,902 m displaying the maximum observed density. The ten most 
abundant taxa collected were identified only to genus or family and included Stelletta, Sycon, 
Stylocordyla, Thenea, Mycale (species A and B), Microciona, Suberitidae and Suberotodae [14]. 
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In order to determine the impact of terrestrial floodwaters on offshore reef communities, Shore et al. 
(2021) collected samples from Agelas clathrodes and Xestospongia muta sponges within the Flower 
Garden Banks at Buoy 4 at East Bank and Buoy 2 at West Bank. Wastewater-associated bacteria found 
in the sponge tissue illustrates the effect of hurricanes, runoff and other coastal events on offshore 
reef organisms. Samples were collected from visually healthy sponges and those that were showing 
progressive tissue loss. The sampling methodology was as follows: “Diseased sponges were sampled 
at the interface between lesion and healthy tissue. Samples were clipped from sponge individuals 
using health status and species-specific cutting shears that were wiped clean between samples. Each 
sample was placed in an individual sterile bag for transport to the surface. Once topside, each sample 
was immediately transferred to liquid nitrogen and stored at 20°C until further processing” [30]. 
 
Xestospongia muta is common in the Caribbean and GOM. However, Bernard et al. 2021, found 
evidence of multiple genetic populations of X. muta when they sampled these sponges in the Flower 
Garden Banks, the Florida Reef Tract (FRT), Pulley Ridge (PRI) HAPC and the Dry Tortugas (DRT), 
with only limited evidence of ongoing genetic connectivity linking these communities. Significantly, 
there was marked genetic differentiation between the FGB and all other surveyed populations, as well 
as between the upper and lower Keys in the FRT. Conversely, there was evidence of genetic 
connectivity linking the mesophotic PRI HAPC and the photic DRT, which may suggest that the deep 
mesophotic coral reef community of the PRI HAPC may serve as a source for downstream areas of the 
lower FRT [4]. 
 
Reproductive strategies 
Sponges can be hermaphroditic (successive or contemporaneous) or gonochoristic, with females 
frequently outnumbering the males. Whether oviparous or viviparous, larvae are eventually free-
swimming, with the exception of some demosponges where the larvae develop directly into the 
juvenile stage. Sponges may reproduce over a short period or over the course of the year. In addition 
to phylogenetic constraints, environmental parameters, particularly temperature, seem to be the 
driving factor in reproductive activity [20]. 
 
Tracking larval dispersal 
In order to use a particle tracking model for larval connectivity it is necessary to know the spawning 
season and duration and directionality of the larval planktonic stage. However, these things are not 
currently known for most sponge species. To overcome these unknown factors, Wang et al. (2021) 
used sediment traps within known Vazella pourtalesii grounds and modeled larval release at 3 zones: 
Seafloor, seafloor to surface, and surface. This was performed over several months and used long-
term averaged currents in the release sites to determine mean ending positions [33]. 

• Highlight pertinent literature, not everything, but the more definitive sources that address the 
above bullets  

 
Pertinent literature that addresses many desirable metrics 

• Ammons, 2007 [1] provides detailed sampling methods for box core, photography and CTD 
sampling of canyons, escarpments and basins in GOM. Excellent regional comparison of 
megafauna  
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• Avila-Garcia et al., 2019 [3] has detailed methodology for sampling shallow water sponges 
(0.5‒0.8 m depth) and determining their size, reproductive stage, and their association with 
temperature and salinity. The authors also detail some morphological characteristics. 

• Maldonado and Riesego, 2008 [20] outlines reproductive morphology for the phylum Porifera 
as a whole. Very informative. 

• Scott et al., 2019 [28] provides supplemental material detailing percent cover, depth and 
linear regression models for sponges at Flower Garden Banks and two Caribbean sites. 

• Wang et al., 2021 [33] provides specific methodology for tracking sponge larval dispersal, 
including the software and oceanographic data sources used. 

 
Data Gaps 
Reproductive strategies and larval dispersal models specific to the Gulf of Mexico are scarce. This 
information would be very helpful for restoration and propagation. 
Additional data needed to find a generalized pattern of sponge abundance in the mesophotic zone 
 
Objective 3: Detect and quantify trends for inference of future impacts and assess success of 
restoration 
 
Key Metrics: Age/size distribution, Biomass, Density, Abundance, Growth, Recovery, Mortality, 
Recovery trajectories, Determine best practices 
 
Parameter 6 (Determine if recovery trajectories and restoration targets were established)  
Summarize the species recovery trajectories and/or restoration targets.  
Identify species that have been assessed 
 
Following coral mortality events, sponge genera such as Cliona and Chondrilla have been observed to 
replace hard corals and prevent their recolonization. Distribution of these two genera on artificial 
structures in the GOM is not currently known. In regard to the Flower Garden Banks, following a coral 
community perturbation event, it is more likely that sponges would recolonize from nearby artificial 
structures rather than corals recolonizing the perturbed areas from reefs that are further away 
[26,27].  
 
Mass mortality events and restoration research for Spheciospongia vesparium was studied by Griffiths 
et al. (2020) using a conservation genetics approach. The study genotyped sponges from 14 sites in 
the Florida Keys, and one site each in the Bahamas, Barbuda and Belize [16]. Dead sponges leave no 
visible remains so areas of abundance may be unknown unless regular monitoring and baseline data 
is provided [31,34]. Natural repopulation of sponges in impacted areas may be slow and is further 
hindered if healthy communities are moderately distant [16]. Sponge larvae are short-lived, lasting 
only a few hours to a few weeks before settlement which also limits natural repopulation [20,21]. To 
maintain genetic diversity during artificial restoration, genetically-diverse donor sponges should be 
used for recolonization. Rather than extensively fragmenting the donors to produce several 
genetically identical transplants in a single location, whole sponges and minimal fragmentation of 
several individuals should be used [16]. 
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Evidence within a 2,000 m radius of the DWH blowout shows that some taxa were more resistant, 
while others like sea pens, glass sponges, and colonial and pelagic tunicates were more sensitive [5]. 
It is the opinion of Beyer et al. (2016) that it may take decades or longer for deep-sea soft bottom 
habitat and communities to recover. 
 
Data Gaps 
Information on damage to sponge communities from the DWH oil spill is scarce. Video and images of 
the same habitats prior to and after the spill could be analyzed to give us a better understanding of 
the effects of the spill. 
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B.2.2. Topical Summary for Corals 
Provided by Nancy Prouty—USGS Pacific Coastal and Marine Science Center 
 
OBJ 1 - PAR 1, PAR 2, and PAR 3 
 
In the GOM, as in many other parts of the oceans, deep-sea and mesophotic coral ecosystems provide 
habitat heterogeneity, diversity, and substrate for numerous faunal associates of the deep-sea.  By 
providing habitat, feeding grounds, shelter from predators and nursery grounds, these foundation 
species support diverse faunal assemblages that include obligate (Mosher and Watling 2009), 
endemic (Cordes et al. 2008), commercially important (Krieger and Wing 2002), and often, reef-
characteristic, and hard-bottom substrate species (Ross and Quattrini 2007). 
 
The slow metabolic rates and turnover times of deep-sea benthos are very long, suggesting decades 
or longer for recovery. The slow dynamics displayed by deep-sea corals make them especially 
vulnerable to disturbances, particularly when the existence of long-lived colonies is crucial to 
maintain survivorship given low recruitment rates, delayed first reproduction, and limited larval 
dispersal (Doughty et al. 2013; Linares et al. 2008). Yet, longevity seems to be the key factor for 
population maintenance given the limited and complex genetic flow among black coral populations 
over long distances for example, as inferred by molecular markers (Miller et al. 2010; Miller 1997; 
1998).  In the GOM, octocoral communities display a strong depth zonation, indicating that depth 
rather than distance may control gene flow (Quattrini et al. 2013) with potential limitations to 
recovery of impacted sites.  
 
Information on growth-rates and life-spans of mesophotic and deep-sea (> 65 m) corals is important 
for understanding the vulnerability of these organisms to both natural and anthropogenic 
perturbations, as well as the likely duration of any observed adverse impacts and potential to recover 
(e.g., Schwing et al. 2020).  In addition, age and growth rate information is important for 
understanding the life history and ecology of these habitat-forming corals for management and 
conservation strategies.  In the GOM, results from Prouty et al. (2011) indicate that deep-sea black 
coral Leiopathes sp. have been growing continuously for at least the last two millennia, and results 
from Prouty et al. (2014a) suggest continuous life spans of over 600 years are possible for the deep-
sea octocoral Paramuricea sp. Radial growth rates range from 8 to 22 μm yr-1 for Leiopathes sp. 
(Prouty et al. 2011) and between 0.34 to 14.20 μm yr-1 for octocorals (Paramuricea sp. and 
Chrysogorgia sp.) according to radiocarbon (14C) measurements.  In addition to radiocarbon dating, 
age determinations can be made based on U-series disequilibrium techniques and 210Pb excesses (see 
reviews in Prouty et al. 2017; Robinson et al. 2014). The decay of 234U to 230Th can be used to provide 
accurate dates from about 600,000 years ago to present day and is only suitable for aragonitic 
scleractinian corals.  In contrast, radiocarbon techniques have been applied to many different genera 
of proteinaceous corals, however there can be biases due to calibration issues and are therefore only 
suitable as far back as about ~50,000 years.  A second form of radiocarbon dating for some living 
deep-sea corals involves the identification of the anthropogenic bomb-radiocarbon signal from the 
testing of thermonuclear devices in the 1950s and 1960s. This method is sometimes referred to as 
bomb radiocarbon dating (Roark et al. 2005; Sherwood et al. 2005), which also has applications in the 
validation of fish age (e.g., Andrews et al. 2012) and deep-sea corals in the GOM (Prouty et al. 
2011). 210Pb excess dating provides valuable measures of coral growth rates and ages from the last 
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~100 years, with uncertainties as low as 10 years.  This approach is reported to be most applicable 
for determining a mean growth rate for the entire colony (versus individual specimen), especially 
bamboo corals (Andrews et al. 2009), and requires that 210Pb fluxes have remained constant over 
time.  Sclerochronology can provide estimates of age from visible growth rings in the skeletal 
structure, but this approach requires validation of the ring formation periodicity (Andrews et al. 
2002; Sherwood et al. 2005).  For example, age determination by visual growth bands identified in 
scanning electron microscope (SEM) analysis corroborate radiocarbon-derived ages in Leiopathes sp. 
from the GOM (Viosca Knoll) (Prouty et al. 2011; Prouty et al. 2018).  Developing chronologies 
independent of 14C dating, such as iodine-based chronology proposed by Prouty et al. (2018), is an 
essential component in constraining reservoir ages (i.e., the residence time of different water 
masses). In other words, by using an independent chronometer, the 14C measurements can be used to 
calculate reservoir ages in order to trace ocean circulation changes which in turn influence the 
apparent age by mixing with upwelled old deep waters.  Alternatively, non-destructive in situ linear 
growth rates have been estimated for Paramuricea sp. as part of image-based long-term monitoring 
programs between 2011 and 2018 (Girard et al. 2019), and can leverage previously acquired high-
resolution images in order to evaluate coral impact and recovery after a disturbance.  
 
When evaluating age and growth rates, it is important to acknowledge the limits related to the 
methodological dating and precision as well as those linked to the skeletal morphology and 
mineralogy.  Regardless of dating method, accurate and precise age, growth rate, and lifespan 
characteristics require in situ sampling, most effective via ROV or HOV since environmental 
conditions and hydrodynamic data (e.g., temperature, salinity, turbidity, dissolved oxygen, current 
speed and direction) can be collected concomitantly. In situ measurements or collections, coupled 
with environmental data provides valuable information needed to evaluate habitat suitability (e.g., 
Davies et al. 2010; Mienis et al. 2012), including food supply to the deep-sea that is tightly coupled to 
elevated currents near topographic highs (e.g., Davies et al. 2009; Duineveld et al. 2012).  The 
delivery of organic matter to mesophotic and deep-sea corals is an important component of the 
oceanic carbon cycle and is crucial to sustaining these ecosystems that inhabit depths below the 
photic zone.  As sessile filter feeders, deep-sea corals rely on a surface-derived food source (i.e., 
particulate organic carbon) exported from the surface to the deep sea, rather than sedimentary or 
dissolved organic carbon (Druffel et al. 1995; Roark et al. 2006), and are therefore vulnerable to 
changes in organic matter source related to land use change (Prouty et al. 2014b) and changes in 
biomass production after the DWH spill (Passow et al. 2012).  In general, the 14C-derived age 
estimates of gorgonian corals are assumed to be unaffected by feeding upon old resuspended 
sedimentary carbon because these organisms acquire their carbon from surface-water organic matter 
after rapid transport to depth (Roark et al. 2009).  Feeding on old dead carbon would yield older ages 
than the actual age (Rosenheim et al. 2013).  However, there is currently little evidence suggesting 
that old dead carbon from the deep sea is a dominant carbon source to proteinaceous corals.  
Therefore, robust 14C-derived chronologies and known surface ocean 14C reservoir age constraints in 
the GOM provide reliable calendar ages to the collection of gorgonian mesophotic and deep-sea 
corals.  
 
DWH impact assessments of deep-sea benthic ecosystems observed localized responses (DeLeo et al. 
2018; Fisher et al. 2014b; Hsing et al. 2013; Montagna and Girard 2020; White et al. 2012), including 
acute signs of coral stress (e.g., varying degrees of tissue loss, sclerite enlargement, excess mucus 
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production, mortality), reductions in benthic faunal abundance and diversity (Fisher et al. 2014a; 
Montagna et al. 2013), as well as sub-acute impacts including changes in biomass production (e.g., 
pigment flux) and carbon export (Prouty et al. 2016). The dominant, managed or indicator species 
identified include antipatharians (Leiopathes sp.), octocorals (Callogorgia sp., Chrysogorgia sp., 
Paramuricea sp.) and scleractinians (Lophelia pertusa, Madrepora sp.), that are found on stable, hard 
substrate (Roberts et al. 2009) including authigenic carbonates (Cordes et al. 2007; Fisher et al. 2007) 
and human-made structures such as shipwrecks or oil platforms (Brooks et al. 2013; Larcom et al. 
2014).  According to Fisher et al. (2014b) octocorals are the most abundant coral taxa at all sites 
surveyed below 1000 m.  However, there is also evidence of impact on mesophotic (< 100 m) coral 
banks including tissue and branch loss at the Alabama Alps, Roughtongue Reef, and Yellowtail Reef 
sites (Etnoyer et al. 2016; Silva et al. 2016).  According to modeling by Girard et al. (2018), depending 
on initial level of impact, the majority of impacted coral colonies could recover between 10 to 30 
years, and they suggested that monitoring frequency should occur initially every 2 years until 2021, 
followed by less frequent monitoring for a further 20 years to help assess potential non-acute effects 
and follow the potential recovery of the most heavily impacted corals. 
 
Survey methods used to identify locations of suitable substrate for deep-sea corals include previously 
collected high-resolution multibeam bathymetry and 3-D seismic reflectivity data that reveal exposed 
hardground with topographic highs such as sides of slopes or canyons with enhanced current flow.  
Predictive models can also facilitate the ability to estimate locations of coral communities in the GOM 
(Georgian et al. 2020).  In situ imagery of deep-sea corals is collected by towed, or drift camera 
systems tethered to a ship or via ROV, HOV, AUV with video, high-resolution bathymetry, and side-
scan surveys.  Image analysis has been extensively employed using digital still camera following 
methods by Hsing et al. (2013) to document coral health/impact as part of image-based monitoring 
programs.  As described in Fisher et al. (2014b), observations and characterizations associated with 
DWH impacts include coral branches covered by flocculent material, bare skeleton, excessive mucus 
production or slough tissue, or areas not obviously impacted but may include discolored branches 
and branches without expanded polyps.  Digitized images using designated software (e.g., Schindelin 
et al. 2012) can be used to categorize impact as outlined in Fisher et al. (2014b).  Using a time series 
of coral images, changes in coral health/impact were evaluated after the DWH spill (Hsing et al. 2013; 
White et al. 2012), which in many cases showed colonization by hydroids, an indicator of impact.  
Some of these visible impacts, such as branch loss, were evident through 2017 (Girard and Fisher 
2018; Montagna and Girard 2020).  According to Hsing et al. (2013), the impact on the coral colony 
varied on different spatial scales and was cumulative, rather than restricted to an individual polyp or 
branch.  Comprehensive surveys by Fisher et al. (2014b) include analysis of 29 sites representing 
multiple areas in different directions from the Macondo wellhead and four sites west-southwest 
within the excursions of the deep-water oil plumes.  These regions include sites within BOEM lease 
blocks of Mississippi Canyon (MC), Viosca Knoll (VK) and Atwater (AT) where octocoral colonies 
were identified. 
 
Fisher et al. (2014b) found sites deeper than 900 m to be most vulnerable and reported extensive 
impact at MC297 at a depth of 1,560 m and 13 km from the impacted site at MC294, suggesting that 
other impacted sites may exist in the region of the Macondo wellhead that are yet to be discovered. 
However, the lack of acute impact between 400 and 500 m depths or more than 30 km from Macondo 
suggests restoration and protection efforts could be focused in deeper waters and within the zone of 
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impact.  For example, at 11 km to the SW of the DWH, 86% of the coral colonies imaged in the area 
exhibited signs of impact with evidence of Macondo well oil in the flocculent based on hopanoid 
biomarker ratios (White et al. 2012). This is consistent with findings from Prouty et al. (2014a) 
where incorporation of low 14C-carbon source (e.g., petro-carbon) was detected in Paramuricea sp. at 
all sites within 30 km of the spill site, except for MC118, which may have been outside of the 
dominant northeast–southwest zone of impact. Other studies have documented the footprint of the 
DWH spill based on deep-sea benthic communities (Fisher et al. 2014a; Montagna et al. 2013), 
trophic transfer of petro-carbon into the planktonic food web (Chanton et al. 2012; Cherrier et al. 
2013; Girard and Fisher 2018; Prouty et al. 2014a) and intermediate trophic levels (Quintana-Rizzo 
et al.).  Impacts have also been shown, regarding the potential recovery of deep-sea corals (Hsing et 
al. 2013) and changes in their density, size distribution, and mortality and recruitment rates 
(Doughty et al. 2013).  The later study involved evaluating population dynamics at 21 sites at a depth 
range from 250 to 2,500 m to determine density and distribution based on submersible video. 
Colonies were imaged in situ parallel to the plane of view and analyzed using linear drawing tool in 
ImageJ, and growth rates extrapolated based on earlier published data from Sherwood and Edinger 
(2009) from Newfoundland and Labrador, using a von Bertalanffy growth equation (Doughty et al. 
2013). However, site-specific and more recent age growth information is available from Prouty et al 
(2014b).  Mortality and recruitment rates were calculated from the size- frequency histograms and 
the growth function following Van Sickle (1977).  In the youngest size class, Doughty et al. (2013) 
estimated 40‒50% mortality.  Recruitment rates varied from 10 individuals per year for Paramuricea 
type B3 to 20 individuals per year for P. biscaya.  No changes in density with depth was observed for 
either species. However high standard errors suggest a high degree of uncertainty, potentially linked 
to inter-annual variability in recruitment rates when some sites may not experience recruitment over 
long periods of time (Doughty et al., 2013).   Consistent with previous work on deep-sea gorgonians, 
GOM Paramuricea sp. exhibit low recruitment and low adult mortality rates and are highly sensitive 
to disturbance events, as has been shown for other deep-sea corals. 
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B.2.3. Topical Summary for Infauna 1 
Provided by Jill Bourque and Amanda Demopoulos—USGS WARC 
 
OBJ 1 - PAR 1 
 
Objective 1 (Fill data gaps and determine baselines for health and condition to guide restoration and 
protection) 
 
Parameter 1 (Sampling approach and sufficiency for population/community metrics) 
 
Key metrics discussed: Biomass; Density; Abundance; Community Composition; Diversity; Richness; 
Feeding groups/trophic guilds; Functional indices; Baselines; Sensitive/tolerant taxa identified 
 
Definitions 
Infauna – For the purposes of this document infauna refer to animals residing within seafloor 
sediments 
Macrofauna – Infaunal animals sized greater than 300 µm but typically less than 2 mm. Specific taxa 
are excluded from the macrofauna regardless of size, including nematodes, copepods, and ostracods 
which are all considered meiofauna.  
Meiofauna – Infaunal animals sized greater than 20-45 µm but less than 300 µm.  
 
Importance of Sediment Faunal Communities 
Characterization of the sediment communities is a well-established approach to tracking changes to 
impacted coastal and deep-sea communities worldwide [1‒4]. Sediment macrofauna and meiofauna 
are important components of benthic biodiversity, providing essential ecosystem functions, including 
transference of energy that reaches the seafloor to higher trophic levels, sediment bioturbation and 
stabilization, and organic matter decomposition [5‒8]. They represent important indicators of 
ecological health due to their sedentary lifestyle, relatively rapid response to change, and sensitivity 
to ecological disturbances such as hydrocarbon contamination and organic enrichment [1, 9, 10]. 
Baseline information on these communities is critical for understanding their overall sensitivity, 
connectivity among habitats, regions, and depth regimes, and for estimation of the magnitude of 
impact following disturbance. 
 
Sampling approaches for mesophotic and deep infauna population/community metrics 
Sediment infauna are sampled by collection of seafloor sediments regardless of habitat type. 
Quantitative sampling methods, including box cores (surface area [SA] = 0.06‒0.25 m2), multicores 
(SA = 70.85‒78.5 cm2), megacores (SA=78.5 cm2), and push cores (SA = 31.65‒53.56 cm2), allow for 
assessment of fauna abundance and density, diversity and richness, community composition, and 
biomass that can be directly compared to other studies. Non-quantitative sampling methods, such as 
grab samples, can also provide community composition and diversity/richness estimates but are 
more difficult to compare with other studies due to their inconsistencies in sampling area and 
penetration depth.  
 
Previous studies on deep soft-sediment habitats in the Gulf of Mexico have used multiple sampling 
methods, including box cores [11-15], multicores [16-19], anchor dredges [20], and ponar grabs [21], 
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while near-coral habitats have been sampled only with push cores [15, 22‒25]. Montagna et al [26] 
presented a summary and assessment of sampling and processing methods used in the GOM soft-
sediment studies. For meiofauna, box cores subsampled with a 3.5‒5.1 cm diameter core and 
multicores (10 cm diameter subsampled with a 5.5 diameter minicore) provided similar results. Most 
of the individuals (87%) were found in the top 3 cm using a 45-µm sieve, and little was added to the 
community composition deeper than 5 cm. For macrofauna, 97% of individuals were found in the top 
10 cm, and significant differences were found between box core and multicore samples. Box cores 
underestimated abundance, likely due to differing post-processing methods (e.g., sieving prior to 
preservation), but achieved higher diversity results due to the larger surface area encompassed (0.2 
m2). The majority of variance in abundance and taxa richness was among individual multicore 
samples from a single deployment, followed by among stations, and lastly, within replicate 
deployments, suggesting that processing more cores from each deployment and sampling more 
stations explains the most variance. For near-coral habitats, there is high variance in community 
structure both among sites and among coral types [24]. 
 
Specific methods for key metrics 
Abundance/Density/Biomass/Composition/Diversity 
The primary method for estimating abundance and density of infaunal communities is through 
physical processing and sorting. Collected sediments are typically preserved in whole sections with 
the preservative dependent upon the use. Buffered formalin (7‒10%) is the preferred fixation for 
taxonomic identification, while ethanol (95‒100%) and DESS (a solution containing dimethyl 
sulphoxide, disodium EDTA [Ethylenediamine tetraacetic acid], and saturated NaCl) [27, 28] have 
been used for molecular methods. Collected sediments are sieved over a 300-µm sieve to retain the 
macrofauna sized portion and over a 45-µm sieve to retain the meiofauna sized portion [26]. Sieving 
post-fixation is preferred as there is likely loss when sieving live animals at sea [26]. Macrofauna 
portions are sorted, enumerated, and identified under dissecting and compound microscopes, with 
family-level identification adequate for discerning anthropogenic impacts among communities [29]. 
Meiofauna portions typically undergo a density separation (e.g., Ludox) [23, 30, 31] prior to sorting, 
enumeration, and identification under dissecting and compound microscopes. Enumeration of 
quantitative samples (abundance) are scaled to a standard measurement (density), typically per m2, 
for comparison among studies with varied collection methods and core sizes. Community 
composition is commonly assessed using multivariate methods of abundance/density through 
similarity matrices (e.g. Bray-Curtis) available through the program PRIMER and the R package 
“vegan”. Multiple diversity metrics are typically used, including Shannon diversity, taxa richness 
(total species or Margalef’s d), taxa evenness (Pielou’s J’), Fisher’s α, Hill’s N1 and N2, ES(n) and 
rarefaction [16, 23, 32]. Biomass is estimated either directly by weighing individuals or pooled 
specimens on a balance, or by visual/photographic measurements converting length/width/area 
measurements to weights using standard conversion metrics [33, 34]. Previous sampling methods in 
mesophotic depths have been conducted in concordance with the U.S. EPA’s Environmental and 
Monitoring Assessment Program (EMAP) using sediment quality guidelines to assess biological 
impacts [50].  
 
Trophic Ecology/Feeding Groups/Functional Traits 
Identification of taxa provides information on the feeding groups (e.g., surface deposit feeders, 
suspension feeders, carnivores), trophic guilds, and functional traits (e.g., motility, sediment location, 
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habit), which can be used to create functional indices. Feeding group and functional trait information 
is available for many taxa, with polychaetes the best known. Functional trait composition of a 
community can be assessed using multivariate methods similar to that for community structure [14, 
24, 35]. Functional trait-weighted community data can be used to calculate functional diversity 
metrics in the R package “FD” [36], including functional richness (FRic), functional evenness (FEve), 
and functional divergence (FDiv) [14, 36, 37].  
 
Trophic ecology of infauna can also be assessed using stable isotope analysis [38]. Stable carbon 
(δ13C) and nitrogen (δ15N) isotopes reveal the diets and trophic positions of individual fauna. The 
isotopic composition of carbon is reflective of the carbon source (e.g. phytoplankton, methane) and 
changes little with trophic transfer, while the isotopic composition of nitrogen increases with each 
stepwise trophic transfer. Together, the isotopic composition of carbon and nitrogen can be used to 
construct food webs and estimate pathways of energy transfer. Stable isotope analysis can be 
performed on both frozen and preserved infauna collected from sediments.  
 
Ecologically significant/abundant/sensitive/indicator species/taxa  
Specific taxa have been identified as sensitive or tolerant and frequently used as pollution indicators. 
The polychaete families Capitellidae, Cirratulidae, and Spionidae have been shown to rapidly colonize 
disturbed substrates due to their high pollution tolerance, including oil exposure [3, 29], while 
Amphipoda (Crustacea) are sensitive to oil exposure [39, 40] and slower to recolonize following oil 
deposition. In addition, the ratio of polychaetes and/or opportunistic polychaetes to amphipods has 
been used in assessment of sediment communities in response to oil spills [39, 41]. Based on 
abundance data from high and low impact areas, Washburn et al. [42] identified multiple specific taxa 
that were suggested to be either sensitive (low abundance in impacted areas) or tolerant (high 
abundance in impacted areas). Thirteen of the 22 sensitive taxa were crustaceans; the remaining taxa 
included 7 annelid families, and 2 mollusc groups. Tolerant taxa included the polychaete families 
Capitellidae, Dorvilleidae, Maldanidae, and Paraonidae, the bivalve Thyasiridae which is known to 
harbor chemosynthetic associates, and the tanaid Sphyrapidae. Community variability has also been 
used as an indicator of stress [23, 43]. In the meiofauna, the relative abundance of nematodes and 
copepods are often used as indicators of disturbance, with higher nematode to copepod (N:C) rations 
associated with increased organic enrichment and/or pollution [16, 44-47].  
 
For mesophotic sediment communities, the EMAP Multivariate Benthic Index for the Louisianan 
Province (Engle & Summers 1999) includes the Shannon-Wiener diversity (H’), abundances of 
Tubificinae oligochates, and proportions of Capitellidae, Bivalvia, and Amphipoda [2] as key metrics. 
Similar metrics have not yet been applied to deep-sea habitats.  
 
There are no managed mesophotic and deep benthic infaunal species. While efforts to identify deep-
sea infauna in the Gulf of Mexico exist, the focus has largely been on polychaete species [50]. 
However, due to the patchy nature of deep-sea communities, there are many undescribed species that 
prevent assessments of dominant, keystone, and/or rare species. Therefore, assessments have 
focused on using the individual communities and the above detailed metrics as the 
dominant/keystone parameters. Mesophotic and deep-benthic infaunal communities can be further 
subdivided into mesophotic and deep soft sediment infauna (both meiofauna and macrofauna) and 
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mesophotic and deep hard substrate associated (e.g., near coral) infauna. Representatives from both 
meiofauna and macrofauna groups are found in all of these environments.  
 
Spatial Data 
Most of the deep-sea areas of the Gulf of Mexico consist of soft-sediment habitats. Previous GOM 
sampling programs have attempted to assess soft-sediment communities associated with prominent 
features (canyons, banks) across a range of depths [1,2,10] to provide a comprehensive view of the 
major community structure patterns basin-wide. Post-spill assessment of soft-sediments used a 
radial design to encompass a large portion of the impacted areas [6-8] with more targeted sampling 
within the impact zones in later years [48].  
 
Hard substrate habitats, often occupied by deep-sea corals, comprise a smaller yet important portion 
of the deep-sea areas of the GOM. Infaunal community composition data from deep-sea near-coral 
habitats are spatially restricted to the north and central portions of the GOM [15, 23, 24], at depths 
ranging from 263 to 1857 m. This limited spatial data is primarily due to both the exploration needed 
to identify these areas and logistical requirements to sample sediments in known areas.  
 
At mesophotic depths, the sedimented seafloor encompasses only a portion of the overall mesophotic 
area. For the Flower Garden Banks, soft-bottoms comprised 77% of West Bank areas, and 78% of 
East Bank areas [49]. 
 
Importance of Environmental Variables to Examining Mesophotic and Deep Benthic Infauna 
Populations/Communities 
Multiple environmental parameters are known to influence sediment communities. Many of the 
below factors can induce a disturbance response [9] as detailed in Parameter 6. Organic matter 
concentrations (e.g., food quality and availability) is generally a limiting factor [53‒55] primarily 
affecting infaunal density and biomass [53, 55, 56].  The primary source of organic matter on the 
seafloor is via particulate organic carbon flux from surface waters and estimates of surface 
production and flux have been previously used as proxies for food availability on the seafloor [57]. 
Hydrodynamic regimes, including sediment transport regimes and grain size composition, alter 
community composition, with higher currents producing coarser sediments and higher proportions 
of suspension feeders, while slower currents support muddy sediments with higher proportions of 
deposit feeders. High and/or variable current speeds can support disturbed communities, often 
comprised of small-bodied opportunistic taxa. Dissolved oxygen concentrations (DO), often inversely 
related to pore water hydrogen sulfide concentrations, affects density, diversity, biomass, and 
community composition [58, 59]. Low DO has been found to have a greater influence on macrofaunal 
communities than meiofaunal communities [60]. Hydrogen sulfide is toxic to benthic invertebrates, 
and sediments with high concentrations are often characterized by high densities of tolerant fauna as 
in chemosynthetic seep habitats [61, 62]. Lastly, the concentrations of pollutants, such as metals and 
hydrocarbons are known to influence density, diversity, biomass, and community composition of 
sediment communities. Increased levels of hydrocarbons are known to decrease density, diversity, 
and alter community composition [16, 23]. Lastly, habitat heterogeneity supports diverse 
communities [63]. 
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Data Gaps 
Pre-spill baseline information is lacking for most of the estimated area of impact of the DWH spill for 
both deep soft-sediment and coral-associated sediment communities and their associated 
environmental parameters. Few coral habitats are currently known within the impacted areas. 
Community and environmental data are lacking post-2014 for soft-sediments and post-2017 for near 
coral sediment communities.  
 
Consideration for Restoration 
Sampling Practices 
There is a need to establish current conditions within the infaunal communities, given existing data 
were collected at least four years ago. This will enable quantification of natural temporal change and 
post-impact recovery. Sediments for macrofauna should be assessed to a depth of 10 cm, and 
meiofauna to a depth of 5 cm. For deep soft-sediment macrofauna and meiofauna, previously sampled 
areas should be targeted to align with existing historical data, including Deep Gulf of Mexico Benthic 
(DGOMB) stations and within the four zones of impacts. The multicorer is the suggested collection 
method because it provides the highest quality information in soft-sediment habitats for most 
parameters, with 3‒4 replicates per deployment assessed for macrofauna and meiofauna parameters 
and additional cores assessed for sediment geochemistry. Push cores are required for sampling near-
coral sediment communities. Cores should target previously sampled areas with 2‒3 locations per 
site and 3‒4 replicate cores for fauna to account for similar variation as a multicore deployment in 
soft-sediments. In order to evaluate the recovery trajectory of near-coral infauna, push cores 
collected at reference, deep-coral habitats (outside of but at similar depths to the impacted sites) can 
enable comparisons of the community and environment along the same space and time scales.  
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B.2.4. Topical Summary for Infauna 2 
Provided by Jill Bourque—USGS WARC 
 
OBJ 1 - PAR 2 
 
Objective 1 (Fill data gaps and determine baselines for health and condition to guide restoration and 
protection), 
 
Parameter 2 Identified species and habitat interactions 
 
Key metrics discussed: Biomass; Density; Abundance; Community Composition; Diversity; Richness; 
feeding/predation, functional indices; baselines; sensitive/tolerant taxa dynamics; trophic flow, use 
of substrate or structure (habitat use), water column, suitability, environmental variables 
 
Habitat Associations and Biogeographic Information 
Soft-sediment macrofauna 
Multiple large-scale assessments of soft-sediment macrofauna communities have been performed in 
the GOM, including an early anchor dredge survey [1], the Northern Gulf of Mexico (NGOM) study [2], 
and the most recent DGOMB study in the early 2000s [3] which resulted in multiple publications [4‒
6]. Both the NGOM and DGOMB studies documented regional and depth differences in abundance and 
community composition [2, 4]. Density decreases with increasing depth [2, 4], while taxa diversity 
exhibits a mid-depth (1,100‒1,300 m) maximum [6]. Community composition is influenced by both 
geographic location and depth, with six zones [4] encompassing specific depth ranges and separated 
into east and west components at intermediate depths between 600 and 3300 m, with higher infaunal 
biomass in the northeast Gulf compared to the northwest Gulf. These zones correlate to detrital 
particulate organic carbon export flux, with east/west separation primarily due to influence from the 
Mississippi River [4], where POC flux, sediment organic carbon content [7], and biomass decreases 
with depth [8].  NGOM additionally found that seasonal and regional differences in communities are 
greater than any annual differences [2]. Decadal time series [6, 9‒12] indicated a general increase in 
macrofaunal abundance in the GOM unrelated to DWH impacts.  
 
Soft-sediment meiofauna 
Similar to the macrofauna, multiple large-scale sampling programs have assessed meiofauna 
communities in the Gulf of Mexico [1, 2, 13, 14]. Nematodes are numerically dominant in soft-
sediments, followed by copepods, polychaetes, ostracods, and kinorhynchs, comprising 98% of the 
fauna [2]. Density of meiofauna decreases with depth [2, 13] and exhibits regional differences related 
to the outflow of the Mississippi River [13]. The community structure was also strongly influenced by 
the Mississippi River, where the outflow alters local sediment characteristics and interacts with loop 
current eddies and dynamic slope topography to increase particulate organic matter flux in the 
northeastern region, thus creating areas of higher than normal meiofauna abundance [13]. As the 
meiofaunal studies were the result of the same large-scale sampling programs as the macrofauna 
(NGOM, DGOMB), there is no pre-spill historical information available in close proximity to the DWH 
wellhead. Long-term assessments [15] of meiofaunal communities [2, 6, 13] with post-spill studies 
[10, 12, 16] found that Shannon diversity had decreased and the N:C ratio had increased continuously 
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in the northern GOM since the 1980s, which was consistent with a long-term decreasing ecological 
quality status unrelated to DWH. 
 
Hard substrate associated macrofauna and meiofauna 
Investigation into coral-associated sediment communities only began in the late 2000s, with less 
information available for these habitats pre-DWH oil spill. Initial research focused on Lophelia 
pertusa habitats [17, 18], with additional studies including octocorals and Madrepora oculata [19, 20]. 
Coral-associated sediment macrofaunal communities are distinctly different from both nearby non-
coral communities and soft-sediment communities sampled during DGOMB [18-21], typically 
containing higher densities and different composition. Coral-associated sediment communities are 
influenced by the coral type, with L. pertusa habitats distinct from both M. oculata and octocoral 
habitats, with depth, location (site), and sediment organic content [19] as structuring variables, with 
reef size and the amount of habitat complexity as additional potential factors [18, 19]. Patterns in 
coral-associated communities are decoupled from the general depth relationships established for 
soft-sediment habitats in the Gulf [4, 5], exhibiting a mid-depth (approximately 800 m) maximum in 
density and no relationship with diversity [19]. Complex hydrodynamic environments around deep-
sea corals may substantially alter sediment organic matter deposition [22] and the typical 
depth/diversity relationship may be decoupled as a result of patchiness in sediment organic carbon 
content around deep-sea corals. Regional community structure also differs between eastern and 
western GOM near-coral communities. Temporal dynamics suggest variation in community structure 
at un-impacted coral sites between years is small [20] but information is limited. There is no pre-spill 
information for sediment macrofaunal communities within the area of impact from the DWH spill or 
sediment meiofaunal communities associated with any coral habitat in the GOM.  
 
Mesophotic macrofauna and meiofauna 
Mesophotic areas of the Louisiana Province (TX to FL) have been assessed through the U.S. EPA’s 
EMAP program [23]. Sediments at mesophotic depths along the northeastern (LA to FL) continental 
shelf of the GOM were assessed for ecological condition in 2010 [24]. Low levels, typical of natural 
background concentrations, were found of hydrocarbons and contaminants in sediments suggesting 
no impact in these areas from DWH and these areas were in good ecological condition. Communities 
were numerically dominated by Tubificinae oligochates, Capitellidae, Spionidae, Sabellidae, 
Lumbrineridae, and Goniadidae polychaetes, nemerteans, Caecidae gastropods, and lancelets.  
 
Little information exists on infaunal communities in mesophotic habitats associated with corals. In 
the FGBNMS, the deepest areas (70‒150 m) are characterized by soft-sediment habitats [25] with 
transitional zones between soft bottom communities and hard substrates characterized by exposed 
rubble and isolated patch reefs. Areas with buried rubble are often colonized by antipatharians, 
octocorals or solitary hard corals creating additional heterogeneous habitat [26]. Reef outcrops can 
additionally be covered with a thin layer of silt which has the potential to contain infaunal 
communities.  
 
Habitat Interactions 
Interactions among soft-sediment and near-coral habitats for both deep-sea and mesophotic 
communities are unknown. Although distinctly different, many taxa are likely shared among soft-
sediment and near-coral habitats, with higher taxa overlap observed near octocoral habitats than for 
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other deep-sea corals as compared to nearby non-coral sediments [19]. However, information on 
population connectivity within individual species at local and regional scales is lacking. Additionally, 
the overall connectivity of mesophotic and deep infauna is unknown. 
 
Natural hydrocarbon seeps occur throughout the GOM [27], resulting in low but patchy background 
concentrations [6, 28] and localized areas of increased activity. Many of the exposed hard substrates 
in the GOM were created by current and historical seep activity via anaerobic oxidation of methane 
and sulfate reduction precipitating authigenic carbonates [29, 30]. As deep-sea corals need hard 
substrates for settlement, active seeps often occur in close proximity to coral habitats. While there is 
some indication that the microbial communities of some deep-sea corals may be utilizing 
chemosynthetic products [31], the current understanding is that the corals themselves are not 
utilizing chemosynthetic products for nutrition [32]. However, both soft-sediment and coral-
associated sediment communities both interact with seep sediment communities. Seeps in the GOM 
have been documented based on acoustic anomalies from seismic scan (BOEM Seep Anomalies; 
https://www.boem.gov/oil-gas-energy/mapping-and-data/map-gallery/seismic-water-bottom-
anomalies-map-gallery), estimations from surface slicks [33] and visual exploration [34], as visual 
identifiers often occur in the form of microbial mats, deep-sea mussels, clams, and tubeworms, all 
reliant on the hydrocarbon nutrition source, or active bubbling of methane or oil, and brine pools. 
The different seep habitats support distinct communities [35‒37] likely due to differences in seep 
activity, all of which differ from background soft-sediments [35, 38, 39] and near-coral sediments 
[20]. Seeps are both temporally and spatially variable [40‒44], with changes in seep activity and 
differences in the sediment chemistry supporting transition zones between active seeps and 
background sediments, often comprised of a mix of seep tolerant taxa and background taxa [45]. Seep 
activity has been documented in near-coral sediments [21] as increased concentrations of polycyclic 
aromatic hydrocarbons (PAH) and total petroleum hydrocarbons (TPH) in subsurface sediments (3‒
10 cm), and may have influenced the spill response at the coral impacted site MC344 [46]. While the 
separation of oil spill products in surface sediments and seep-derived products in subsurface 
sediments provided a clearer indication of the dominant processes in the immediate years post-spill, 
the ongoing burial of spill products may make it difficult to distinguish the dominant community 
structuring processes at a sampling site. In addition, the interaction and connectivity of seep and 
near-coral infaunal communities has not been established. 
 
Indicator Taxa/Parameters 
Macrofauna 
Specific taxa have been identified as sensitive or tolerant and frequently used as pollution indicators. 
The polychaete families Capitellidae, Cirratulidae, and Spionidae have been shown to rapidly colonize 
disturbed substrates due to their high pollution tolerance, including oil exposure [47, 48], while 
Amphipoda (Crustacea) are sensitive to oil exposure [49, 50] and slower to recolonize following oil 
deposition. In addition, the ratio of polychaetes and/or opportunistic polychaetes to amphipods has 
been used in assessment of sediment communities in response to oil spills [49, 51], with rations 
increasing with increasing hydrocarbon concentrations. Based on abundance data from high and low 
impact areas, Washburn et al. [52] identified multiple specific taxa that were suggested to be either 
sensitive (low abundance in impacted areas) or tolerant (high abundance in impacted areas). 
Thirteen of the 22 sensitive taxa were crustaceans; the remaining taxa included seven annelid 
families, and two mollusc groups. Tolerant taxa included the polychaete families Capitellidae, 
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Dorvilleidae, Maldanidae, and Paraonidae, the bivalve Thyasiridae which is known to harbor 
chemosynthetic associates, and the tanaid Sphyrapidae. Community variability has also been used as 
an indicator of stress [46, 53]. For mesophotic sediment communities, the EMAP Multivariate Benthic 
Index for the Louisianan Province (Engle & Summers 1999) includes the Shannon-Wiener diversity 
(H’), abundances of Tubificinae oligochaetes, and proportions of Capitellidae, Bivalvia, and 
Amphipoda [23] as key metrics. Similar metrics have not yet been applied to deep-sea habitats. 
The response of macrofaunal communities to disturbance (e.g., organic enrichment, pollution/oil 
spills) often follows a gradient. Overall macrofaunal density is known to increase with organic 
enrichment, dominated by tolerant taxa, but decreases with toxicity from pollution. Diversity 
decreases with both organic enrichment and toxicity, also due the dominance of few tolerant taxa. 
Community composition changes, resulting in increased variability [53]. 
 
Meiofauna 
In the meiofauna, the relative abundance of nematodes and copepods are often used as indicators of 
disturbance, with higher nematode to copepod (N:C) ratios associated with increased organic 
enrichment and/or pollution [12, 21, 54‒56]. Similar to the macrofauna, the response of meiofaunal 
communities also follows a gradient related to disturbance. Density, dominated by nematodes 
increases, while diversity decreases.  
 
Local and Regional Data Collection 
For soft-sediment habitats, the majority of variance in abundance and taxa richness is among 
individual multicore samples from a single deployment, followed by among stations, and lastly, 
within replicate deployments, suggesting that processing more cores from each deployment and 
sampling more stations would explain the most variance. Regional and depth differences have also 
been observed in soft-sediment communities [4]. For near-coral habitats, high variance within 
sampling locations has been observed, with additional variance in community structure both among 
sites and among coral types [19, 46]. 
 
Best Practices 
There is a need to assess the temporal dynamics in natural sediment communities in order to 
adequately assess post-impact recovery. For deep soft-sediment macrofauna and meiofauna, 
previously sampled areas should be targeted to align with existing historical data, including DGOMB 
stations and within the four zones of impacts, in order to add to the existing time series. Small-scale 
(within deployment/sampling location) variation should be quantified followed by additional 
stations. Further sampling is needed to understand the connectivity and spatial relationship among 
soft-sediment, near-coral habitat communities, and the influence of chemosynthetic seeps in order to 
distinguish natural effects from spill effects. 
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B.2.5. Topical Summary for Environmental and Oceanographic Aspects 
Provided by Stephanie Sharuga, Alicia Caporaso, and Jennifer Le—BOEM 
 
OBJ 1 - PAR 2 
 
Common Environmental and Oceanography Parameters and Associated Measurement Scales 
Environmental and oceanographic aspects of the marine environment encompass a wide range of 
parameters and associated data types. Common parameters include temperature, salinity, pressure, 
and many different kinds of geological and chemical characteristics of the environment that all come 
together to shape biological communities and, more broadly, ecosystems. Table 1 describes key 
environmental and oceanographic parameters/data types of potential interest, as well as their typical 
units of measurement and common approaches used to measure them. Environmental and 
oceanography data have varying geospatial and temporal scopes, depending on the data category, 
type, and need.  
 
Geospatial scale of environmental and oceanography parameters will vary from point locations to 
broader scales depending on what the data is being used for. Many parameters (e.g., Sea Surface 
Temperature, currents) are often portrayed for broad areas such as the entire GOM region since their 
characteristics encompass and are often dependent on large areas. Associated data types are typically 
measured at numerous points throughout areas of interest then often modeled to extrapolate across 
larger areas. Other parameters are more locally dependent and will vary (potentially greatly) based 
on specific geographic location or areas within the marine environment (e.g., CTD data). These are 
typically measured in very specific locations, both horizontally and vertically from sea surface to 
seafloor. 
 
Similarly, temporal scales for measuring environmental and oceanographic parameters vary from 
short- to long-term depending on the corresponding application. For example, if a very specific 
occurrence or event is being explored, then shorter timescales may be appropriate. On the other 
hand, research that explores temporal changes such as seasonal differences or the effects of 
stochastic events (e.g., submarine landslides, oil spills) usually requires longer-term and often 
repeated measurements. Repeated measurements are ideal both with respect to geospatial and 
temporal scales to better identify trends versus potential anomalies and to evaluate the potential 
influences of differences or changes in the marine environment. 
 
Long-term changes in biological processes, such as seasonal variations in rates, can occur over 
relatively large spatial scales. Alternatively, areas of mixing can produce high biological variability 
over smaller spatial scales in relatively short periods of time (e.g., days). Influential processes occur 
at larger scales including local (1‒10 km; 1‒6 mi), mesoscale (10‒300 km; 6‒186 mi), and synoptic 
(100‒10,000 km; 186‒6,214 mi). Local-scale processes include small river and estuarine outflow, 
wave effects on mixing, and nearshore circulation features. Mesoscale processes include tidal mixing, 
upwelling, meteorological forcing, regional circulation, internal waves, topographic effects, larger 
rivers, fronts, and Loop Current circulation features. Synoptic-scale processes include seasonal 
variations in solar and atmospheric conditions and Loop Current excursions. 
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Gulf of Mexico Geological Setting and Seafloor Composition 
The GOM is a semi-enclosed basin with a surface area of more than 1.5 million km2 (580,000 mi2), 
maximum east-west dimension of 1573 km (977 mi), and maximum north-south dimension of 900 
km (559 mi). It is almost completely surrounded by land, opening to the Atlantic Ocean through the 
Straits of Florida and to the Caribbean Sea through the Yucatan Channel. Approximately 32% of the 
GOM is continental shelf, 41% is continental slope (200-3,000 m [655‒9,843 ft]), and 24% is abyssal 
plain (3,000+ m [9,843+ ft]). The deepest area is located within the Sigsbee Deep abyssal plain (3,800 
m [12,467 ft]) (Darnell 2015).  
 
The shallow Outer Continental Shelf (OCS) is generally less than 200 m (656 ft) in depth and is 
characterized by a gentle slope of a few meters per kilometer (less than 1°); it is narrow and 
terrigenous in the west, moderately broad and terrigenous in the north, and has a wide carbonate 
platform in the east (i.e., the Florida platform). The shelf is wide off Florida and Texas, but it is 
narrower where the Mississippi River delta has extended seawards to near the shelf edge.  
 
The continental slope extends from the shelf edge to the Sigsbee and Florida Escarpments in about 
2,000‒3,000 m (6,562‒9,843 ft) water depth. The topography of the slope is irregular and 
characterized by canyons, troughs, and salt structures. The seafloor gradient on the slope varies from 
1‒6°, while the gradient along escarpments may reach as high as 45° in some places. The Mississippi 
Fan has a gentle incline, with slopes of 4 m (13 ft) or less per kilometer (21 ft or less per mile), with 
the lower Mississippi Fan having an even flatter slope at 1 m (3 ft) or less per kilometer (5 ft or less 
per mile). The Sigsbee and Florida abyssal plains are basically horizontal physiographic sub-
provinces and are surrounded by features with higher topography. 
 
The structure of the continental margins in the GOM is the result of tectonic activity related to salt 
movement, reef growth, bottom currents, and sedimentation. The northern GOM is divided into two 
physiographic and sedimentary provinces by the De Soto Canyon, separating the limestone Florida 
platform in the east and the clastic embayments of the north and west (Antoine et al. 1974). 
Physiographic sub-provinces include the Texas-Louisiana Shelf, the Texas-Louisiana Slope, the Rio 
Grande Slope, the Mississippi Fan, the Sigsbee Escarpment, the Sigsbee Plain, the Mississippi-
Alabama-Florida Shelf, the Mississippi-Alabama-Florida Slope, the Florida Terrace, the Florida 
Escarpment, and the Florida Plain. Bathymetric maps of the continental slope in the northwestern 
GOM reveal the presence of over 105 intraslope basins with relief in excess of 150 m (492 ft), 28 
mounds, and five major and three minor submarine canyons (Bouma and Bryant 1994; Bryant et al. 
1990). These intraslope basins occupy much of the area of the continental slope. Prominent canyons 
include the Mississippi Trough, Green Canyon, and Keathley Canyon. CSA Ocean Sciences 
Incorporated et al. (2019) provides geospatial and resource summaries of the large submarine 
canyons in the Gulf of Mexico OCS, including Alaminos, Keathley, Perdido, Mississippi, and De Soto 
Canyons.  
 
The seafloor of the northern GOM has hundreds of salt domes, which are areas where salt has risen 
upward into overlying sediments to create dome-like structures. These salt domes are important 
features that are linked to oil and gas reservoirs, as well as the formation of brine pools and other 
hydrocarbon seeps, found throughout the region. While the seafloor of the GOM is composed 
primarily of muddy and sandy sediments, hard bottom habitats are found scattered across the region. 
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These habitats include shallow and deepwater coral reefs, pinnacles, banks, and artificial reefs, and 
hardbottom features composed of authigenic carbonate. Hydrates have also been observed and 
sampled in association with naturally occurring oil and gas seeps in localized deepwater areas of very 
cold temperature and high pressure at or near the seafloor. Most hydrate occurrences in the GOM are 
associated with deep-seated faulting that penetrates the seafloor. These faults provide migration 
pathways for gas to reach the zone where hydrates are stable. 
 
Seismic interpretation and drilling in the deep waters of the GOM over the last few decades have 
proven that prolific sands can be deposited in the slope environment and likely on the abyssal plain. 
Overall sediment supply exceeds the subsidence rate, resulting in progradation of the shelf margin 
(Martin 1978; Ewing and Galloway 2019). Sediments in the GOM basin and their distribution are 
derived from terrigenous sediments in the north and west, and carbonates that originate on the 
Florida platform in the east. Sediment transport and distribution in the GOM are primarily due to 
waves, tides, and currents in shallow waters and gravity flow in deep waters. The deep environments 
are dominated by a mixture of terrigenous and biogenic mud, with areas bounded by rivers receiving 
the most sediment. The Mississippi River Delta plume covers over 37,500 km2 (14,500 mi2) of the 
continental shelf and carries approximately 550 million metric tons (500 million tons) of sediments 
into the GOM. The continental shelf in the western GOM off Texas receives little modern sediment. 
Submarine fans of various sizes extend seaward of the canyons onto the continental rise. “Growth 
faults,” that form with rapid accumulation of massive volumes of sediments, are found mostly on the 
outer shelf and upper slope where sediment accumulation is thickest (Rowan et al. 1999).  
 
Irradiance, Nutrients, and Primary Production 
One of the most influential physical characteristics shaping deep-sea communities is the amount of 
sunlight penetrating its depths. The mesopelagic zone (200‒1,000 m (660‒3,300 ft)) receives little to 
no sunlight and is commonly referred to as the “twilight” zone since it lies between the photic and 
aphotic zone. Very little light is present in the uppermost layer (<1% of surface illumination) of the 
mesopelagic zone (Del Giorgio and Duarte 2002). There is enough sunlight, however, to allow 
organisms to distinguish diurnal and nocturnal cycles (Sutton 2013). This light continues to fade until 
it completely dissipates near the border of the bathypelagic zone (1,000‒4,000 m (3,300‒13,100 ft)). 
Both the bathy- and abyssopelagic zones (4,000‒6,000 m (13,100‒19,700 ft)) are completely devoid 
of light. 
 
Primary productivity varies in the GOM from eutrophic coastal and estuarine waters to the 
oligotrophic deep ocean. Production on the shelf off the Mississippi River and within estuaries is 
approximately 300 grams carbon per m2/yr. On the shelf away from the heavy influence from the 
Mississippi and Atchafalaya Rivers or where upwelling is sparse, production is approximately 200 
grams carbon per m2/yr. Production is much lower in the surface waters over the deep GOM basin. 
Therefore, primary production in the GOM is dominated by processes along the margins (Turner and 
Rabalais 2019). Hot spots of primary productivity characterized by relatively high biomass of 
phytoplankton, zooplankton, and micronekton occur seaward of the shelf break due to freshwater 
entrainment, cross-isopycnal mixing, and mesoscale divergence (Biggs and Ressler 2001). 
 
There are no photosynthetic organisms (e.g., marine plants or phytoplankton) living in the meso-, 
bathy-, and abyssopelagic zones because of the lack of penetrable sunlight. Therefore, photosynthetic 



 

126 
 

primary production does not occur in these areas. As such, many deep-sea organisms rely heavily on 
sinking organic matter from the epipelagic zone for energy. Much of this energy sinks to these depths 
in the form of “marine snow,” which is organic detritus originating in the photic layer and which 
consists of phytoplankton blooms, fecal matter, and suspended sediments (Turner 2002). Variability 
of vertical particle fluxes in the GOM is complex, being affected by mesoscale circulation and seasonal 
cycles of primary productivity, which are in turn related to wind forcing, inputs from rivers, and the 
seasonal cycle of the mixed-layer depth (Liu et al. 2018). Spatial and temporal variability of 
particulate organic carbon is strongly affected by discharge from the Mississippi-Atchafalaya River 
system (Liu et al. 2018). Episodic inputs of organic matter (e.g., carcasses of dead animals) also 
provide energy. Additionally, chemosynthetic-based primary production can occur in areas of seeps. 
 
Common important nutrients in the marine environment include nitrogen, phosphorus, potassium, 
calcium, magnesium, sulfur, and silicon. The sources of nutrients can be broadly divided as natural 
and anthropogenic. Natural sources are generally ubiquitous; however, their contribution is usually 
low because, over the course of time, natural systems have established balances between the 
production and consumption of nutrients. Anthropogenic sources arise from many activities, 
including land-based activities (e.g., runoff from agriculture and human communities) and those 
occurring offshore (e.g., oil and gas, recreation). 
 
Nitrate is the primary limiting nutrient followed by phosphate in the GOM (Rowe 2017). Ninety 
percent of the water and most of the terrestrial-sourced nitrate and phosphate transported into the 
GOM comes from the Mississippi and Atchafalaya Rivers. Seasonal variability in river flow causes 
significant fluctuations in nutrient flux (Zhao and Quigg 2014), with peak nutrient input generally 
occurring in the spring (Lohrenz et al. 1997). While growth-limiting nutrients are primarily sourced 
from rivers, most of the nutrient flow into the GOM enters and exits via the Florida Straits (Turner 
and Rabalais 2019). In addition to nutrient flux from the Mississippi and Atchafalaya Rivers, primary 
productivity is affected by outflow from coastal lagoons and small rivers, cyclonic eddies along the 
continental margins, and wind-driven upwelling (summarized in Müller-Karger et al. 1991). 
 
Pressure, Temperature, and Salinity 
Pressure is another important component that affects and shapes the marine environment and its 
biological communities. For every 33 ft (10 m) the water pressure increases by 1 atmosphere (14.6 
pounds per square inch; 6.6 kilograms per square centimeter), resulting in enormous pressures in the 
deep sea. These physical characteristics can influence biological adaptations often resulting in long-
lived (>100 years in some species) organisms with slow metabolisms and “K” selected life history 
properties, including low fecundity and low intrinsic rates of population recovery (Pianka 1970; 
Roberts 2002; Priede 2017).  
 
Temperature in the GOM is commonly measured or modeled at the sea surface, within the water 
column or at the seafloor, in shallow marine sediments on the seafloor, or within buried deep 
stratigraphic layers in the seafloor. A major thermocline exists in the mesopelagic zone, featuring 
drastically falling temperatures. This temperature decrease generally stabilizes in the bathy- and 
abyssopelagic zones. Salinity is a measurement of the salt ion concentration of seawater, commonly 
including ions such as chloride, sodium, sulfate, magnesium, calcium, and potassium. Local salinity is 
affected by terrestrial freshwater input from rivers and estuaries, as well as hydrothermal vents and 
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cold seeps at the seafloor. The average salinity of open water in the GOM, 36 Practical Salinity Unit 
(PSU), is close to the global average of 35.5.  
 
Temperature and salinity are typically coupled at the sea surface. Most spatially large-scale modeling 
efforts, analyses, and characterizations of temperature and salinity in the GOM are for surface waters. 
These studies show that sea surface temperature and salinity trends are tightly coupled with 
freshwater input from the Mississippi River and the Loop Current System and its associated eddies 
(e.g., Brokaw et al. 2019; Schiller 2011; Sosa-Guittierrez et al. 2020). These studies show that fresh 
water from the Mississippi River, and to a lesser extent the Atchafalaya River, form a plume that can 
interact with the Loop Current System, which transports low salinity water towards the Florida 
Straits while the eddies circulate low salinity water within the central gulf (Brokaw et al. 2019). Shelf 
to offshore movement of entrained water is facilitated by the bottom topography of and around 
DeSoto Canyon (Schiller 2011).  
 
The formation of temperature fronts in sea surface water is almost always associated with salinity 
fronts. These thermohaline fronts are associated with fronts of other properties such as nutrients, 
ocean color, chlorophyll, and turbidity. Geostrophic along-front currents maintain divisions between 
water masses. In the Gulf of Mexico, frontal patterns are seasonally persistent, being more robust in 
the fall and winter, and are steered by bottom topography (Belkin et al. 2009). The location of surface 
fronts, however, may not coincide with water mass boundaries at bathypelagic depths (Cook et al. 
2020). 
 
Temperature inversions are common in the Gulf of Mexico. They are often associated with layers of 
cool, fresh riverine and coastal water input during winter months. Though most are observed near 
the surface, they have been observed as deep as 1,000 m (Weatherly et al. 2003). Weatherly et al. 
(2003) propose that these deep inversions may be associated with less saline layers that may develop 
from downwelling in the GOM thermocline and/or sinking due to double-diffusive convective 
instabilities at the base of cool, fresh plumes. Alternatively, they could be layers rich in Antarctic 
Intermediate Water laterally advected from the Caribbean Sea. A recent analysis shows that within 
the Western Gulf of Mexico, near bottom measurements in deep water (approximately 2,000 to 
approximately 3,500 m) over the last two decades, show a significant stable linear warming trend 
(Ochoa et al. 2021); however, it is unclear if this finding can be generalized to the entirety of the Gulf 
of Mexico basin. Fewer studies characterize temperature gradients within the water column. One 
opportunistic study found that the thermal gradient in late summer reached a maximum of 7 °F 
(approximately 4 °C) per 100 ft (approximately 30 m) and decreased with depth. Below 
approximately 3500 ft (approximately 1,067 m) the temperature gradient was approximately 0.15 °F 
(approximately 0.1 °C) per 100 ft (approximately 30 m) (Gretener and Simmons 1967).  
 
Chemistry 
Average open ocean pH is approximately 8.1 (i.e., slightly alkaline). In the GOM, seasonal changes in 
temperature drive patterns in surface water pH; pH is on average higher in the winter and lower in 
the summer. Alkalinity is a key variable for investigating the marine carbonate system and is 
influenced by primary production, remineralization, and dissolution/precipitation of calcium 
carbonate. In GOM waters between 0‒250 m water depth, alkalinity is controlled by river dominated 
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margins and current dominated margins, with the effects of riverine input declining towards the West 
Florida Shelf (Yang et al. 2015).  
 
Dissolved oxygen concentrations and temperature have been found to be inversely correlated due to 
water mass mixing processes (Martens et al. 2016). Observed variability in dissolved methane 
concentrations from in situ monitoring suggest temporal variability in gas release from hydrocarbon 
seeps or delivery by local water transport processes (Martens et al. 2016). Common geochemical 
factors that correlate with a site’s geological or ecological settings include dissolved inorganic carbon, 
calcium, and depth-integrated methane concentrations (Bowles et al. 2016).  
 
Spatial variations in seafloor organic carbon baseline values for 13C and 14C have been found to be 
influenced by river discharge and hydrocarbon seepage, respectively (Rogers et al. 2021). Most 
carbon inputs to sinking particulates comes from surface marine production (80‒85%), while 
riverine inputs account for the remainder (15‒20%) (Chanton et al. 2018). Carbon isotopic 
composition (13C and 14C) and thermochemical stability of sediment organic matter are commonly 
used to differentiate between carbon sources from natural hydrocarbons seeps or those from human-
made introductions of hydrocarbons into the marine environment (e.g., oil spill) (Chanton et al. 2012; 
Rogers et al. 2019). For example, lower decomposition temperatures have been found for crude oil; 
natural hydrocarbon seep sediment has been found to decompose at high temperature with Δ14C =      
-912‰; and control sites without obvious hydrocarbon inputs have been found to have moderate 
decomposition temperatures and Δ14C = -189‰ (Rogers et al. 2019). Sediment organic carbon δ13C 
and Δ14C reached post-Deepwater Horizon oil spill baselines averaging approximately −21.2‰ and 
−220‰ (Rogers et al. 2021). Differences have also been observed in Δ14C, δ13C and δ34S in sinking 
particulates measured at natural seeps, areas influenced by the Deepwater Horizon oil spill, and 
reference sites (Chanton et al. 2018). 
 
Ocean Currents, Eddies, Gyres, and Ocean Circulation 
The Loop Current is the dominant circulation feature in the GOM. It enters through the Yucatan 
Channel and exits through the Florida Straits. The sill depth at the Florida Straits is about 700 m 
(2,300 ft.), while the effective sill depth at the Yucatan Channel is nearly 2,000 m (6,560 ft.) (Badan et 
al. 2005). Water masses in the Atlantic Ocean and the Caribbean Sea that occur at greater depths 
cannot enter the GOM. The Loop Current is part of the western boundary current system of the North 
Atlantic. This is the principal current and source of energy for circulation in the GOM. The Loop 
Current has a mean area of 142,000 km2 (35 million acres) (Hamilton et al. 2000). It may be confined 
to the southeastern GOM, but it can extend well into the northeastern or north-central areas, with 
intrusions of Loop Current water northward and on to the West Florida Shelf (Vukovich 2005). 
Closed rings of clockwise-rotating (i.e., anticyclonic) water, called Loop Current eddies, separate from 
the Loop Current at intervals of 5‒19 months (Vukovich 2005). These eddies are also called warm-
core eddies because they surround a central core of warm Loop Current water. The Loop Current 
usually penetrates about as far north as 20˚ N latitude just prior to shedding an eddy (Vukovich 
2005). 
 
Currents associated with the Loop Current and its eddies extend to at least depths of 700 m (2,300 
ft.), the sill depth of the Florida Straits. Geostrophic shear is observed to extend to the sill depth of the 
Yucatan Channel. These features may have surface speeds of 150‒200 cm/s (59‒70 in/s) or more, 



 

129 
 

while speeds of 10 cm/s (4 in/s) are common at a depth of 500 m (1,640 ft.) (Cooper et al. 1990). The 
average diameter of warm core eddies is about 200 km (124 mi), and they may be as large as 400 km 
(249 mi) in diameter. Warm core eddies can have life spans of one year or more (Elliot 1982); 
therefore, their effects can persist at one location for long periods – weeks or even months (e.g., 
Nowlin et al. 1998). After separation from the Loop Current, these eddies often translate westward 
across the GOM at a speed of about 5 km/day (3 mi/day) (range 1‒20 km/day [0.6‒12.4 mi/day]). 
Loop Current eddies decay and generate secondary cyclones and anticyclones (SAIC 1989) by 
interactions with boundaries, ring shedding, and ring-ring interactions. Consequently, the GOM is 
typically populated with numerous eddies that interact with one another and with the basin margins 
(SAIC 1989; Hamilton and Lee 2005).  
 
Near the bottom of the Loop Current, velocities are low and uniform in the vertical direction, 
although with bottom intensification, a characteristic of Topographic Rossby Waves (TRW). This 
indicates that the Loop Current is a source of TRW, which is a major component of deep circulation 
below 1,000 m (3,281 ft.) in this part of the GOM (Sturges et al. 1993; Hamilton 1990). Exchange of 
surface and deep water occurs with descent of surface water beneath the Loop Current in the eastern 
GOM and with the ascent of deep water in the northwestern gulf where Loop Current eddies spin 
down (Welsh and Inoue 2000). The Sturges et al. (1993) model suggests a complex circulation 
pattern beneath Loop Current eddies, with vortex-like and wave-like features that interact with the 
bottom topography (Welsch and Inoue 2000). These model findings are consistent with Hamilton’s 
(1990) interpretation of observations. Occasionally, currents have been directly measured at abyssal 
depths exceeding 3,000 m (9,843 ft.) in the GOM. The major low-frequency fluctuations in velocity of 
these currents in the bottom 1,000‒2,000 m (3,281‒6,562 ft.) of the water column have the 
characteristics of TRW. These waves have wavelengths of 150‒250 km (93‒155 mi), periods greater 
than 10 days, and group velocities estimated at 9 km/day (5.6 mi/day). They are characterized by 
columnar motions that are intensified near the seafloor and move westward at higher group 
velocities than the translation velocity of 3‒6 km/day (2‒4 mi/day) that is typical of anticyclonic 
eddies. The Loop Current and associated eddies are thought to be major sources of these westward 
propagating TRW (Hamilton 1990; Oey and Zhang 2004). These TRW transition from short to longer 
periods going from east to west over the basin, probably because of bottom slope and regional 
bathymetric conditions (Donohue et al. 2008).  
 
In general, past observations of currents in the deep-water GOM have revealed decreases in current 
speed with depth. During late-1999, a limited number of high-speed current events, at times 
approaching 100 cm/s (39 in/s), were observed at depths exceeding 1,500 m (4,921 ft.) in the 
northern GOM (Hamilton and Lugo-Fernandez 2001; Hamilton et al. 2003). Furrows oriented nearly 
parallel to depth contours have been observed recently in the region of 90˚ W longitude just off the 
Sigsbee Escarpment and near the Bryant Fan, south of Bryant Canyon from 91˚ to 92.5˚ W longitude 
where depths range from 2,000‒3,000 m (6,562 to 9,843 ft.). It is hypothesized that near-bottom 
current speeds responsible for the furrows that are closest to shore might be 50 cm/s (20 in/s), 
possibly in excess of 100 cm/s (39 in/s), and that these currents may be oriented along isobaths and 
increase in strength towards the escarpment (Bryant et. al. 2001). In situ measurements of settling 
speeds, particle size distribution, currents and particle flux indicate that small-scale sediment 
resuspension and development of benthic nepheloid layers are driven by inertial currents and play a 
role in the redistribution of sediment (Diercks et al. 2018). Mean deep flow (approximately 2,000 m 
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[approximately 6,562 ft.]) around the edges of the GOM circulates in a cyclonic (i.e., 
counterclockwise) direction (Sturges et al. 2004). A net counterclockwise circulation pattern was also 
observed at about 900 m (2,953 ft.) depth around the borders of the GOM (Weatherly 2004).  
 
In deep water, several oil and gas operators have observed very high-speed currents in the upper 
portions of the water column. These high-speed currents can last as long as a day with maximum 
speeds exceeding 150 cm/s (69 in/s). Such currents may have vertical extents of less than 100 m 
(328 ft.), and they generally occur within the depth range of 100-300 m (328‒984 ft.) in total water 
depths of 700 m (2,297 ft.) or less over the upper continental slope. The mechanisms by which these 
currents are generated may include motions derived from the Loop Current and their associated 
eddies. These motions may be due to eddy-eddy or slope-shelf/eddy interaction, internal and inertial 
wave motions, instabilities along eddy frontal boundaries, and biases in the data record related to 
instrument limitations (DiMarco et al. 2004). In deep water regions of the GOM, clearly episodic wind 
events can also cause major currents to develop. The initial currents give rise to inertial oscillations 
with decreasing amplitudes, which last for up to about 10 days and are superimposed on longer 
period signals. 
 
The major large-scale permanent circulation feature present in the western and central GOM is an 
anticyclonic feature oriented about ENE-WSW with its western extent near 24˚N latitude off Mexico. 
There has been debate regarding the mechanism for this anticyclonic circulation and the possible 
associated western boundary current along the coast of Mexico. Elliott (1982) attributed Loop 
Current eddies as the primary source of energy for the feature, but Sturges et al. (1993) argued that 
wind stress curl over the western GOM is adequate to drive an anticyclonic circulation with a western 
boundary current. Sturges et al. (1993) found annual variability in the wind stress curl corresponding 
to the strongest observed boundary current in July and the weakest in October. Based on ship-drift 
data, Sturges et al. (1993) reported that the maximum northward surface speeds in the western 
boundary current were 25‒30 cm/s (10‒12 in/s) in July and about 5 cm/s (2 in/s) in October; 
northward transport was estimated to vary from 2.5‒7.5 m3/s. Sturges et al. (1993) reasoned that the 
contribution of Loop Current eddies to driving this anticyclonic feature must be relatively small. 
Others have attributed the presence of a northward flow along the western basin boundary to ring-
slope-ring interactions (Vidal et al. 1999). 
 
Overview of Key MDBC Habitats 
The majority of the GOM benthos is covered by soft sediment habitats (Davis Jr., 2017). Sediments on 
the continental shelf tend to reflect geologic history and terrestrial runoff sources. The Florida 
Peninsula is a carbonate platform with a steep slope that prevents heavy accumulation of sediment, 
but complex topography can create local pools. The rest of the GOM continental shelf is influenced by 
the Mississippi River with a slope dominated by highly bioturbated, hemipelagic mud. These 
sediments are a result of sea-level change cycles throughout the Quaternary Period (2.58 MYA to 
present). The abyssal plain is generally comprised of calcareous ooze from planktonic foraminifera 
and turbidite material from the Mississippi Canyon. The terrigenous sediments are mostly clay and 
are deposited through sediment gravity processes. 
 
Hard substrate is found throughout the deep waters of the GOM and is composed of either exposed 
bedrock or relict seep-derived authigenic carbonate and coral reef (Brooks et al. 2016). Naturally 



 

131 
 

occurring geological (exposed bedrock) or biogenic (authigenic carbonate and/or relict reef) seafloor 
with measurable vertical relief serves as important habitat for a wide variety of sessile and mobile 
marine organisms in the GOM. Defined topographic features or banks are a subset of live bottom 
habitats that are large enough to play an important ecological role in the GOM with high biomass, 
diversity, and abundance. They are created through bedrock uplift by underlying salt diapirs and the 
exposure of barrier islands. Alternatively, they are formed from relict carbonate reef (Rezak and 
Bright 1981; Bright and Rezak 1978; Berryhill 1987). Shelf-edge banks are located between 80 and 
300 m (262 and 980 ft) (Rezak et al. 1990). Shelf-edge banks have the greatest vertical relief of all 
bank types and exhibit the greatest range of habitat types (Rezak et al. 1983). Field data suggest that 
the extent of deepwater hard bottom habitat is large and that the diversity of corals and sponges is 
high (Boland et al. 2017).  
 
Cold seeps are areas of the ocean floor where high concentrations of oil or reduced chemicals 
including methane, sulfide, hydrogen, and iron are expelled forming hydrocarbon or gas plumes. 
Seeps, common in the GOM, were first discovered in the GOM at the base of the Florida Escarpment in 
1983 (Paull et al. 1984). Gulf of Mexico seeps are highly variable in composition and volume and 
include gases, volatiles, liquids, pitch, asphalt, tars, water, brines, and fluidized sediments. The 
majority of GOM hydrocarbon seeps are gas prone and occur along the continental slope where 
hydrocarbons vertically migrate through fault systems, fractures along salt flanks, or other geological 
conduits to the seafloor. Seeps are most abundant and prolific in the central and western regions of 
the northern GOM (Garcia-Pineda et al. 2010). 
 
Hydrocarbon seep ecosystems are composed of mosaic habitats with a range of physio-chemical 
constraints for organisms including temperature, salinity, pH, oxygen, carbon dioxide, hydrogen 
sulphide, inorganic volatiles, hydrocarbon components, and heavy metals (Levin and Sibuet 2012). 
These habitats support chemosynthetic communities. Such communities on natural substrate 
typically occur in the GOM at water depths greater than 300 m (984 ft), at a temperature range of 
approximately 13°C to 4°C (approximately 55°F to 30°F), with seafloor currents from 5‒10 cm/s (2‒
4 in/s), and in locations with moderate hydrocarbon flow. At cold seep sites, phosphorus limits 
biomass production more so than dissolved inorganic nitrogen (Bowles et al. 2016). The GOM seep 
communities tend to be large, up to several hundred meters across (MacDonald 1992). Over 330 
chemosynthetic communities are confirmed in the GOM at depths ranging from 290 m (952 ft) in 
Green Canyon (Roberts et al. 1990) to 2,750 m (9,022 ft) in Alaminos Canyon (Roberts et al. 2010). 
 
Naturally occurring methane hydrates may influence the morphology and characteristics of 
chemosynthetic communities (Sassen 1998). The dynamics of hydrate alteration could play a major 
role in the release of hydrocarbon gases to fuel biogeochemical processes and influence community 
stability (MacDonald 1998). Methane oxidation and carbonate precipitation rates and gas hydrate 
dynamics are influenced by porewater flow, with vertical flow velocities (approximately 0.1 m y-1) 
being similar for non-brine and brine seeps (Rooze et al. 2020). Sediment permeability is reduced by 
formation of gas hydrates and calcium carbonates, and spatial variability in flow is reduced over time 
(Rooze et al. 2020). Precipitation of authigenic carbonates and geological instability may alter surface 
seepage patterns and available substrates; however, similar chemosynthetic communities typically 
reoccupy sites post event recovery (Powell 1995). 
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Natural seeps are difficult to quantify due to challenges in detection (e.g., occurs subsea), differences 
in quantification methods (e.g., satellite observations and sampling by corer), dispersion by ocean 
currents, gaps in geographic coverage, and variable and uncertain seep volumes and rates (NRC 
2003). According to the NRC (2003), annual seepage for the entire GOM was estimated to be between 
80,000 and 200,000 metric tons per year (roughly 24.6 million to 61.6 million gallons [crude oil 
equivalent]), slowly entering the GOM from thousands of locations across the entire region (NRC 
2003). More recently, natural seepage of oil has been estimated to exceed 42 million gallons annually: 
21 million gallons in the northeastern GOM and 21 million gallons in the northwestern GOM 
(Kennicutt 2017; NRC 2003). MacDonald et al. (2015) further observed that oil from natural slicks 
was regionally concentrated as follows: 68% in the northwest, 25% in the southwest, 7% in the 
northeast, and <1% in the southeast GOM. 
 
The earliest records of cold-water corals in the GOM date back to the late 1860s (Smith 1954). Similar 
to their shallow water counterparts, cold-water coral communities can colonize hard substrate, 
including energy installations, to provide biogenic structure and habitat for other organisms. Lophelia 
pertusa is a prolific scleractinian that can be found at temperatures that range from 4‒12°C, salinity 
around 35 PSU, and Ωaragonite between 1.25‒1.69 (Freiwald 2002, Davies 2008, Guinotte et al. 2006, 
Lunden et al. 2013). Viosca Knoll lies at approximately 500 m and contains authigenic carbonates that 
are dominated by L. pertusa (Davies et al. 2010). In comparison to L. pertusa found in the Atlantic 
Ocean, these GOM communities experience lower dissolved oxygen content (2.7 ml/l), which may 
contribute to slower growth rates (Davies et al. 2010). 
 
The octocoral genus of Paramuricea, including P. biscaya, can also be prolific in the GOM and was the 
most abundant coral in the area impacted by the Deepwater Horizon oil spill (White et al. 2012). 
Paramuricea colonies are generally found between 260‒2,600 m water depth, temperature ranges of 
4.2‒5.8 °C, and at particulate organic carbon fluxes of no more than 50 mg C m-2 d-1 (Georgian et al. 
2020). They are also hypothesized to require positive and large topographic position indices that 
increase food availability and larval dispersion (Doughty et al. 2014). Habitat models for the northern 
GOM have predicted 558 Paramuricea coral sites (Georgian et al. 2020). Callogorgia sp. are another 
abundant octocoral in the GOM and are found at depths between approximately 200-1000 m, 
temperatures between 4.3‒13.9°C, salinity of around 35 PSU, dissolved oxygen concentrations 
ranging between 1.5-3.5 ml/l, and pH between 7.89‒7.94 (Quattrini et al. 2013). One of the three 
GOM species, C. americana delta, has been found at higher densities in areas with seep activity 
relative to those without (Quattrini et al. 2013).  
 
Summary of Best Practices for Collecting Environmental and Oceanography Data 
Many commonly measured oceanographic parameters, such as temperature and salinity, are typically 
measured using a simple CTD cast (at the sea surface and in the water column), with sediment traps 
(e.g., particulate transport from sea surface to seafloor), or with instruments attached to towed 
vehicles or submersibles (near the seafloor). Studies investigating ocean circulation, including 
currents, eddies, and gyres, typically use data collected from drifters, ship-movement, and landers at 
the seafloor to collect information on current speed and direction. Localized data collected via these 
approaches is then brought into models to extrapolate broader scale circulation characteristics and 
trends. 
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Landers are commonly used for in situ time-series investigations to measure a variety of physical and 
biogeochemical processes over varying time periods. These allow for continuous or near-continuous 
measurement of many variables, depending on the instruments incorporated into the lander and 
allow for long-term monitoring of variability within ecosystems (e.g. Mienis et al. 2012). For example, 
sensor arrays deployed from a lander are useful for collecting information on oxygen, methane, 
pressure, and current speed and direction at or near the seafloor (Martens et al. 2016). Landers and 
associated instruments can be deployed for varying periods of time depending on a study’s needs and 
can provide important insights into processes controlling water transport, respiration, and the fate of 
releases into the environment (Martens et al. 2016). Similarly, continuous fluid sampling systems can 
provide continuous sampling of geochemical parameters over extended periods of time (Robidart et 
al. 2013). 
 
Soft sediment areas of the seafloor can be explored in detail using towed vehicles and submersibles in 
conjunction with collecting sediment samples using cores or grabs. While some studies will collect 
multiple sediment cores, it is common practice to collect only one core for geochemical analyses. This 
approach has been supported by studies that have shown little variation between core replicates 
within sites for most analytes (except methane) (Bowles et al. 2016). Video and still imagery can also 
be used to collect information on the seafloor, including observations that reflect the influences of 
water movement on sediments (e.g., ripples and bedforms) and biological activity at and within the 
seafloor (e.g., bioturbation). 
 
Gas flare mapping in the water column (i.e., searching for bubbles), seafloor bathymetry, backscatter 
mapping, sub-bottom profiling, and remote sensing of surface waters are commonly used collectively 
to locate areas of hydrocarbon emissions from the seafloor (Hsu et al. 2019). Satellite imagery and 
ship-based observations can be helpful in sighting sea surface evidence of seepage (e.g., surface oil 
slicks or sheens); however, these can be highly unreliable since seepage can be intermittent and 
dissipate quickly at surface waters (Hsu et al. 2019). High-resolution video surveys using camera 
systems mounted on towed vehicles or submersibles are commonly used to ground-truth seep 
presence and investigate them in further detail (Hsu et al. 2019).  
 
In the vicinity of the Deepwater Horizon/Macondo Well catastrophic oil spill (2010), two post-spill 
programs, Offshore Nekton Sampling and Analysis Program and Deep Pelagic Nekton Dynamics 
quantitatively characterized the affected oceanic ecosystem through in situ sampling, acoustic 
sensing, water column profiling and sampling, satellite remote sensing, AUV sensing, numerical 
modeling, genetic sequencing, and biogeochemical analysis. Of interest to these programs was the 
water column fauna at the mesopelagic/bathypelagic interface, the depth stratum containing the 
deep hydrocarbon plume. Environmental factors such as temperature, conductivity, and dissolved 
oxygen were collected from both trawl-mounted sensors and CTD rosette profiling from 0-1500 m 
depth. Specific methodology is presented in Cook et al. (2020). Additional information on commonly 
measured environmental and oceanographic parameters and best practices for measuring can be 
found in the NOAA report (Egan et al. 2021), “Exploration Variables Identified by NOAA Ocean 
Exploration” (https://repository.library.noaa.gov/view/noaa/29495).  
 
Ecosystem Impacts of Oil and Gas Inputs to the Gulf is another research initiative that was aimed at 
understanding impacts, fate, and dynamics of natural and human-caused (e.g., DWH oil spill) oil 

https://repository.library.noaa.gov/view/noaa/29495
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discharges on deep-water ecosystems. Ecosystem Impacts of Oil and Gas Inputs to the Gulf also aims 
to evaluate specific biological responses and adaptations to hydrocarbon exposure and to 
disturbances, including a focus on seeps and coral habitats. Researchers used a combination of 
remote sensing and in situ monitoring (e.g., satellite remote sensing, autonomous profilers, gliders, 
Sail Drone, benthic landers), at-sea sampling (e.g., water column-sediment time-series sampling, 
benthic lander/sensor strings, sediment trap/mooring cruises, coral monitoring/sediment sampling 
via ROV), laboratory experiments, and modeling to understand processes from the molecular to 
ecosystem scale. Refer to Joye et al. 2016 for a summary.  
 
Concluding Remarks 
The current state of knowledge for environmental and oceanographic variables of the northern GOM 
appears to vary greatly by parameter. In general, research is typically more abundant for sea surface 
and areas of the water column, with limited information in deeper waters that is usually tied 
specifically to investigations of MDBC habitats. Further, measurements of many parameters have not 
been extrapolated basin-wide in mesophotic and deep waters within the water column or at the 
seafloor. Many studies have researched and modeled ocean circulation (including currents, eddies, 
and gyres) in the GOM, particularly in surface and mid-water areas; however, there are fewer studies 
into these parameters in deeper waters or with regards to their interactions with the seafloor and 
MDBC communities. Similarly, much of the geochemical research that currently exists in deep waters 
and for the seafloor is tied specifically to MDBC habitats such as those on hard substrates (e.g., coral 
habitat) or in cold seep areas. Soft sediment areas appear to have had less focus. 
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Table B1. Environmental and Oceanographic Parameters Summary 

Parameter Name Description Common Units of Measurement How to Collect and/or Measure 

Temperature The degree or intensity of heat present in a 
substance 

Degrees Celsius (°C) 
Degrees Fahrenheit (°F) 
Kelvin (K) 

Measure using a temperature probe that is standalone 
or attached to another device (e.g., CTD, submersible); 
Satellite remote sensing (sea surface); Thermistor 
(sediments) 

Pressure Weight of the water column pressing down on 
an object; Also known as “hydrostatic pressure” 

Decibar (dbar) 
Pounds per square inch (psi) 

Measure depth (typically using a CTD) then convert to 
pressure 

Salinity Saltiness or the amount of dissolved salts in 
solution; ionic salt concentration in water 

Practical Salinity Unit (PSU) 
Parts per thousand (ppt) 
Percentage (%) 
g/kg 

Conductivity meter; Calculation from borehole log 
response 

pH Expression of the acidity or basicity/alkalinity of 
a solution on a logarithmic scale 0-14 on which 7 
is neutral 

Unitless Glass electrode; Spectrophotometry 

Alkalinity Measurement of the concentration of all alkaline 
substances dissolved in solution or the ability of 
water to neutralize or buffer acids; number of 
moles of hydrogen ion H+ equivalent to the 
excess of proton receptors over proton donors 

mg/L CaC03 Titration: measure the amount of acid (e.g., sulfuric 
acid) needed to bring the sample to a pH of 4.2 

Dissolved Nutrients Substances used by organisms to survive, grow, 
and reproduce (e.g., P, N, Fe); can also be 
considered contaminants when present in large 
quantities 

Varies: 
Molar concentration units (e.g., M, M/L) 
Mass concentration units (e.g., ppt or ‰, 
ppm, ppb, weight %, mg/L) 

Collect water or sediment sample, then then use 
spectrophotometry or analytical chemistry; In situ 
nutrient sensors 

Chlorophyll Pigments found in cyanobacteria, algae, and 
plants (e.g., chlorophyll a) 

µg/L 
mg/L 
Relative fluorescence units (RFU) 
Specific pigment unit (mSPU) 

Spectrophotometry; High performance liquid 
chromatography (HPLC); Fluorometry; Remote 
sensing (e.g., satellite imaging) 

Irradiance/Light Flux of radiant energy per unit of area; In the 
ocean, specifically refers to the amount of light 
able to penetrate to varying depths 

W/m 
Depth (of light penetration) 

Measure using an irradiance meter, which measures 
absorption of different wavelengths of light, at varying 
depths 

Turbidity The degree to which a fluid loses transparency, 
or measure of light scattering, due to suspended 
particles (i.e., level of clarity of the water) 

Secchi depth 
Formazin Turbidity Unit (FTU) 
Formazin nephelometric units (FNU) 
Nephelometric turbidity units (NTU) 
Jackson turbidity units (JTLJ) 

Can measure using a device to compare amount of 
light scatter in a sample compared to a reference or 
measure depth of visibility of a Secchi disk 

Sediment Grain 
Size/Mix 

Size classes of grains composing sediment, 
including relative fractions of different sizes 

Grain Size: 
Millimeters (mm) 
Centimeters (cm) 
Inches (in) 

Collect sediment samples, then analyze the 
composition of the sediment; For larger grain sizes, 
varying sieve sizes can be used to separate different 
size classes then measure volume and/or weight; For 
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Sediment Mix: 
%, weight, or volume of the different 
individual components 

finer grain sizes, can use microscopy to measure grain 
sizes and visually approximate amount of each size 
 
Sediment samples can be collected by: various kinds 
of sediment cores (e.g., box core, piston cores, jumbo 
piston cores, gravity cores, submersible-enabled push 
cores and multicores; surficial sediment grabs; and/or 
boring and drilling 

Sediment 
Composition 

Describes factors contributing to overall 
sediment characteristics, including parent rock 
lithology, mineral composition, and overall 
chemical make-up of the sediment 

N/A Collect sediment samples then analyze for 
composition of the sediment; usually involves 
analyzing for specific mineral or rock components and 
chemical composition 
 
Sediment samples can be collected by: various kinds 
of sediment cores (e.g., box core, piston cores, jumbo 
piston cores, gravity cores, submersible-enabled push 
cores and multicores; surficial sediment grabs; and/or 
boring and drilling 

Porosity The fraction of void space in a rock or between 
sediment grains that can be filled with air or 
fluids 

Unitless (usually) 
Can be reported as: 
Percentage (%) 
Fraction 
Porosity unit (p.u.) 

Collect sediment samples, measure total volume or 
weight (sediment and water combined) followed by 
evaporating the water by heating to high 
temperatures and remeasure volume or weight, then 
compare; Can also be visually approximated for 
comparing different samples based on how “fluffy” the 
sediment appears (i.e., higher water content will 
result in a less compacted or “fluffier” sediment 
appearance 
 
Sediment samples can be collected by: various kinds of 
sediment cores (e.g., box core, piston cores, jumbo 
piston cores, gravity cores, submersible-enabled push 
cores and multicores; surficial sediment grabs; and/or 
boring and drilling 

Bioturbation Disturbance of sediments by living organism(s) Varies 
Often reported as: Presence/absence 
Area coverage or percentage of sediment 
surface showing evidence of bioturbation 

Collect imagery (e.g., video and/or still photos) then 
measure presence/absence and extent of bioturbation 
either manually or using computer software 

Dissolved Oxygen 
(DO) 

Oxygen dissolved in solution mg/L 
ml/L 
mmHg 
mg/kg or ppm 
% saturation (DO%) 

Collect water samples then analyze for dissolved 
oxygen amount 
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Dissolved Carbon 
Dioxide (DCO2) 

Carbon dioxide dissolved in solution; Also 
referred to as partial pressure of carbon dioxide 
(pCO2) 

mg/L 
mmHg 
µatm 

Collect water samples then analyze for dissolved 
carbon dioxide amount 

Total Organic 
Carbon (TOC) 

Total amount of organic carbon compounds 
present 

mg/L 
ppm 
Weight percent 

Collect water, sediment, and tissue samples then 
analyze for total organic carbon amount 

Dissolved Organic 
Carbon (DOC) or 
Dissolved Organic 
Matter (DOM) 

Organic matter that can pass through a filter 
with pore size of approximately 0.22-0.7 
micrometers 

mol/kg 
mg/L 
ppm 
 

Collect water samples then analyze by filtering then 
measuring dissolved organic carbon amount in the 
water 

Particulate Organic 
Carbon (POC) or 
Particulate Organic 
Matter (POM) 

Organic matter that is too big to pass through a 
filter with pore size of approximately 0.22-0.7 
micrometers 

Mass (e.g., µg, mg, g) 
mol/kg 

Collect water or sediment samples then analyze by 
filtering then measuring particulate organic carbon 
amount left on the filter 

Dissolved Inorganic 
Carbon (DIC) 

Water-soluble compounds dissolved in solution 
that contain inorganic carbon; Made up of 
bicarbonate (HCO3−), carbonate (CO32−) and 
carbon dioxide (including both dissolved CO2 
and carbonic acid H2CO3) 

mol/kg 
mg/L 
ppm 
 

Collect water samples then analyze for dissolved 
inorganic carbon amount 

Particulate Inorganic 
Carbon (PIC) 

Inorganic carbon that is too large to pass 
through a filter used to separate DIC; Most PIC is 
calcium carbonate (CaCO3) 

Mass (e.g., µg, mg, g) Collect water, sediment, and tissue samples then 
analyze for total organic carbon amount 

Oxidation/Reduction 
Potential (ORP) 

Measurement of the tendency of a substance to 
accept or lose electrons; Also known as REDOX; 
Can be used to derive pH 

Millivolts (mV) Use an electrode to measure voltage within an 
aqueous sample 

Isotope Composition Proportion of different isotopes, or forms of the 
same element (e.g., 12C, 13C, 14C), present in a 
sample 

ppt or ‰ 
ppm 
Percent (%) 
Picocurie per liter (pci/L) 
Absolute mole ratio 
𝛅𝛅 

Collect water, sediment, and tissue samples then 
analyze for isotope types and amount 

Ocean Currents, 
Eddies, and Gyres 

Current: Large-scale movement of ocean waters; 
measurable characteristics include strength, 
direction, and temperature 
Eddy: A circular current of ocean water 
Gyre: A large system of circular ocean currents 
formed by global wind patterns and forces 
created by Earth's rotation 

Varies 
Commonly reported in terms of speed and 
direction 

Use drifters, ship movement, acoustic Doppler current 
profilers (ADCPs), or other instruments that measure 
water movement direction and speed at localized 
areas;  
Remote sensing, including use of satellite altimetry, 
can be used to measure components such as sea 
surface height and surface winds 
 
Common to then use these specific components and 
localized data to model at broader scale 
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B.2.6. Topical Summary for Sessile Invertebrate Larval Dispersal Models 
Provided by Cheryl Morrison—USGS Eastern Ecological Science Center and Matt Poti - NOAA 
NCCOS 
 
OBJ 1 - PAR 3 and PAR 4 
 
This document summarizes the relevant published literature (as of October 2021) related to larval 
dispersal MDBC. It provides an overview of larval dispersal models, including data requirements 
and challenges, and describes studies that have used larval dispersal models for MDBC. 
 
Overview of Larval Dispersal Models 
To effectively manage marine species, knowledge of the spatial scale at which populations are 
connected is beneficial [1,2]. Determining the scale of connectivity provides clues about important 
ecological processes, the importance of environmental influences driving population dynamics, and 
estimations of how populations may respond to environmental change, and therefore is critical 
information for regulating persistence and recovery [3,4,5,6].  Studies of population connectivity try 
to quantify the transport, or dispersal of individuals, among geographically separated populations 
[7,8]. For benthic marine species, such as corals and demersal fishes, colonization of new 
populations occurs primarily by dispersal of larvae. Due to the small size of larvae and their 
expansive and complex fluid environment, quantifying dispersal distances and connectivity 
remains challenging [7,9]. However, multidisciplinary studies that employ biophysical modeling 
and empirical data are improving our understanding of the processes that contribute to patterns of 
dispersal in the marine environment. 
 
Numerous studies have documented the use of LDMs to estimate the population connectivity of 
benthic species that rely on a planktonic larval stage for dispersal, although to date the majority of 
these have focused on shallow-water species and especially fishes [10,11]. LDMs integrate 
biological parameters with a physical ocean circulation (hydrodynamic) model to simulate and 
track the movement of virtual larvae [10, 12,13]. LDMs produce maps (Figure 1) and other 
information (e.g., connectivity matrices, Figure 2) that can be used to identify potential pathways 
for larval dispersal (linkages, or ‘connectivity corridors’, [14]), potential source or sink populations, 
and resilient populations that have potential for recovery from disturbance [12, 13]. The models 
can also identify potential barriers to dispersal that may isolate populations, making them more 
vulnerable to disturbances. This information can be used for the spatial management of benthic 
habitats, such as the design of networks of marine protected areas [12, 13, 15, 16, 17]. 
 
Physical parameters incorporated in LDMs relate to environmental conditions that can influence 
dispersal or recruitment of larvae. Dispersal of planktonic larvae is primarily driven by advection of 
the larvae by ocean currents [12], yet eddies, recirculating flows, bottom topography, and upwelling 
can enhance or constrain larval transport [18, 19]. LDMs track the movement of virtual larvae 
across the model domain as the larvae are transported according to ocean current velocity (speed 
and direction) from an ocean circulation model [12]. Information on the locations of suitable 
habitat (e.g., suitable benthic substrate for settlement) may also be used to constrain the 
recruitment of larvae [13]. Environmental conditions such as ocean salinity or temperature, which 
may vary between water masses, may also influence connectivity by affecting the development or 
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mortality of larvae [12,13, 20]. An advantage of LDMs is that models can be run with future ocean 
projections (futurecast) or based on past ocean conditions (hindcast) to help gain knowledge of the 
processes shaping larval movements [10]. 
 
The biological parameters incorporated in LDMs include species-specific biological or life history 
traits that may influence dispersal patterns. Understanding basic biological attributes such as 
timing and seasonality of reproduction, larval behavior (e.g., swimming, vertical migrations, 
feeding), and larval lifespans is important because they affect larval survivorship, dispersal 
distances and hence connectivity. Yet, limited information exists regarding reproduction and early 
life histories for most cold-water corals [21]. Corals have a wide range of reproductive strategies 
including separate sexes (gonochorism) or intersexual (hermaphroditism); broadcast spawning or 
brooding; and continuous, seasonal or periodic gamete release (see definitions, below). While most 
shallow-water scleractinian corals studied to date are hermaphroditic [22], many cold-water corals 
species are gonochoric broadcast spawners [21], which might allow for greater dispersal potential 
[23]. Additionally, larvae can either be lecithotrophic (non-feeding, generally shorter longevity) or 
planktotrophic (feeding, longer-lived and possibly higher dispersal potential). The most commonly 
used biological parameter in LDMs is the PLD, which indicates how long the larvae are in the water 
column between spawning and settlement [12,13]. Other biological parameters or traits that can 
affect population connectivity include the number of particles released (fecundity), age of maturity, 
mode of reproduction, release depth (location of spawning), timing of spawning, pre-competency 
period, larval type, larval buoyancy, larval behavior (swimming/migration ability), rate of particle 
loss from system (mortality rate), and settlement behavior [ (Figure 3); [9, 12,13]]. Many of these 
biological parameters important to LDMs are unknown for most marine taxa, especially those in the 
deep-sea [12, 24]. 
 
Quantifying marine connectivity requires some degree of simplification given multiple spatial and 
temporal scales required and many biological and physical factors involved [9]. Therefore, it has been 
suggested that modeling results guide field efforts requiring sample collection to validate or ground 
truth model outputs, such as population genetics/genomics or geochemical tracers [25, 26, 27]. 
 
While the LDMs estimate potential for dispersal, population genetics measures actual or realized 
dispersal averaged over many generations (evolutionary, not ecological timescales). Genetic 
approaches (see review for deep-sea corals, 28) often examine the relationship between population 
differentiation (often measured by Fst) and the geographic distance between populations. Under a 
stepping-stone model [29], genetic distance should increase with geographic distance and 
populations in closer proximity will be genetically more similar to each other than to populations 
farther away. This pattern of connectivity, referred to as isolation-by-distance (IBD, 30), creates a 
highly structured, genetically complex system [31]. If an IBD pattern is detected, estimation of 
dispersal distances is possible [1, 31]. Examining 51 genetic studies that found an IBD pattern, Baco 
et al. [5] estimated a broad range of dispersal distances of deep-sea taxa, ranging from 0.24 km to 
over 2000 km, with a geographic mean of 33 km. This study also found that fishes and invertebrates 
with pelagic adults were more dispersive than benthic invertebrates, and that soft substrate taxa 
appeared least dispersive. Considering the vertical dimension of connectivity, a common pattern 
observed in genetic studies of deep-sea organisms is isolation by depth, where genetic structuring 
at small scales (100’s to 1000s m) has often been found (reviewed by 32). In the GOM, several 
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studies involving octocorals have followed an isolation by depth pattern (e.g., 19, 33, 34, 35), 
emphasizing the importance of depth in structuring benthic populations. 
 
The relatively new field of seascape genetics borrows from landscape genetics analyses designed to 
test for the environmental drivers of spatial genetic structuring [36, 37]. Instead of landscape 
parameters, seascape genetics couples biophysical oceanographic estimates with genetic models of 
dispersal [38, 39]. Although the majority of seascape genetics studies have been completed for 
shallow-water species, there are now several examples including deep-sea taxa [e.g., 18, 35, 40, 41], 
and these are discussed below. The increased precision afforded by high throughput sequencing 
techniques holds great promise for seascape genetic approaches (e.g., 19, 35). 
 
Larval dispersal models for benthic invertebrates outside the Gulf of Mexico 
Baums et al. [42] used both a large-scale Caribbean-wide LDM and smaller-scale LDM focused on 
the Mona Passage area to assess a potential barrier to larval dispersal for the shallow-water coral 
Acropora palmata at the Mona Passage between Puerto Rico and the Dominican Republic that had 
been suggested by genetic analysis [43]. Biological information included a 20-30 day maximum 
PLD, 3-5 day pre-competency period, and an early August spawning time. The model was also 
constrained by the presence of known reef areas. The large-scale model corroborated the genetic 
model, suggesting that larval behavior and physical forcing restrict larval transport, however the 
precise location and mechanism could not be pinpointed. The smaller-scale LDM suggested 
seasonal small-scale eddies resulting from the geomorphology of the passage and presence of Mona 
Island trap larvae, creating a crossing barrier or biogeographic filter. Together, these analyses 
suggest that the combination of reproductive timing, larval traits and oceanographic features act 
together to decrease dispersal of A. palmata larvae between the Eastern and Western Caribbean. 
Importantly, this work allowed insight into the processes involved in producing the reduced 
connectivity between these ocean regions.  
 
Foster et al. [40] investigated population connectivity of the coral Montastraea annularis in the 
Caribbean using a seascape genetics approach including empirical data from genetic analysis of 
microsatellites, a three-dimensional Lagrangian LDM parameterized by oceanographic conditions 
measured during spawning times but lacking biological parameters, and a matrix-based genetic 
projection model derived from the LDM. On a coarse scale (Caribbean basin), there was 
concordance between the physical and genetic estimates of connectivity. However, at smaller 
scales, patterns of connectivity predicted by the genetic projection model did not correlate well 
with the empirical genetic data, suggesting that fine-scale processes, such as larval life history 
traits, may significantly influence dispersal. 
 
Etter and Bower [44] investigated a potential larval dispersal barrier identified by several genetic 
studies involving protobranch bivalves distributed above and below 3000 m in the western North 
Atlantic Ocean. Specifically, the authors test whether the Deep Western Boundary Current impedes 
larval dispersal between upper/mid slope and lower slope habitats. Larvae were released 
continuously to mimic year-round reproduction of protobranch bivalves at four depths (1,500, 
2,000, 2,500 and 3,200 m) in a Lagrangian LDM that did not consider larval behavior (e.g., particles 
were passive and neutrally buoyant). Four timescales were assessed ranging from one month to 
five years. Average larval transport ranged from 1‒2 km per day and was complex, but generally 
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skewed offshore. In rare cases, larvae dispersed up to four times as far, possibly due to interactions 
between the Deep Western Boundary Current and the Gulf Stream. They concluded that the Deep 
Western Boundary Current was unlikely to prevent dispersal among depths, but instead, larval 
behavior and/or mortality may be limiting dispersal above and below 3,000 m.  
 
Holstein et al. [45] examined potential connectivity of habitats at shallow and mesophotic depths 
for two corals (Orbicella faveolata, broadcast spawner, and Porites astreoides, brooder) in the US 
Virgin Islands. Multi-scale biophysical models were utilized to simulate larval transport, along with 
GIS-based habitat suitability information, incorporating changes in larva specific gravity over time 
based on species-specific larval release times. For both species, models suggest that shallow reefs 
receive 1‒10% larval subsidy from mesophotic depths, which is demographically significant. 
Although the direct vertical connectivity was higher for the broadcast spawner O. faveolata, the 
brooding species, P. asteroides, had higher multi-generational vertical connectivity, potentially 
increasing resilience over time. 
 
Breusing et al. [41] used a seascape genetics approach to examine connectivity between 
hydrothermal vent mussels (Bathymodiolus spp.) along the Mid-Atlantic Ridge. Even with the long 
PLD assumed for Bathymodiolus species, the physical models suggested that dispersal distances 
over 150 km were unlikely. Both the physical models and population genetic data suggest that 
dispersal is enhanced and maintained via intermediate ‘phantom’ stepping-stone populations. 
Physical models also suggested high spatiotemporal variability, making predictions about 
connectivity challenging. 
 
Henry et al. [46] used larval dispersal models for the coral Lophelia pertusa to demonstrate how 
man-made structures (oil and gas installations) that may provide hard substrate for attachment 
could become part of a network of populations on both natural habitats and anthropogenic 
structures. Individual-based Lagrangian particle tracking included larval behavior that varied with 
age, and larval release was timed around known spawning times for Lophelia pertusa in the 
Northeastern Atlantic Ocean and was coupled with a high-resolution ocean circulation model. 
Simulations illustrated that anthropogenic structures have the potential to form interconnected 
regional networks capable of supplying larvae to downstream natural habitats. 
 
Metaxas et al. [6] assessed potential pathways of connectivity in the Corsair Canyon Conservation 
Area, off Nova Scotia, Canada, for populations of the deep-water octocorals Paragorgia arborea and 
Primnoa resedaeformis. A regional hydrodynamic model was used, tracking virtual larvae five days 
per month for three months (January, May, and September) over a 10-year period (2003‒2013). A 
unique aspect of this study was the inclusion of the distribution and size frequencies of the two 
coral species in Corsair Canyon based on ROV video analysis. Given that information on larval PLD 
and/or behaviors was unknown for these species, a generalized PLD of 60 days was employed. The 
broad range of tracks suggested the potential for connectivity across the entire continental slope in 
the region, possibly including the Gulf of Maine.  
 
Gary et al. [47] assessed the effect of active swimming behavior on larval dispersal under a range of 
scenarios at twelve study sites. Lagrangian LDMs were generated for virtual particles with 32 
different combinations of larval behaviors: age of maturity at which full swimming ability is 
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reached, age of competency at which larvae swim downward for settlement, maximum upward 
swimming speed after age of maturity, maximum downward swimming speed after age of 
competency, and depth below surface at which larvae no longer move upward. At each study site 
virtual larvae were released quarterly at two different depths over 50 years and tracked for a PLD 
of 185 days. Larval swimming behavior and depth of spawning significantly affected both the rate 
and patterns of dispersal. 
 
Wang et al. [48] utilized 3D particle tracking to estimate connectivity for corals, sponges and sea 
pens between Vulnerable Marine Ecosystems in the northwestern Atlantic Ocean. Lagrangian 
particle tracking and a hydrodynamic model were utilized, along with five particle release depths 
(surface, 100 m, 450 m, 1,000 m, and 2,250 m) and drift durations of two weeks, one and three 
months. A strong downward displacement at depth was observed, along with a weaker upward 
displacement, with current velocities sufficient to link downstream closed areas.  
 
Larval dispersal models for benthic invertebrates in the Gulf of Mexico (GOM) 
Lugo-Fernandez et al. [49] compared simulated larval dispersal trajectories with the observed 
trajectories of satellite-tracked drifters deployed in conjunction with coral spawning events at the 
East Flower Garden Bank (FGB) in the northwestern GOM to explore probable coral larval dispersal 
pathways. For each topographic bank and oil and gas platform in the northern GOM, the authors 
summarized the number of contacts (i.e., trajectories intersecting a 1-mile radius around the 
bank/platform), the number of days after spawning that the contacts occurred, and the distance of 
the bank/platform from East FGB. The analysis suggested a high degree of self-seeding (i.e., 
retention of larvae) at FGBs and the potential for FGBs to act as a source of coral larvae for distant 
coral habitats. It is important to note that the larval dispersal models did not incorporate biological 
parameters, did not account for diffusion (only advection), and did not resolve smaller-scale 
currents that could also play a role in larval dispersal. 
 
Young et al. [50] used LDMs to investigate potential larval dispersal pathways for seven species of 
bathyal invertebrates found in the GOM, the Bahamas, and Barbados. PLDs for each species were 
determined through laboratory experiments or estimated from known spawning and settlement 
times and ranged from three weeks to >2 years. Virtual larvae were released at the peak spawning 
time for each species at two depths, 100 m and 500 m. Models assumed that the larvae remain at a 
particular depth in the water column (i.e., no vertical migration behaviors were incorporated in the 
models). Larvae dispersed in the upper water column often had greater dispersal distances than 
larvae dispersed for the same amount of time at a depth below the thermocline. Most larvae were 
retained in the same geographic area in which they were released, and dispersal of larvae outside a 
geographic area was unidirectional. Modeled dispersal patterns suggested that populations in the 
Caribbean and GOM are likely to be sources, while populations to the north and east in the Atlantic 
are likely to be sinks. 
 
Cardona et al. [18] investigated potential population connectivity of the black coral Leiopathes 
glaberrima around four sites east and west of Mississippi Canyon in the northern GOM using 
genetic analysis and an LDM. Neutrally buoyant Lagrangian particles (virtual larvae) were released 
near the ocean floor four times per year across three years (2010, 2011, 2012) at four locations 
where colonies of L. glaberrima had been observed. The PLD for L. glaberrima was unknown, so 
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connectivity was explored for PLDs ranging from 10–40 days and with the inclusion of vertical 
diffusion via a random walk. Dispersal among sites was limited, suggesting that recovery in the 
event of a disturbance will depend on self-seeding by surviving individuals. The findings of the 
LDMs agreed with the estimates of low realized connectivity from the genetic data. 
 
McVeigh et al. [51] used LDMs to examine potential larval dispersal patterns and population 
connectivity for the deep-sea mussel Bathymodiolus childressi in the GOM under three possible 
larval behavior scenarios: demersal drift, dispersal near the surface in the early larval stage 
followed by an extended demersal period prior to settlement, and dispersal near the surface until 
just prior to settlement. Virtual larvae were released at two methane seep sites every hour over one 
week near the estimated fall peak spawning for B. childressi and tracked for a PLD of 395 days. 
Dispersal distance was greatest for larvae dispersed near the surface until just prior to settlement, 
with larvae dispersed widely throughout the GOM and South and Mid-Atlantic Bights. Larvae with 
near surface drift followed by demersal drift also dispersed widely throughout the GOM and South 
Atlantic Bight, while larvae with only demersal drift behavior did not disperse widely and spread to 
the east of the spawning sites following the bathymetric contours of the GOM. The results suggested 
that depth of dispersal is a critical parameter for determining deep-sea connectivity. 
 
Garavelli et al. [52] used biophysical models of larval dispersal in the GOM to predict connectivity 
patterns for the mesophotic coral Montastraea cavernosa. Genetic estimates of realized connectivity 
for this species were described in a companion paper by Studivan and Voss, 2018. Because PLD was 
unknown for M. caveranosa, models were run for a three-year period (2013‒2015) using a 20-day 
PLD based upon a related coral species, Orbicella faveolata. A regional model including spawning 
and settlement polygons based on bathymetry estimated that larvae remained in the northern 
GOM, but with some larval transport to the SW and NE GOM and interannual variability (maximum 
dispersal distance 731 km). Local connectivity was estimated among and between five FGBs over 
the same time period and PLD. Model results showed transport among all northern GOM banks, 
suggesting they behave as one metapopulation, however significant yearly and monthly variation 
was reported. A third model was run to examine connectivity between the East and West FGB, 
allowing for vertical transport between shallow and mesophotic depths. Though larval transport 
occurred from mesophotic to shallow reef areas, more larvae settled at mesophotic depths and 
transport was mostly unidirectional from West (source) to East (sink). 
 
Bracco et al. [19] examined population connectivity of the deepwater coral Callogorgia delta using 
both a regional high-resolution LDM and genetics. Given that the PLD for C. delta is unknown, three 
estimates based on the literature were used (10, 20, and 40 days). Since time of spawning was also 
unknown, particles were released from each four sites in the GOM west of the Mississippi Fan 
spanning 69 km geographic distance and approximately 200 m depth range (440‒789 m) at four 
time points (one per season). Virtual particles were tracked for approximately two years (2014‒
2016). Both genetics and the LDM outcome suggested that connectivity was limited between sites, 
with the strongest connections between the shallow populations, even though these occurred at 
greater geographic distances, highlighting the importance of depth in limiting dispersal. 
 
Davies et al. [53] investigated larval traits of two FGB corals, Pseudodiploria strigosa and Orbicella 
fanksi, to constrain biophysical models of larval dispersal and estimate source-sink dynamics. This 
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study was unique given the empirical approach used to improve estimates of life history traits of 
these corals, including characterization of the size frequency of the two corals in the FGB, plus 
rearing of larvae to quantify larval mortality rates, onset of competence, and larval production. The 
two coral species differed dramatically in competency times, with P. strigosa capable of 
metamorphosis within 3-20 days, while O. franksi took up to 20‒120 days before metamorphosis 
was possible. Despite these differences, the biophysical models suggested that both species had a 
similar probability of local retention in FGBs through either direct, rapid reseeding and/or 
persistence and re-deposition by the Loop Current. A short PLD, such as that of P. strigosa, 
effectively isolates the FGBs from the rest of the Caribbean, whereas a longer PLD (O. franksi) 
allowed larval export to more distant northern Caribbean reefs. 
 
Limer et al. [54] employed both LDMs to examine the potential influence of eddies on larval 
exchange for two coral species (Orbicella faveolata and Porites astreoides) in the East and West FGB. 
Species-specific reproduction and larval behaviors were incorporated. Although the shedding of 
eddies from the Loop Current are ephemeral and stochastic, they are associated with pulses of 
within- and between-bank retention, suggesting that the FGB may be largely self-sustaining. Results 
suggested FGBs may supply downstream reefs with larvae and therefore the Banks may behave as 
remote climate refugia.  
 
Galaska et al. [35] investigated the spatial patterns of genetic variation and metapopulation 
connectivity for an octocoral, Paramuricea biscaya, injured by the DWH oil spill in the northern 
GOM. The authors took a seascape genomics approach, including high-resolution oceanographic 
circulation modeling and larval dispersal simulations (Liu et al, below) and population genomic 
data to quantify the degree of structuring and connectivity between impacted and non-impacted 
populations. Depth was the predominant factor structuring populations, and larval dispersal was 
asymmetrical following prevailing westward currents. Populations that may serve as larval sources 
for those injured by the DWH spill in Mississippi Canyon include the DeSoto Canyon area and 
possibly the West Florida Escarpment. 
 
Liu et al. [55] is a companion paper to Galaska et al. [35] and details the integrated fine-scale (1-km 
resolution) ocean circulation modeling and larval dispersal simulations for Paramuricea biscaya 
from the northern GOM. The authors utilized a 2015 high resolution circulation model to identify 
potential advection pathways of larvae as well as hindcasts to extrapolate inter-annual variability. 
An east to west dispersal trend was estimated, following the 1,000 and 2,000 m isobaths, which 
corresponds to predominant westward near-bottom circulation. The authors noted that dispersal 
distance of less than 100 km was common, but depth differences between tens to a few hundred 
meters can limit dispersal. The importance of intermediate stepping-stone sites for long-distance 
dispersal was also noted, along with a general agreement between these LDMs and population 
genomics [35]. 
 
Challenges and Data Gaps 
While substantial progress has been made to improve various aspects of LDM, knowledge gaps 
involving both the biological and physical components present existing challenges. Cowen and 
Sponaugle [9] suggest that modelers and empiricists need to forge strong and regular 
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collaborations to test assumptions and hypothesis predictions, understand modeled processes, and 
identify critical knowledge gaps. 
 
There are still many unknowns about biological components influencing connectivity for most 
deep-sea taxa. First, given that LDMs suggest that position in the water column influences dispersal 
distances (e.g., 47, 50, 51), there is a critical need for information on relevant biological, 
physiological and behavioral parameters of larvae for species included in LDMs to better constrain 
models. While such parameters are unknown for most deep-sea taxa [12, 24] and culturing 
embryos and larvae may be difficult, empirical studies are refining information for some species 
(e.g., 56, 53, 57). It is becoming clear that larvae are complex and capable of swimming both 
horizontally and vertically. The incorporation of larval behaviors into LDMs is important but will 
require advances in several modeling techniques (see ‘breaking the behavioral black box’ 58, 24, 
17). Changes in temperature and pressure with vertical migration may impose substantial 
consequences to metabolic and feeding rates [12]. Second, demographic parameters (e.g., 
population sizes, rates of reproduction, mortality) are likely to be species- and environmentally-
specific and have not been incorporated into LDMs often [8]. 
 
While the ability to generate genome-scale genetics data to incorporate into seascape genetics 
approaches is exciting, it also comes with challenges. First, new methods are needed for searching 
and filtering data for both intra- and inter-populational signals of connectivity, along with statistics 
to determine significance [8]. Substantial computational power is needed to examine large datasets. 
The potential for contemporary seascape patterns to confound historical patterns should be kept in 
mind, along with the potential mismatch between the timescales of genetic processes versus the 
timescales of management interests [8].  
 
Considering the physical components, scale and computational capacity are limiting [12, 55]. While 
large-scale circulation patterns are well understood, lesser is known about sub-mesoscale ocean 
currents. Additionally, the computational costs of high spatial resolution models limit length of 
model runs to short temporal scales (days/months; 27), yet high inter-annual variation requires 
long simulations (Thompson et al 2018). Rare events (e.g., hurricanes) may be important in rare 
long-distance dispersal, yet remain difficult to represent in high-resolution oceanographic models 
[40]. 
 
Definitions of terms used, including those relating to larval ecology and modeling of 
connectivity (definitions modified from 9, 13, 45, 53, 58) 
Population connectivity:  the exchange of individuals (demographic) or genes (genetic) between 
patches or spatially distinct populations 
Planktonic/pelagic larval duration:  developmental period of a species spent in the water column 
Pre-competency period:  the developmental time required before a larva becomes competent and 
able to metamorphose to a juvenile  
Competency: larvae remain viable in the plankton until suitable settlement habitat is found, then 
can metamorphose quickly into juveniles 
Fecundity: capacity to produce offspring, parameterized in LDMs as the number of larvae released 
Metapopulation: an assemblage of discrete local populations with some measure of shared 
migration among them 
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Migration: the movement of larva from one habitat to another  
Age of maturity: age at which adults can reproduce 
Mode of reproduction: mechanism by which reproduction occurs; broadcast spawners release eggs 
and sperm into the water column, where fertilization and embryo development then take place; for 
brooding species, fertilization of the eggs occurs in or on the surface of maternal colonies and larvae 
are mature before being released 
Open versus closed populations: open populations receive and export individuals to other local 
populations; closed populations do not exchange individuals to an appreciable extent 
Time of spawning: time of year (e.g., season) when a species reproduces 
Larval type: whether the larvae are swimming or crawling 
Larval buoyancy: whether the larvae are positively, negatively, or neutrally buoyant, which can 
affect the ocean depth at which larvae are transported 
Larval swimming behavior: ability of larvae to swim (e.g., migrate vertically) to regulate their 
position in the water column, as opposed to passive drifting  
Larval mortality rate: rate at which larvae die during the planktonic/pelagic stage, e.g. as a result of 
predation, disease, environmental conditions 
Larval transport: horizontal translocation of larvae between two points. 
Larval dispersal: the spread of larvae away from a spawning source to the destination or settlement 
site at the end of the larval stage. 
Connectivity matrix: provides the probability of exchange of individuals between patches. 
Larval subsidy: the supply of settlers to a population from outside sources 
Local retention: the percent or proportion of larvae produced within the model domain that also 
settle within the model domain 
Settlement: the act of larva settling and completing its pelagic stage, or may refer to the number or 
magnitude of settlers in a specific habitat  
Recruitment: a larva that has settled and survived any post-settlement mortality.  
Betweenness centrality: a measure of the importance of a habitat or node to the integrity of a 
network; highly central habitats are likely to behave as corridors for multigenerational connectivity  
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Table B.2.  Summary of studies utilizing larval dispersal models 

Study Location Hydrodynamic 
Model Scale Taxa MDBC PLD Traits Spawning Behavior Habitat 

Info Genetics 

Baums et al. 2006 Caribbean Local, Regional Acropora palmata No Yes Yes Yes No Yes [43] 
Foster et al. 2012 Caribbean Global Montastrea annularis No Yes Yes Yes No Yes Yes 
Etter & Bower 2015 NW Atlantic Regional protobranch bivalves Yes Range No Yes No No [59. 60] 

Holstein et al. 2016 Caribbean Local, Regional Orbicella faveolata, 
Porites astreoides No Yes Yes Yes Yes Yes No 

Breusing et al. 2016 Mid-Atlantic Regional Bathymodiolus sp. Yes Range No Yes No Yes Yes 
Henry et al. 2018 NE Atlantic Local Lophelia pertusa Yes Yes Yes Yes Yes Yes No 
Gary et al. 2018 North Atlantic Regional Not taxon specific Yes Yes Range No Range Yes No 

Metaxas et al. 2019 NW Atlantic Regional Paragorgia arborea, 
Primnoa resedaeformis Yes Estimate No Range No Yes No 

Wang et al. 2020 NW Atlantic Regional 
corals, sponges, sea pens 

at Vulnerable Marine 
Ecosystems 

Yes Range No Range No Yes No 

Lugo-Fernandez et 
al. 2001 Gulf of Mexico Regional Not taxon specific Yes No No No No No No 

Young et al. 2012 Gulf of Mexico,  
NW Atlantic Regional bathyal invertebrates Yes Yes No Yes No No No 

Cardona et al. 2016 Gulf of Mexico Local Leiopathes glaberrima Yes Range Yes Range No Yes Yes 
McVeigh et al. 2017 Gulf of Mexico Regional Bathymodiolus childressi Yes Yes No Yes Range Yes No 
Garavelli et al. 2018 Gulf of Mexico Regional Montastrea cavernosa Yes Yes Yes Yes Yes Yes [61] 
Bracco et al. 2019 Gulf of Mexico Regional Callogorgia delta Yes Range Yes Range No Yes Yes 

Davies et al. 2017 Gulf of Mexico Regional Pseudodiploria strigosa, 
Orbicella franski Yes Range Yes Yes No Yes No 

Limer et al. 2020 Gulf of Mexico Regional Orbicella faveolata, 
Porites astreoides No Yes Yes Yes Yes Yes No 

Liu et al. Gulf of Mexico Regional Paramuricea biscaya Yes Estimate No No No Yes [35] 
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Figure B1. Example of maps of larval dispersion generated from a larval dispersal model [19]. 
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Figure B2. Example of estimated connectivity between sites based upon a larval dispersal model [19]. 



 

160 
 

 
Figure B3. Visualization of biological processes and spatial context that act to determine larval dispersal and survival 
[9] 
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B.2.7. Topical Summary for Recovery Trajectories for Invertebrates and Infauna 
Provided by Amanda Demopoulos—USGS WARC 
 
OBJ 3 - PAR 6 
 
Objective 3: Detect and quantify trends for inference of future impacts and assess success of 
restoration 
 
Key Metrics: Age/size distribution, Biomass, Density, Abundance, Growth, Recovery, Mortality, 
Recovery trajectories, Determine best practices 
 
Parameter 6 (Determine if recovery trajectories and restoration targets were established) 
 
6c: Summarize infauna recovery trajectories and/or restoration targets. The focus of this summary 
is on the meiofauna (between 0.044 and 0.3 mm) and macrofauna (0.3 mm‒30 mm). 
 
Abstract  
The impact of disturbance to infaunal communities has been conducted in a suite of environments, 
with similar themes resonating across studies. Following the DWH oil spill, deep-sea infaunal 
communities in soft sediment environments and near-coral habitats were examined, and a few of 
these communities were monitored over multiple years. To date, temporal changes in infaunal 
communities post DWH spill, have only been examined in a handful of studies in soft sediments (see 
reviews by Montagna and Girard 2020; Schwing et al., 2020; Reuscher et al. 2017) and near-coral 
environments (Fisher et al. 2014; Bourque and Demopoulos, 2019), and those results are 
summarized below. There is limited information on the long-term trends in benthic resources, their 
stability in time and space, recruitment, and their recovery after disturbance, and in the deep sea, 
recovery from disturbance takes a long time. Tracking recovery following disturbance in infaunal 
communities requires several considerations, including assumptions about equilibrium and 
ecological variability. Long-term, multi-year sampling at sufficient spatial scales at reference and 
impacted sites is necessary for taxa with long recovery periods or multiple taxa with different 
temporal dynamics, as is the case with infaunal communities. Including environmental monitoring 
can enable use of covariates to help decouple natural variation from DWH impacts. Specific 
community metrics for long-term monitoring include abundance, diversity, evenness, composition, 
life history stage, nematode:copepod (N:C) ratio, polychaete:amphipod (P:A) ratio, abundance of 
indicator taxa (sensitive/tolerant), feeding groups, and relative dispersion. Environmental metrics 
include temperature, salinity, dissolved oxygen (both bottom water and sediment porewater), as 
well as the following sediment parameters: TOC, total nitrogen, total PAH, TPH, metals, thorium-
234 excess activity (234Th xs), 210Pb excess activity (210Pb xs), porewater sulfide and ammonia 
concentrations, estimated POC flux. Through robust sampling and analysis, the information 
collected may enable the development of a benthic marine biotic index that provides information 
on not only the soft-sediment infauna, but also near-coral infaunal communities. Lastly, the 
hypothesis that impacted infaunal communities will recover at some point when the contaminated 
sediment is buried below the bioturbation zone (>10 cm) (Rohal et al. 2020) is directly a function of 



 

162 
 

sedimentation rates within the impacted zones, which are highly variable. However, detection of 
the contaminated layer can be challenging due to many factors, not the least of which bioturbation 
directly disturbs and obscures sediment layers. By quantifying multiple metrics of contamination 
indicators, including those mentioned above, through direct measurements at several impacted and 
reference locations, we can improve recovery estimates across space and time. These metrics, 
coupled with the development of a benthic marine biotic index, can help inform decision-support 
tools for natural resource managers to guide future management and protection activities in these 
environments. 
 
Definitions 
Macrofauna: animals ranging in size from 0.3 mm to 30mm, retained on a 0.3mm screen, and 
generally consisting of the following groups: polychaete and oligochaete annelids, peracarid 
crustaceans (e.g., amphipods, cumaceans, isopods), bivalve molluscs, as well as more rare groups, 
including gastropods, aplacophorans, sipunculids, and nemerteans. 
Meiofauna: animals ranging in size from 0.044 to 0.3 mm, retained on 0.045 mm screen, and 
consisting of nematodes, copepod crustaceans, along with minor taxa, including kinorhynchs, 
ostracods, peracarid crustaceans, bivalve molluscs and polychaete annelids.  
Soft-sediment infauna: The GOM seafloor is composed of 95% soft sediments, of which infauna 
represent the main faunal component (Montagna and Girard 2020). Animals living in these 
sediments are not directly associated with hardbottom habitats. Several studies have examined 
infauna in the GOM including, but not limited to, the following multiyear studies (Northern Gulf of 
Mexico Continental Slope Study, Gulf of Mexico Offshore Operations Monitoring Experiment, 
DGOMB, Gallaway, 1988; Montagna and Harper 1996; Rowe and Kennicutt 2008), as well as several 
studies examining post DWH impacts across the GOM. For both macrofauna and meiofauna, 
assessment studies include Montagna et al., 2013, 2017, Reuscher et al. 2017, 2020. Studies that 
focused on macrofauna only included Shantharam et al. 2021, Washburn et al. (2017), Salcedo et al. 
(2017), and for meiofauna, Schwing et al. (2015, 2020), Baguley et al. (2015), Landers et al. (2014).   
Near-coral infauna: Animals residing in sediments adjacent to (within a few meters) of deep-sea 
coral habitats. In the GOM, these communities have been examined in multiple locations ranging in 
depth from 260‒1860 m (Demopoulos et al. 2014; Bourque and Demopoulos, 2018), and in 
assessment studies (Fisher et al. 2014; Demopoulos et al. 2016; Bourque and Demopoulos, 2019). 
These communities are distinct from the soft-sediment infauna and recovery trajectories will be 
presented separately from this group. 
 
Background 
Tracking recovery following pollution/organic enrichment: General patterns 
Benthic infaunal communities have served as indicators of human-derived disturbance and stress 
for several decades. Infauna represent critical components of seafloor environments, facilitating 
organic matter decomposition and nutrient cycling, as well as providing food for higher trophic 
level consumers. Infauna are largely sedentary, living in direct association with their substrates, 
which is often the perfect place for contaminants to accumulate. They are captive audiences, unable 
to move large distances and escape disturbance, thus they are unable to avoid exposure to 
pollutants or other hostile conditions. By measuring the infaunal community following pollution 
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exposure over time, including multiple taxa and life stages, we can glean the community response 
to contamination and their relative sensitivity levels and recovery trajectory over several 
generations (Teal and Howarth 1984; Hyland et al. 1999; Suchanek 1993; Peterson et al. 1996). 
Community recovery from oil spills can take years to decades in shallow water environments 
(Boucher et al. 1985; Dauvin 1998) and is estimated to take decades or longer in the deep sea (e.g., 
Montagna et al. 2017; Rohal et al. 2020). 
 
Building on the foundation reviewed by Pearson and Rosenberg (1978), infaunal community 
changes with deposition of pollution or organic enrichment follows a relatively predictable 
successional sequence, summarized as follows. This sequence includes initial colonization of small-
bodied opportunistic taxa, also referred to as r-selected species. These taxa often increase in 
abundance and biomass up to a point, then these metrics decline with excessive total organic 
carbon. Species richness might increase to a point then declines, with high abundances 
characterized by few dominants. At some point following the initial input of organic carbon, the 
pattern reverses itself, with a reduction of opportunists, increases in sensitive species, progressing 
to larger bodied, sensitive taxa, also known as K-selected species. Spatial variation in communities 
is also apparent, where the peak of opportunists occurs within some distance away from organic 
enrichment. These opportunists, specifically Capitellidae, Spionidae, and Dorvilleidae polychaete 
annelids, have been so called “enrichment opportunists” because they are often found in polluted 
environments as well as sediments that experience high organic loading. Overall, with organic 
enrichment, there is a reduction in structural and ecological complexity, and decrease in size of 
macrofauna, at least in the early stages of impact.  
 
As community structure changes along an organic enrichment gradient, its organization also 
changes, including trophic structure and energy flow and associated food-web relationships. 
Analyzing the relative changes in the importance of feeding types, including deposit feeders, 
suspension feeders, carnivores, etc., along an enrichment gradient, provides information on the 
changing ecological structure in response to pollution or its declining influence overtime (i.e., 
recovery). Following organic enrichment, complex food webs become more simplified. Relative 
changes in feeding types with organic enrichment include an increase in deposit feeders and 
decline of suspension feeders, for many possible reasons, including physical clogging of feeding 
appendages. With organic enrichment, larger forms and deeper burrowers decline and are replaced 
by more surface feeders. The reduction in burrowing leads to less dissolved oxygen penetration and 
enhanced sediment stability due to less bioturbation. Thus, the complex sediment structure 
degrades to a stratified narrow oxygenated surface (Figure 4, left side). Species surviving at this 
stage include small-bodied forms, and abundances may increase if conditions allow.  
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Figure B4. Conceptual diagram of generalized recovery patterns within soft sediment environments. With time, if no 
continued organic enrichment occurs, initial opportunistic species are outcompeted by more sensitive, larger-bodied 
species, including sub-surface deposit feeders and more suspension feeding forms. Leads to overall increased 
diversity of taxa as well as complexity of community and feeding ecology. Figure modified after Pearson and 
Rosenberg, 1978. 

 
With organic enrichment, for example, the percent of deposit feeders increases towards a maximum 
in response to high organic inputs, whereas suspension feeders peak at some intermediate level of 
enrichment, and lastly, carnivores thrive in high and low inputs. With time, and no additional 
enrichment or pollution, opportunist activities, such as non-selective deposit feeding, help make 
sediments more hospitable. Their feeding changes the sediment microstructure by pelletizing 
material, increasing surface area for microbial attachment, facilitating larval settlement of other 
species, which then facilitates other species through their sediment interactions. Following the oil 
spill in Falmouth, Sanders et al. (1980) documented capitellid polychaetes as the early colonists, 
which were then displaced by other polychaete taxa with time. Sediment amelioration plus 
competition for resources leads to reduced populations of opportunists, increased complexity of 
the community, and feeding habits diversify (Figure 4, right side).  
 
Several metrics have proven useful in impact studies including abundance, diversity, community 
composition, and functional and/or feeding groups. Additional metrics derived from macrofauna 
and meiofauna data used to quantify impact and recovery include benthic nematode:copepod (N:C, 
meiofauna) and polychaete:amphipod (P:A, macrofauna) ratios (Raffaelli and Mason 1981, Andrade 
and Renaud 2011), which have been used to gauge impact of offshore oil and gas production in 
shallow and deep water. For both metrics, the expectation is that deposit feeders will increase 
relative to grazing or predator forms. While there are no established thresholds that demonstrate 
impacts, by comparing ratios in contaminated vs non-contaminated environments, the metrics 
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serve as indicators of community differences due to pollution. In the case of high concentrations of 
pollution, higher N:C and P:A values represent greater impact, as a result of increased presence of 
opportunists and reduction of sensitive crustaceans (e.g., copepods and amphipods). However, the 
ratio has limited applications, particularly when amphipods are absent, but using a value of 1 
(Andrade and Renaud 2011) or substituting amphipods for other peracarid crustaceans are 
potential approaches that avoid the division error. Other possible metrics include identifying 
“indicators”: pollution tolerant taxa with abundances significantly higher and “pollution sensitive” 
as those lower in abundance in the impact zone (Washburn et al. 2016). These taxa are specific to 
the region of study. Meiofauna, specifically nematodes and copepods, are useful bioindicators of 
contamination and pollution (see Baguley et al. 2105 and references therein). Other metrics include 
relative dispersion and index of multivariate dispersion. Relative dispersion is measured on a scale 
of 0‒2, where lower values equate to lower stress (Warwick and Clarke 1993). Index of 
multivariate dispersion is a single value that compares the ranks of groups identified by Bray Curtis 
Similarities against one another. If the value ranges from 0 to 1, all similarities among samples of a 
group are higher than any among the contrasting group, whereas if the value ranges from 0 to -1, 
there is little to no difference among the groups.  
 
Tracking recovery in the deep sea: General patterns 
In deep-sea environments, there is little information available about recovery trajectories following 
disturbance. Natural temporal changes to deep-sea infauna can occur on interannual to multidecadal 
timescales, where benthic densities and biomass are directly proportional to POC flux on interannual 
and seasonal basis (Glover et al. 2010). Higher abundances are often tied to higher surface 
production, due to changes in migration or changes in local abundance. These natural variations in 
space and time are critical to quantify in order to tease apart recovery from spill disturbance from 
natural variation. Previous colonization tray experiments in the deep sea provide some clarity on 
timescales of recovery, where azoic sediments were placed on the deep-sea floor for periods of time 
and monitored. Infaunal community composition, diversity, and density remained distinct from 
background sediments after five years due to temporal variation in colonization rates (Grassle and 
Morse-Porteous 1987). While tray experiments are not free from bias (see Smith 1985), they reveal 
that nothing happens fast in the deep sea. In a study examining meiofauna and macrofauna associated 
with oil and gas platforms in the GOM (29‒127 m depths, Gulf of Mexico Offshore Operations 
Monitoring Experiment), Montagna and Harper (1996) used a space for time analysis and identified 
changes in abundance of certain groups (sensitive or tolerant to contamination) and community 
structure in proximity to oil-production platforms. They found a reduction in harpacticoid copepod 
nauplii abundance with contaminant exposure, indicating that reproductive success was inhibited. 
Higher numbers of gravid females were found near platforms, but fewer new recruits, thus clarifying 
the importance of capturing life history information when feasible. Nematode feeding guilds also 
proved to be a useful metric with an increase in the biomass of non-selective deposit feeders with 
increased contaminant concentrations (Montagna and Li 1996).  
 
General patterns from GOM deep-sea research 
Temporal changes to soft-sediment macrofaunal and meiofaunal communities in the GOM have 
been reported in a recent study synthesizing two long term datasets: Northern Gulf of Mexico 



 

166 
 

Continental Slope Study (1983-1984, Gallaway, 1988) and DGOMB (2000-2001, Rowe and 
Kennicutt, 2009), where the same stations were sampled across years, along a depth range from 
325‒3,000 m (Reuscher and Shirley 2017; McKinney et al. 2019). From these long-term datasets, 
Reuscher and Shirley (2017) examined temporal changes in polychaete communities identified to 
the family level. They conducted a comparative analysis and tested for differences by sampling 
period, station, and the associated interaction, with all factors identified as significant. Changes in 
community composition over time were not directly a function of the increased abundances, and 
there was no consistent change with depth. Temporal variation was not consistent across stations, 
either. Overall, samples collected in spring yielded the highest abundances, which were twice those 
found in the fall. A majority of the polychaete families peaked in spring, with spionids, capitellids, 
syllids, and lumbrinerids contributing the most to these abundances, and spionids having the 
highest densities. In terms of feeding and functional groups, deposit feeders increased in spring, 
along with increases in carnivorous and omnivorous forms. The mechanism for the spring increases 
was not measured, but authors speculated that there might have been a corresponding increase in 
POC flux from a spring bloom. However, the study was not able to discern seasonal from annual 
patterns. Ultimately, temporal variability in both macrofauna and meiofaunal communities was 
evident, but whether there is seasonal or interannual variability and the primary drivers 
responsible (McKinney et al. 2019) remain unresolved and represent key data gaps. 
 
Temporal changes in near-coral infaunal communities associated with deep-sea coral habitats were 
coral species specific (Bourque and Demopoulos 2018). Within octocoral habitats, there were no 
changes in macrofaunal densities, taxa richness, evenness, and community composition between 
years (2009‒2010), and communities were dominated by polychaetes (63‒68%). In Lophelia 
habitats, likewise, densities and evenness did not differ between years (2009 and 2011), however, 
taxa richness differed between years. Community composition also differed between years, with 
higher densities of the polychaetes Oweniidae and Maldanidae in 2009, but higher densities of 
gastropods and oligochaetes in 2011 (17.3% of dissimilarity). In sites examined from 2011-2016, 
there was no significant correlation of macrofaunal density and sample year at the coral sites 
(Spearman correlation, ρ=0.037, p=0.83). Overall taxa composition varied between years at near-
coral sites. Polychaetes dominated communities in 2011–2014 (43–58%), while crustaceans 
dominated communities in 2015 and 2016 (42–53%). Multivariate community structure at coral 
sites varied both temporally and spatially.  
 
Infaunal community changes after the DWH event 
Following the DWH oil spill in 2010, approximately 4‒31% of oil remained trapped in the deep sea 
(3200 km2, Valentine et al. 2014), primarily within the upper 1cm of sediment (Chanton et al. 2015; 
Valentine et al. 2014). As a consequence of rapid oil and particulate matter deposition, other 
sediment impacts observed in De Soto Canyon included changes to the redoxcline (i.e., the sediment 
zone that transitions from oxidized to reducing conditions) from 2010‒2013 (Brooks et al 2015; 
Hastings et al 2016), as well as reduction in bioturbation activity, inferred from the continuous 
decay of 234Th and 210Pb (Brooks et al. 2015; Schwing et al. 2015); these patterns were consistent 
with those observed following deposition of high concentrations of organic matter. Additionally, 
sediment microbial communities found in proximity to the deep plumes were dominated by 
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bacteria capable of decomposing oil in September and October 2010 and the summers of 2012‒ 
2014 (Mason et al. 2014; Overholt 2018). By 2013, proxies for sediment flux (e.g., 234Th xs) had 
stabilized, mass deposition had ended (Larson et al. 2018), with the return of bioturbation and 
redoxcline similar to pre-spill, steady state conditions (Hastings et al. 2020).  
 
Following the DWH event, Montagna et al. (2013) documented the deep-sea benthic footprint of the 
DWH spill in the northern GOM. Soft-sediment macrofaunal abundance and diversity patterns were 
driven by total hydrocarbons, PAHs, and barium concentrations, as well as distance to the wellhead. 
The meiofauna N:C ratio served as an important indicator of pollution and/or organic enrichment, 
highest where contamination was the highest. Within 3 km of the wellhead, the most severe 
impacts included reduced diversity and abundances of infauna. In discrete locations in the 
northeast GOM, Qu et al. (2016) hypothesized that soft-sediment infaunal composition, abundance, 
and biodiversity would serve as indicators of impact and eventual recovery from the spill. Nine 
boxcores were collected in September 2010 and subsampled using smaller tubes, three of which 
were 5-9 km from the wellhead. They examined species composition, feeding type, community 
structure of polychaete species near the DWH site, and compared these results to the pre-spill 
database (DGOMB, Rowe and Kennicutt, 2008). Patterns included changes in polychaete feeding 
type and composition, which were associated with changes to increased PAHs and organic content 
in the sediments. Dominant taxa included the polychaete families Maldanidae, Sigalionidae, but not 
Spionidae, which were prominent pre-spill. Paraonidae and Spionidae decreased significantly, 
whereas Sigalionidae increased. Abundances of non-selective and selective deposit feeders and 
suspension feeders were reduced after the spill, but other feeding groups were not significantly 
different. Pre-spill community similarity declined from 40‒50% similarity to <20% post spill, 
indicating distinct communities with few taxa in common.  
 
While near-coral infauna were composed of distinctly different communities (Demopoulos et al. 
2014; Bourque and Demopoulos 2019), their response to the DWH was similar to the soft-sediment 
communities (Fisher et al. 2014; Demopoulos et al. 2016).  Higher variance in macrofaunal 
abundance and diversity, and different community structure (higher multivariate dispersion) were 
associated with elevated hydrocarbon concentrations and contaminants at sites closest to the 
wellhead, consistent with impacts from the spill. In contrast, variance in meiofaunal diversity was 
not significantly related to distance from the wellhead and no other community metric (e.g., density 
or multivariate dispersion) was correlated with contaminants or hydrocarbon concentrations. 
Concentrations of PAH provided the best statistical explanation for observed macrofaunal 
community structure, whereas depth and presence of fine-grained mud best explained meiofaunal 
community patterns.  
 
For soft-sediment meiofaunal communities in the northeast GOM, higher densities (particularly 
nematodes) were a function of sediment TPH, PAH, Ba. N:C was high in the impact zone (172‒310 
km2, Baguley et al 2015; Montagna et al. 2013). Meiofauna abundance was inversely proportional to 
diversity, and diversity declined with increasing DWH impacts, where community response 
represents a balance between organic enrichment and toxicity effects (Baguley et al. 2015). This 
response is similar to patterns observed in previous assessments of drilling impacts (Montagna and 
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Harper 1996) and oil spills (Giere 1979). Also, the pattern was consistent with the “enrichment 
response” observed in meiofauna collected near impacted deep-sea corals (Fisher et al. 2014, 
Demopoulos et al. 2016). The deep-water plume may have fueled a microbial response, which then 
led to increased abundances of meiofauna. This suggests facilitation of meiofaunal communities 
from the bottom-up, by increasing food availability and quantity via the deposition of marine snow 
(Baguley et al. 2015). Thus, increased densities of nematodes in the high and moderate impact 
zones may be a trophic response and these nematodes may in turn have a competitive advantage 
over other meiofauna (Baguley et al. 2015). Alternatively, dominance of nematodes may have 
resulted from reduced predation pressure from macrofauna.  
 
In the northwest GOM, Salcedo et al. (2017) examined soft-sediment macrofaunal communities for 
three years post DWH (2010‒2012) and found increased infaunal densities, changes in 
composition, and increased dominance of small-bodied taxa, consistent with pollution-induced 
macrofauna patterns mentioned above. Abundance/biomass curves indicated that stress levels 
increased from moderate to severe during this period. Interannual variability in the macrofaunal 
communities was associated with environmental factors, including PAH concentrations; however, a 
conclusive link to the DWH event was not made.  
 
Infaunal community patterns over time since DWH 
After the DWH event, impacts to soft-sediment infaunal communities persisted (Montagna et al. 
2017; Reuscher et al. 2017). One year after the spill, in zones with modest to severe impacts, 
density and diversity decreased, and diversity remained lower than background sites in stations up 
to 29km southwest of the wellhead (Washburn et al. 2017). Macrofaunal abundances increased 
within a 1 km radius of the wellhead, with dorvilleid polychaetes, specifically Ophryotrocha sp., 
dominating the community (Washburn et al. 2017). Changes in meiofaunal abundance and diversity 
suggest some recovery (Montagna et al. 2017), however, diversity remained 28% less than 
background. Various indicator taxa, including dorvilleid, acrocirrid, and capitellid polychaetes, are 
known to be pollution tolerant, opportunistic species found in disturbed environments, whereas 
maldanid polychaetes are known to be pollution sensitive (Washburn et al. 2016). All 4 of these 
polychaete families were found in impacted and non-impacted zones. Community composition 
remained distinct between the impacted and non-impacted zones with time since the spill. Based 
on sedimentation rates and slow recruitment and metabolic rates for infauna, Montagna et al. 
(2017) estimated it would take decades or longer to bury the contaminated sediments below 
bioturbation depths, enabling recovery of the soft sediment infaunal diversity and abundance.  
 
After four years post-DWH event, sediment PAH concentrations still differed between impacted and 
non-impacted zones and recovery of macrofaunal taxa richness and diversity had not occurred 
(Reuscher et al. 2017). In contrast, meiofaunal N:C ratio declined between years and N1 diversity 
increased, both suggesting some recovery. Given the meiofauna are most abundant within the top 
1cm of sediment, it is possible that after four years, the contaminated sediment has been buried 
below which the majority of meiofauna occurs. Temporal changes in the meiofaunal communities 
occurred in both impact and non-impact zones, suggesting that both natural processes and DWH 
contamination may be driving meiofaunal recovery patterns within the impact zone (Reuscher et al. 
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2017). In DeSoto Canyon, impacts to forams included a reduction in density (80-93%), 
diversity/species richness (30‒40%), and overall sediment bioturbation (Schwing et al. 
2013,2015,2017ab; Brooks et al. 2015). These changes were associated with pulsed organic matter 
deposition, PAH concentrations, and changes in redox conditions mentioned above. Forams were 
dominated by taxa tolerant of high organic content and low oxygen concentrations (Schwing et al. 
2017b). Stable carbon isotope values from foram tests provided records of oil deposition and 
subsequent incorporation into the benthic food webs, where δ13C was lower in the foram tests 
(record of oil) (Schwing et al. 2018; Schwing and Machain-Castillo, 2020). From 2011‒2014, foram 
density and diversity increased, reaching steady state within 5 years. However, as of 2018, foram 
community composition still differed from pre-DWH (Schwing et al. 2020).  
 
Along the continental shelf, models indicated that the oil contamination in the region was plausible 
(Landers et al. 2014). However, meiofauna N:C ratio and diversity was not correlated to sediment 
chemistry at sites 54‒115 km away from the DWH wellhead (100‒200 m, Landers et al. 2014). 
Similarly, along the continental shelf off Florida west coast, there was no difference in meiofaunal 
abundance with time.  
 
Changes to near-coral infaunal communities post-DWH were observed from 2010‒2017. Mean 
macrofaunal density was highest immediately after the spill in 2010 (19,905±2,754 individuals m-2) 
and decreased at all the three impacted sites (MC297, MC294, and MC344) over time. Decreased 
densities may be due to decreased organic matter available for food, increased predation, and/or a 
delayed response from the impact of the oil spill, as was reported by Sanders et al. (1980) following 
an oil spill off the coast of Massachusetts. The initial high density and low diversity suggests an 
organic enrichment response, with communities dominated by tolerant taxa (Fisher et al. 2014). 
The decline in density over time suggests an overall toxicity response that was not immediate, 
likely related to continued deposition of hydrocarbons from the deep-water plume over time.  
 
While macrofaunal diversity remained stable over time, taxa evenness at near-coral sediments 
varied among years, with 2010 significantly lower than all other years sampled. Overall infaunal 
composition varied among years, with 2010 being the most distinct, having the highest proportions 
of polychaetes (84%), while the proportion of polychaetes for all other years ranged from 56‒70%. 
Community dissimilarity in 2010 was due to higher densities of Dorvilleidae, Capitellidae, and 
Cirratulidae polychaetes and lower densities of Paraonidae polychaetes. Both Capitellidae and 
Cirratulidae are known to be opportunistic taxa (Pearson and Rosenberg 1978) often serving as 
reliable indicators of oil contamination (Davies et al. 1984). Between 2010 and 2011, dominant 
polychaete families shifted, with dorvilleids decreasing and paraonids increasing in relative 
proportion. In contrast, 2010 had the lowest proportion of crustaceans (4.6%) and molluscs (4.8%), 
while all other years ranged from 13‒21% for crustacea and 14‒21% for molluscs. Interestingly, 
amphipod crustaceans, known to be sensitive to oil contamination, were present at most stations in 
2010 but were absent in 2011 at MC294. Multivariate analysis of community assemblages yielded 
differences between impacted and non-impacted sediments even after accounting for variability 
among years.  
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Near-coral infaunal communities, whether they were from impacted or non-impacted sites, were 
distinct from other habitat types in the Gulf, including chemosynthetic seeps, shipwrecks, and soft-
sediments (Bourque and Demopoulos 2019). In contrast, macrofaunal density did not change over 
time at the non-impacted sites, suggesting an overall stability in natural communities in the years 
following the spill. Diversity patterns also differed between impacted and non-impacted 
communities, with diversity decreasing over time at non-impacted sites, but no overall change at 
impacted sites. Overall, differences in the local sediment environment between impacted and non-
impacted sites continued to persist over time, influencing the associated infaunal communities. 
 
Temporal patterns observed for near-coral meiofaunal communities at impacted sites were similar 
to those in the macrofauna, with a decrease in overall densities between 2010 and 2011 (Fisher et 
al. 2014). A change in the abundance of nematodes and copepods at MC294 from 2010 to 2011 was 
observed, with nematode densities declining and copepod densities increasing. This change in the 
nematode:copepod ratio is consistent with previously reported responses to high organic loading 
(Raffaelli 1987). At one location in MC294, meiofaunal densities were an order of magnitude higher 
in 2010 than in 2011, which potentially represents rapid recruitment or colonization of meiofaunal 
benthos in response to oil loading of the sediments. Although changes in meiofaunal densities and 
composition between 2010 and 2011 were evident, long-term changes remain unquantified. 
Continued monitoring near-coral macrofauna and meiofauna over time can help to facilitate 
understanding recovery timescales. 
 
Because few studies have documented temporal changes in DWH-affected infaunal communities 
post-spill (Fisher et al. 2014, Montagna et al. 2017, Qu et al. 2016; Bourque and Demopoulos 2019), 
comparisons are limited for near-coral infaunal communities. Elevated hydrocarbon concentrations 
documented at the impacted sites in 2011 by Fisher et al. (2014) are consistent with the results of 
Montagna et al. (2017), indicating similar deposition of hydrocarbons near the wellhead. However, 
near-coral macrofaunal community metrics at impacted sites differed from impacted soft-sediment 
infauna, which had increases in both density and diversity between 2010 and 2011 (Montagna et al. 
2017). The difference in community response between soft-sediments and near-coral communities 
suggests different recovery trajectories for these environments. Additional spatial and temporal 
sampling of these environments can help to clarify whether this is indeed the case.  
 
Sediment deposition rates in the GOM are naturally low (Yeager et al. 2004), suggesting burial of 
hydrocarbons will be slow. The continued high levels of hydrocarbons at MC294 (Fisher et al., 
2014) is consistent with the results of Montagna et al. (2017), who suggest that hydrocarbon 
concentrations would continue to remain above background levels for many years. Persistence of 
high concentrations of hydrocarbons, along with slow burial rates, would facilitate exposure of 
infaunal taxa to hydrocarbons over the long term, which may explain the continual changes in 
macrofaunal communities and declining densities at impacted coral sites. While recovery 
timescales for soft-sediment infauna have been estimated to be decades or longer (Rohal et al. 
2020), no such estimates have been made for near-coral infaunal communities. Continued long-
term monitoring at these sites can help to identify the time scales for recovery in these distinct 
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sediment communities and inform management decisions regarding future habitat protection 
actions.  
 
Best sampling approach to track recovery of mesophotic and deep benthic infaunal 
communities 
Sampling approach  
Soft sediments: Macrofauna: use a multicore (10 cm diameter x upper 10 cm), processing more 
tubes per drop (e.g., n=3 or 4) is better than replicate drops per station. Also, a higher number of 
stations is advised versus more replicates within station (Montagna et al. 2017). Using a transect 
design, resample a balanced number of stations within impacted and non-impacted zones. Sieve 
using a 300 µm screen and identify to family level. Meiofauna: subsample multicore tube by 
inserting 5.5 cm diameter tube, then sectioning at 0‒1 and 1‒3 cm intervals 45 µm (Baguley et al. 
2015; Montagna et al. 2017), identify to order level or higher, leading to faster diversity analysis 
(limited identification necessary).  
 
Near-coral sediments: Collect using an ROV or HOV push core (6.35cm diameter x 10 cm). Process 
more cores per coral site to capture small scale variability. Collect within 1‒2 m of the coral 
colonies. Sieve sediments on a 300 and 45 um screen to enable macro and meiofaunal community 
assessment from the same core. Macrofauna: identify to family level (polychaetes, peracarid 
crustaceans). Meiofauna: identify to phylum (nematodes etc.), order (harpacticoids). 
 
Parameter/metrics to include (soft sediment and near-coral sediments) 
Infauna metrics: Abundance, diversity, evenness, composition, life history stage (e.g., nauplii), 
nematode:copepod ratio, polychaete:amphipod ratio, indicator taxa (sensitive/tolerant), relative 
dispersion, feeding groups. Benthic marine biotic index (e.g., PC scores from Montagna et al. 2013, 
but also factors in the community data from near-coral sediments).  
 
Environmental metrics: Temperature, salinity and depth recorded where sediments are collected. 
Sediments from push cores and multicores processed for TOC, TN, PAH, TPH, metals, porewater 
sulfide and ammonia concentrations, and DO (both bottom water and porewater). Given POC flux is 
a strong driver of infaunal communities (abundance, diversity), including measuring POC flux using 
sediment traps over sufficient time and spatial scales to be incorporated as a covariate in model 
development and testing. Also, including excess 234Th and 210Pb inventories can provide robust 
inferences for sedimentation rates and bioturbation activity.  
 
Considerations and suggested framework for recovery studies  
How do we define recovery? Operationally, it has been defined as when the “injured resource 
reaches the level which it would have been had it not been injured in the first place” (Skalski, 1995; 
Parker and Wiens 2005). Recovery is complicated by environmental variation in time and space, 
thus requiring assumptions about equilibrium and ecological and environmental variability. Given 
the high degree of temporal and spatial variability in the deep sea, assessing recovery is challenging 
(cf. Parker and Wiens, 2005). However, long-term temporal sampling over sufficient spatial scales 
to capture this variability, along with analytical approaches, including stratified random sampling 
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and/or the incorporation of environmental measures as covariates, may help resolve community 
patterns and identify important drivers. Multiyear studies that include comparisons between 
impacted and reference areas (e.g., near-coral infauna) or that sample areas along a gradient of 
disturbance (e.g., soft-sediment infauna) rely on the assumption of dynamic equilibrium. Dynamic 
equilibrium identifies variation both in space and time, where natural factors and/or levels of 
resources normally differ between areas, but the differences between the mean levels of the 
resource are constant with time. In this case, recovery of the resource (infaunal communities) will 
occur when the influence of impact-related factors will be so reduced such that changes in the 
resource are within the natural variance. However, dynamic equilibrium requires that the areas 
compared have similar environmental drivers. This assumption can be tested by measuring the 
environmental parameters mentioned above and identifying key covariates. If the assumptions of 
dynamic equilibrium are not met, then a “weight-of-evidence” approach to recovery assessments 
might be necessary (Wiens et al. 2004). This requires a multi-pronged approach, including, for 
example, statistical analyses that enable the removal of the effects of spatial variation among impact 
categories, coupled with analysis of resource metrics (e.g., abundance, diversity) over time. This 
approach reduces decision errors associated with prematurely determining recovery and/or 
ongoing impacts (Wiens et al. 2004). 
 
Best Practices 
1. It is clear from the pre and post assessment studies on infaunal communities (both soft 

sediment and near-coral) that there is natural year to year variability in these environments 
(see references above). Thus, quantifying recovery trajectories will require decoupling the 
natural variability patterns from those due to DWH and other stressors, including stochastic 
events (Schwing et al. 2020).  

2. Given the slow growth rates and recruitment and succession patterns in the deep sea, long-term 
studies testing discrete hypotheses are needed to establish robust assessments of the resilience 
and recovery (Parker and Wiens 2005; Schwing et al. 2020; Love et al. 2015; Baron et al. 2020) 
of soft-sediment and near-coral environments. Replicate samples over sufficient temporal and 
spatial scales can help to enable quantifying the natural range of variation in deep-sea sediment 
communities, including capturing variation associated with seasonal patterns (cf. Skalski 1995).  

3. Specific metrics to include in the long-term assessment include those mentioned above, 
specifically, tracking changes density, diversity, opportunistic species dominants, and 
feeding/functional traits.  

4. Collect life history data for different infaunal taxa to help resolve recovery patterns.  
5. Establish a “benthic marine biotic index.” These indices have been developed for coastal 

environments but similar indices (and associated thresholds) have not been established for 
deep-sea infauna and would prove useful for developing benthic habitat suitability and 
ecological health assessment. A robust index would not only be simple to measure, but also 
would provide a decision-support tool for resource management (Schwing et al. 2020).   

6. While long-term assessments are critical to understand the recovery trajectory, intermediate 
assessments over the shorter term are needed to evaluate whether the temporal and spatial 
sampling and environmental covariates are sufficient to capture natural variability within the 
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system. Long-term assessments coupled with intermediate benchmarks can help to provide 
data required to support informed decisions by natural resource managers, including 
identifying areas in the GOM to focus future management efforts.  
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