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On April 20, 2010, the Deepwater Horizon (DWH) drilling rig exploded in the Gulf of Mexico (GoM), 
resulting in the tragic loss of 11 lives and the discharge of at least 3 million barrels of oil. Oil reached over 
2,100 km of coastline Gulf-wide and impacted all five U.S. GoM states. �e resulting civil and criminal 
litigation from the DWH oil spill led to over $16 billion in fines and penalties to be applied to econom-
ic recovery and environmental restoration-related activities in the GoM region. Funds are administered 
through three major programs: the DWH Natural Resource Damage Assessment (NRDA) Trustee Council, 
the National Fish and Wildlife Foundation Gulf Environmental Benefit Fund (NFWF GEBF), and Gulf 
Coast Ecosystem Restoration Council (commonly known as the RESTORE Council). As part of multiple 
legal settlements, the federal government requested that the National Academies of Sciences, Engineering, 
and Medicine (NASEM) establish the Gulf Research Program (GRP) to fund and conduct activities to ad-
vance three program areas: offshore energy safety; health and resilience; and environmental protection and 
stewardship. 

�e goals of the restoration activities are broader than recovery from the oil spill impacts alone, en-
compassing land acquisition; restoration of coastal and offshore habitats and the Gulf ecosystem; recovery 
of species; and water quality improvement. More than 10 years after the DWH explosion the Gulf Coast 
continues to recover from the impacts of the oil spill, and a multitude of academic studies, agency reports, 
and nongovernmental organizations assessments track ongoing impacts and the effects of recovery efforts. 
�e tracking process is complicated by the presence of long-term background trends, such as those associ-
ated with climate change and land-use changes, which can obscure the effects of the spill and subsequent 
restoration efforts.

In early 2020 GRP initiated this study, which is intended to be the first study in a series on environmen-
tal protection and stewardship. �e study series is focused on long-term environmental trends in the GoM 
and is intended to advance GRP’s strategic approach to monitor progress and change and document how 
environmental conditions in the GoM evolve over time. �is report addresses monitoring and assessment of 
the cumulative effects of GoM restoration projects beyond the project scale within the context of long-term 
environmental change. �e study scope builds on the results from research results and publications from 
many sources, including the previous NASEM reports Effective Monitoring to Evaluate Ecological Restoration 
in the Gulf of Mexico; Understanding the Long-Term Evolution of the Coupled Natural-Human System: The Future 
of the U.S. Gulf Coast; and the Progress toward Restoring the Everglades report series. �e committee’s 10 mem-
bers brought to the study expertise in a variety of fields, including ecosystem restoration and cumulative 
effects assessment, natural resource management and policy, coastal ecosystem ecology, remote sensing and 
emerging technologies, river science and engineering, and data synthesis and modeling. 

Preface
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�e study scope was broadly defined, with an option of focusing on restoration projects within a geo-
graphic region to keep the scope manageable. After deliberation, the committee decided that the geograph-
ic scope should include all five U.S. Gulf states, with a focus on assessing the cumulative effects of land-
scape-scale efforts encompassing multiple restoration projects in coastal areas. �e committee strived to 
reach a broad audience, including regional program managers, state resource managers, federal agencies, 
and other Gulf-wide entities with an interest in restoration. Entities particularly positioned to consider 
the recommendations of this report include those entities funded by the DWH settlements and agreements.

�e committee held four information-gathering meetings in 2020 and multiple meetings in closed ses-
sion in 2021 to develop this report. All meetings and discussions were held virtually due to the COVID-19 
pandemic. �e committee members heard presentations from representatives from state and federal agen-
cies, nonprofit organizations, and academia. Speakers shared their knowledge and expertise in GoM envi-
ronmental trends, restoration, ecology, and DWH settlement-funded restoration programs.

�roughout 18 months of deliberations, the committee developed an increasing sense of urgency to en-
courage the synthesis of data and information already collected and use that information to inform future 
DWH settlement-funded restoration efforts. �e DWH Project Tracker website reports that more than 570 
environmental restoration projects have been completed or are underway, including 152 focused on hab-
itat restoration and enhancement, 82 on species restoration, and 47 focused on water quality restoration 
and maintenance.  With committed and expended DWH settlement recovery funds approaching half of the 
total amount available, and data and information from completed restoration projects becoming available, 
synthesis and analysis of successful and (especially) less successful efforts is both timely and essential to en-
sure effective restoration efforts and wise use of the remaining restoration funds. �e committee members 
recognize the challenges facing the Gulf Coast environmental restoration community (several from personal 
experience), not just recovery from the DWH oil spill but multiple hurricanes and other climatic events. I 
continue to be amazed at the Gulf Coast communities’ hard work and resiliency in making progress on the 
recovery efforts in the face of these difficult conditions. Our conclusions and recommendations are provid-
ed to assist in supporting successful restoration efforts now and in the future. 

�is report is the result of the collective expertise and experience of some of the nation’s leading experts 
in environmental restoration theory and application. I want to express my deep appreciation to every mem-
ber of the committee for their insight and expertise, as well as their humor, collegiality, and commitment 
to our collective effort. Consensus is not easy, and all have contributed to ensuring a strong and consistent 
message. �ank you. 

On behalf of the entire committee, kudos to our outstanding National Academies staff for their excellent 
support, guidance, and contributions to the report. Study Directors Laura Windecker (Gulf Research Pro-
gram), Deborah Glickson (Board on Earth Sciences and Resources/Water Science and Technology Board), 
and Megan May (Ocean Studies Board) as well as Program Coordinator �elma L. Cox (Gulf Research 
Program) were instrumental in coordinating and guiding the committee’s progress throughout and in pro-
ducing the final report. I have thoroughly enjoyed working with such a professional and dedicated team. 

Holly Greening, Chair
Committee on Long-Term Environmental Trends in the Gulf of Mexico
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Summary

�e Gulf of Mexico (GoM) has a combination of ecological richness, economic value, and physical lo-
cation that makes it unique among America’s seas. Its habitats and ecosystems include oyster reefs, salt 
marshes, seagrass beds, mangrove forests, estuaries, barrier islands, coral reefs and sandy beaches as well 
as the water column and bottom habitats of the Gulf itself. �e 21st century GoM is also vulnerable to eco-
system pressures and stressors such as altered freshwater flows, coastal development, pollution, overfishing, 
and landscape alterations. It is further susceptible to the effects of fundamental natural and anthropogenic 
driving forces such as climate change. When the Deepwater Horizon (DWH) platform explosion and resulting 
oil spill occurred in April 2010, it resulted in yet another substantial impact to Gulf ecosystems from Texas 
to Florida, which were already experiencing many anthropogenic stressors. �e resulting civil and criminal 
claims, fines, and penalties from the spill included approximately $16.7 billion for economic and environ-
mental restoration activities. 

Now, nearly a decade into these restoration efforts, there is a need to assess the impacts of these ac-
tivities and to lay a foundation for restoration efforts that will continue beyond the allocation of DWH 
funds. �e need for this effort was identified through discussions with stakeholders and representatives 
from several DWH funding entities,1 and via information contained in publications from Gulf-based enti-
ties, nongovernmental organizations, and the National Academies of Sciences, Engineering, and Medicine 
(the National Academies). 

�e Gulf Research Program (GRP) at the National Academies initiated this report, with a committee 
of volunteer experts, to assess the cumulative effects of multiple restoration projects along the U.S. Gulf 
of Mexico coast within the context of long-term environmental trends; consider effects of acute events 
and long-term environmental changes; discuss synergistic and antagonistic effects of multi-decadal res-
toration activities; and recommend adaptive management strategies to address these factors. In addition, 
the committee was asked to assess the relevant existing resources, including available data, for informing 
decision making and consider what additional efforts are needed (see Box 1.1 for the full Statement of 
Task). �e geographic scope of restoration efforts considered by this report looks beyond the project scale, 
to the estuary/watershed-scale (i.e., coastal areas connected by characteristics of their hydrology) and larger 
scales (e.g., regional or U.S. GoM scale). 

1 When used in this report, the “DWH funding entities” are defined as the following: the RESTORE Council state and federal 
members (States of Alabama, Florida, Louisiana, Mississippi, and Texas; U.S. Department of Commerce; U.S. Department of the 
Interior; U.S. Environmental Protection Agency; U.S. Department of Agriculture; U.S. Coast Guard; and U.S. Department of the 
Army); the DWH NRDA Trustees (National Oceanic and Atmospheric Administration, U.S. Environmental Protection Agency, 
U.S. Department of the Interior, U.S. Department of Agriculture, and the five Gulf states); the National Fish and Wildlife Foun-
dation Gulf Environmental Benefit Fund; the U.S. Fish and Wildlife Service North American Wetlands Conservation Fund; the 
Centers of Excellence; the NOAA RESTORE Science Program; and the Gulf Research Program. 
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LONG-TERM ENVIRONMENTAL TRENDS AFFECTING RESTORATION EFFORTS

 Large-scale and long-term changes in hydrology, geomorphology, biogeochemistry, trophic status, and 
species range distributions have been occurring within the GoM in response to both natural and anthro-
pogenic forces. Further, these forces are themselves impacted by system-wide stressors such as those asso-
ciated with the DWH oil spill, and their rate of change is accelerating due to climate change. Assessment 
of long-term environmental trends that describe the changing conditions of an ecosystem are essential for 
providing decision makers and restoration practitioners with useful insight in their assessment of cumula-
tive effects of multiple restoration actions. 

�e changing climate is a major stressor in the GoM, and some of its associated stressors, like relative 
sea level rise, can reflect both natural and anthropogenic forces. Overall, long-term trends show that rela-
tive sea level is rising, that intense hurricanes are increasing in frequency, that sea surface temperature has 
gradually increased, that subsurface waters are acidifying at a rate greater than the global surface ocean 
rate, and that more tropical species (including mangroves and fish species) have been observed year-round 
in the northern GOM. Inputs of freshwater, dissolved and particulate nutrients, and suspended sediments 
act to influence salinity regimes, water residence times and other features of physical circulation, trophic 
status and keystone habitats, and water clarity and sediment accretion rates. During previous decades, 
changes in land uses and human activities have modified the annual patterns and magnitude of these inputs. 
Current and projected climate change effects will further influence these trends. 

Better understanding and assessment of long-term environmental trends is critical from a restoration 
planning perspective. Although some parameters needed to assess environmental trends in the GoM are 
well monitored, data collection and analysis for many aspects are limited. �e Gulf Coast of today is un-
likely to look like the Gulf Coast of the future; these changes are likely to influence the success or failure of 
ongoing and future GoM restoration projects. 

ASSESSING THE CUMULATIVE EFFECTS OF RESTORATION:  
CURRENT AND EMERGING APPROACHES

Estuary- and watershed-scale restorations in the GoM are involved undertakings. Measurable chang-
es as a result of restoration actions are often confounded by the effects of multiple interacting stressors, 
including long-term environmental trends. �ere are several approaches that can be used to consider and 
address these challenges.

Defining Cumulative Effects of Restoration. �e cumulative effects of restoration refer to the collec-
tive additive, synergistic, and antagonistic effects of all restoration activities that occur within a setting de-
fined by common or connected characteristics of hydrology, geomorphology, ecology, ecological function, 
and/or biodiversity. Assessment of the cumulative effects of restoration may occur at various geographic 
landscape scales such as a marsh complex, bay, estuary, watershed, or the Gulf Coast itself. �e scale of 
assessment may also be defined by specific interests in the outcomes, such as ecosystem processes (e.g., sed-
imentation), biodiversity or specific organisms (e.g., oysters), performance targets (e.g., water quality), type 
of restored system (e.g., wetland restoration), political boundaries (e.g., state boundaries), or type of resto-
ration method (e.g., living shorelines). 

Antagonism and Synergism in Restoration Efforts. Diverse pressures in estuarine and coastal waters, 
both natural and anthropogenic, generate multiple stresses on ecosystem structure and function. �e effect 
of those multiple stressors can be additive (equal to the sum of their individual effects), synergistic (greater 
than the sum of their individual effects), or antagonistic (less than the sum of their individual effects); they 
may also be judged either beneficial or detrimental relative to program goals and objectives. �e cumulative 
effects of restoration efforts in a given estuary/watershed may also be additive, synergistic, or antagonistic 
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and similarly judged beneficial or detrimental. Exploring how to make use of ecological synergies and avoid 
antagonistic interactions could improve benefits of multi-project restoration efforts. 

Conceptual Models and Hypothesis Development. Conceptual models (graphical representations of 
interrelationships between drivers, pressures and stressors, restoration actions, and ecosystem response, 
based on one or more hypotheses) are often used to represent understanding of the current and future 
states of the ecosystem. �ey are crucial for determining restoration project priorities and assessing future 
projections. Preparing a conceptual model can enhance understanding of the current state of the ecosys-
tem and raise informative questions about underlying assumptions. �eir applicability to the evaluation of 
cumulative effects of large-scale restoration bears emphasis. For example, a conceptual model can capture 
the potential synergistic and antagonistic effects to occur as a result of interactions among habitats being 
restored—knowledge that may be tested by future studies and assessment of the effectiveness of actions 
over time. 

Multiple Lines of Evidence—an Approach for Assessing Cumulative Effects. Evaluating the effects 
of a restoration effort often involves an individual body of water or watershed and is therefore unreplica-
ble. �is means that the usual experimental design with which most ecologists and environmental scientists 
are familiar, with randomly allocated treatments and replication, is not possible. However, this does not 
mean that rigorous analysis of system-wide restoration projects cannot be done, only that strict assignment 
of cause and effect cannot be made via standard methods of statistical analysis alone. An evidence-based 
evaluation methodology that utilizes multiple lines of evidence and causal criteria can compensate for the 
inability to use traditional experimental designs, the lack of reference conditions, the lack of replication, the 
difficulties in establishing causality and the likely shortage of appropriate data.

Tools for gathering multiple lines of evidence include:

•	 Research on critical ecological uncertainties, which is important for avoiding unexpected out-
comes

•	 Evidence-based review of the literature, which is a systematic approach to assess environmental 
cause and effect via information synthesized from multiple publications

•	 Physics-based and ecosystem models, which encompass both the flow of materials and energy in 
addition to capturing complex interactions among ecosystem components, processes, and services

•	 Meta-analysis of restoration action effectiveness, which includes the assessment of interim re-
ports and data in lieu of published scientific literature when the timing of publication in scientific 
literature is inadequate for decision making

•	 Analysis of data and modeling of target species, for example, population models that predict or 
simulate population dynamics of species within an ecosystem due to changes in habitat characteris-
tics from a set of pressures and stressors

•	 Modeling Cumulative Net Ecosystem Improvement, methods for estimating whether and to what 
degree an ecosystem may or may not have improved due to an intervention such as restoration

•	 Change analysis on the landscape setting, using a suite of tools that rely on data-driven models 
and that can be quite effective in teasing apart complex relationships among ecosystem stressors 
and responses

http://www.nap.edu/26335
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APPLICATIONS OF SYNTHESIS AND CUMULATIVE EFFECTS  
ASSESSMENT IN THE GULF OF MEXICO

�e projects supported by the legal settlements of the 2010 DWH oil spill represent an opportunity and 
a challenge for assessment and learning, due to the unprecedented number and diversity of projects and 
organizations involved and the 5–30 year time frame of payments from the settlements. Individual proj-
ect monitoring can help ensure that what is learned from initial projects benefits successive projects. �e 
ongoing large-scale, long-term restoration is also an opportunity to assess cumulative impacts of multiple 
projects on estuary/watershed and larger scales. 

Prior Assessments. Quantitative analyses of the effectiveness of different types of restoration, such as 
the effects of seagrass or oyster reef restoration on a local bay or statewide basis, remain uncommon in the 
GoM. �e committee was unsuccessful in obtaining enough information to quantitatively demonstrate the 
feasibility of synthesizing DWH-funded project-level monitoring data and information for the assessment 
of cumulative effects as well as achievement of restoration objectives. Despite numerous calls from various 
committees and organizations for consistent and transparent monitoring and assessment since DWH, bar-
riers exist for the collation of monitoring and assessment of successes or failures by restoration projects. 
�ese include varied or nonexistent monitoring requirements depending on funding stream and a lack of 
publicly available final reports and/or monitoring data. In addition, examples of syntheses in the GoM that 
have attempted to detect beneficial cumulative effects of multiple restoration efforts at the estuary/water-
shed and Gulf-wide scale are very limited.

Several long-term, science-based resource management programs located in GoM estuaries offer ex-
amples of the application of multiple lines of evidence to assess cumulative effects of the many restoration 
actions implemented in each area over the last three decades. Although not designed to assess cumulative 
effects, the Tampa Bay Estuary Program and its partners, the Galveston Bay National Estuary Program in 
partnership with the Galveston Bay Foundation, and the Comprehensive Everglades Restoration Plan each 
utilized tools and techniques similar to the theoretical approaches outlined above. In addition, each pro-
gram developed and now applies program-specific approaches to assessing cumulative effect of restoration 
efforts within their study areas. 

MOVING FORWARD

Because GoM ecosystems cross many political boundaries, coordination across geographic and juris-
dictional lines is also needed. �ere are several additional actions to consider that would contribute to sup-
porting the scientific efforts (e.g., monitoring, modeling, and research) needed for effective adaptive man-
agement and, in turn, assessment of cumulative effects of restoration efforts Gulf-wide.

Data Resources. Long-term environmental trends for some parameters and species are now available 
at local and regional scales, but data collection, analysis, and reporting are often inconsistent and existing 
efforts are not adequate to detect all important Gulf-wide trends. Possessing baseline and trend data for 
important environmental variables when evaluating restoration efforts provides fundamental support for 
the synthesis activities needed to inform cumulative effects assessment and adaptive management actions. 
Building on existing monitoring efforts, filling in known data gaps, and moving toward a Gulf-wide eco-
system monitoring network could help practitioners move forward. State and federal resource agencies 
also collect long-term environmental monitoring data specific to their agency and state missions, and this 
information can be useful for assessing cumulative impact of multiple restoration projects at estuarine or 
larger scales. 

However, such efforts are hampered by the lack of a unifying GoM analysis and synthesis activity for 
many key stressors. No one entity has the resources and the explicit responsibility to accomplish this ob-

http://www.nap.edu/26335
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jective. �us, this type of analysis and synthesis activity, so essential for accurate assessments of cumulative 
effects of large-scale restoration activities, remains to be undertaken. 

Finally, it is important that all data and information regarding restoration be available to all users, re-
gardless of where data are deposited. FAIR principles2 (Findability, Accessibility, Interoperability, and Re-
use of digital assets) are widely accepted and can provide guidance for data management and stewardship. 

Emerging Technologies. Recent advancements in data-driven techniques such as artificial intelligence 
(AI), machine learning, deep learning, cloud, and edge computing are expected to fundamentally transform 
many domains of human endeavor, including post-restoration monitoring. Traditional remote sensing, 
combined with new sensing technologies and AI-driven techniques, can generate high-quality, long-term 
monitoring data across terrestrial and coastal ecosystems. Although some large-scale remote sensing studies 
to monitor GoM-wide water quality and wetland habitats have been conducted in the past, no integrated 
remote sensing and emerging technology-driven monitoring studies adopted for Gulf restoration projects 
were identified. �ese newer data-driven frameworks are not expected to replace traditional restoration 
science–driven ecosystem monitoring, but they can complement and strengthen them. 

Program-Level Adaptive Management Strategies. Environmental background trends, especially those 
associated with climate change, are exhibiting higher variability over time—and in turn, restoration prac-
tices that have been successful in the past may no longer be adequate to compensate for the effects of antic-
ipated changes in background trends. Adaptive management techniques can provide restoration program 
managers with the ability to revisit and update large-scale restoration strategies, based on periodic re-
view of monitoring data and progress toward programmatic goals. However, successful implementation of 
adaptive management in Gulf restoration has been limited; this lack of success is not isolated to the region, 
but examples exist especially elsewhere of successful implementation. 

The Importance of Data Synthesis. Synthesis efforts are needed to determine how much the many 
localized restoration efforts, collectively, have resulted in measurably improved coastal and estuarine eco-
systems across the GoM region. In addition, such analyses provide a mechanism for adjusting efforts to 
produce better restoration outcomes. �e synthesis framework makes it possible to address difficult and 
exceedingly complex environmental questions and provide answers that lead to increased understanding 
of coastal and estuarine system dynamics and, ultimately, better management decisions. Synthesis at scales 
relevant to management groups is also particularly needed in the Gulf because of strong and concerning 
trends in both chronic (e.g., sea level rise, tropicalization) and acute (e.g., hurricanes, floods) stressors that 
can, directly and indirectly, strongly influence the success of restoration projects at all scales.

A comprehensive monitoring database is needed for any synthesis activities, yet current data collection 
in the GoM is often inadequate for regional or Gulf-wide synthesis and there are considerable inconsisten-
cies in the types of variables and techniques used in monitoring programs across the Gulf. �ere is a lack of 
centralized data management, storage, and access across the many restoration projects. Funding for long-
term monitoring efforts is difficult to obtain. Without serious synthesis efforts it seems unlikely that it can 
be quantitatively determined whether and to what degree GoM habitats and ecosystems have improved. 

Steps Needed to Assess Cumulative Effects. Figure S.1 summarizes the key components needed for 
assessing cumulative effects of multiple restoration efforts. It includes the development of conceptual mod-
els, assessment of data needs and acquisition of additional data (if needed), implementation of the multiple 
lines of evidence approach, and data synthesis. �e cycle can be repeated as part of adaptive management 
and related decision-making efforts. 

2 Wilkinson et al., 2016. Available at https://www.nature.com/articles/sdata201618.

http://www.nap.edu/26335
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�e assessment of the largest ecological restoration investment in history is an unprecedented chal-
lenge and opportunity. Significant funds have been expended or committed to date on DWH-funded proj-
ects, with valuable progress been made in advancing monitoring and modeling capabilities. �e restoration 
community has made much progress on recovery and restoration efforts related to the DWH oil spill and 
from impacts of hurricanes and other climatic events. Learning achieved through the remainder of the set-
tlement period will be the foundation for the next generation of managers, who inherit the responsibility 
for GoM ecosystems and communities. An underlying theme of this report is the need for integration of 
science and management of restoration activities. It is envisioned that each DWH funding entity, within its 
programmatic authority, can work cooperatively with others to realize this integration. 

CONCLUSIONS AND RECOMMENDATIONS

Conclusion 1: Adequate scientific evidence needed to evaluate cumulative effects of restoration on a re-
gional scale in the Gulf of Mexico (GoM) is currently not available and, to date, no entity has been tasked 
to develop and implement a strategy to assess cumulative effects of environmental restoration efforts. En-
vironmental benefits associated with multiple restoration projects have been observed within some GoM 
estuaries and watersheds, although not at larger scales. Without a focused effort and strategy, rigorous 
synthesis of the effects of multiple restoration projects at a regional or Gulf-wide scale cannot be conducted. 

Conclusion 2: Because environmental changes can influence the success or failure of restoration efforts 
and can hinder the ability to detect potential cumulative effects of multiple restoration efforts, a thorough 
understanding of long-term environmental trends is essential for decision makers and restoration practi-
tioners. Advanced monitoring techniques and approaches, including satellite remote sensing, connected 
sensor networks, and automation, can greatly assist in determining long-term environmental trends and 
assessing acute events. In addition, long-term environmental trends derived from targeted monitoring ef-
forts can inform a range of analytical tools. �e output from these tools can support the development of 

FIGURE S.1. A �ow chart approach for environmental restoration to assess cumulative effects of multiple restoration projects, 
using multiple lines of evidence (MLOEs) and an iterative adaptive management approach. The large arrow between MLOE ex-
amples and Step 3 indicates that one or more lines of evidence can be used to develop the restoration and monitoring strategy. 
The steps in this approach may not be applicable for all existing and planned large-scale or multi-project restoration in the GoM, 
and other information and lines of evidence could be included at each step.
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adaptive management actions that will subsequently improve restoration success and protect existing in-
vestments. Significant spatial and temporal gaps in monitoring GoM-wide environmental indicators and 
data collection and dissemination efforts limit development of this important and valuable capability. Spe-
cifically,

•	 Long-term environmental trends across the Gulf Coast states are monitored by a patchwork of 
agencies, nonprofits, and industries for a variety of reasons (e.g., regulatory, environmental track-
ing, performance evaluation). Study designs, data collection methods, analyses and data availability 
vary and are often not comparable, making synthesis very difficult.

•	 One-time Gulf-wide monitoring studies are useful, but without periodic updates, do not generate 
enough information to determine long-term background trends needed for cumulative effects as-
sessments.

•	 Key metrics to assess landscape-scale changes and support adaptive management include those nec-
essary to estimate environmental trends associated with climate change; freshwater, nutrient, and 
sediment loading to coastal waters; land use/land cover; ambient water quality; status and trends of 
finfish and shellfish species, marine mammals, turtles, and birds; and primary and secondary pro-
duction. For example, enhanced efforts and standardization of methods are needed for: 

•	 Ambient water quality, the measurement of which can be enhanced by using high spatiotem-
poral resolution satellite data on chlorophyll a, suspended sediments, colored organic matter, 
and harmful algae

•	 Tide gage data and subsidence measurements to estimate local, relative sea level rise
•	 Estimating the extent and effects of ocean and coastal acidification, information essential 

for successful restoration and maintenance of commercially important shellfish and in the 
selection of materials for restoration efforts (e.g., oyster shells, limestone)

•	 Tracking, targeting needed research, and managing the effects of tropicalization on fishery 
species, other species, and habitats

•	 Estimating the ecological functioning of restored habitats, something not often measured 
even though the spatial extent of restored habitats is usually monitored and reported 

Recommendation A: Enhanced, consistent, and sustained long-term monitoring, analysis, 
synthesis, and reporting of environmental trends and indicators are urgently needed to enable 
the detection and tracking of cumulative effects of multiple restoration projects. Monitoring 
efforts should focus on developing the lines of evidence to support the assessment of cumula-
tive effects at estuarine, regional, and larger scales.�The DWH funding entities should imme-
diately evaluate methods, identify funding mechanisms, and charge an entity to lead efforts to 
coordinate and enhance long-term priority monitoring efforts and promote consistent data 
collection, analysis, synthesis, and reporting between programs; support periodic assessments 
of collected data; assess the use of advanced techniques; and ensure data availability, with the 
goal of implementing these changes within 3–5 years. 

Conclusion 3: �e Gulf Coast environmental restoration community (federal agencies, states, nongovern-
mental organizations, and local public and private entities) has an opportunity to incorporate what has 
been learned from past and ongoing ecosystem restoration to inform future projects and programs sup-
ported by the remaining DWH funds. However, unless data and information from existing projects are 
made accessible and identification of information needed to assess cumulative effects of restoration efforts 
is undertaken more expeditiously, opportunities to improve the likelihood of success in the many projects 
remaining to be implemented will be greatly reduced or even permanently lost. Although it may be too early 
to fully assess cumulative effects of DWH-funded restoration efforts due to lag times between implementa-
tion and detection of effects, applying “lessons learned” from existing restoration efforts can help mitigate 
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future risks of failure and ensure that DWH funds are invested wisely to increase the likelihood of mean-
ingful and long-term Gulf of Mexico recovery and resilience.

Recommendation B: Restoration funding entities should adopt guidance to ensure that, as 
soon as they are available, all data, reports, and other project-specific information are depos-
ited into freely accessible repositories that follow FAIR (Findable, Accessible, Interoperable, 
Reusable) principles. The DWH funding entities should identify and allocate resources to en-
sure that these data repositories remain functional throughout the life of each program, and 
additional support (as needed) should be sought to maintain data access in the future. 

Recommendation C: The DWH funding entities should expedite the issuance of guidance 
for adaptive management and cumulative effects assessment at the programmatic scale for 
DWH-funded large-scale and multiple restoration efforts. Guidance should include consisten-
cy in monitoring criteria that facilitate cumulative effects assessments. 

Recommendation D: The DWH funding entities should immediately initiate a synthesis of 
available information from DWH-funded projects to assess characteristics of successful and 
unsuccessful restoration efforts. Results should be utilized in designing and implementing 
effective large-scale restoration projects within geographic areas of concern, and/or adjusting 
restoration approaches and techniques with the remaining funds from the DWH settlement. 

Conclusion 4: Natural and anthropogenic drivers create multiple ecosystem pressures and stressors that 
act on restoration efforts over broad spatial scales, ranging from individual projects to entire ecosystems. 
�e cumulative impacts of these pressures and stressors are often complex, resulting in synergistic and 
antagonistic effects of ecological significance. However, synergistic and antagonistic effects of large-scale 
restoration efforts in the Gulf of Mexico have not been assessed to date, and results from a limited number 
of assessments are mixed. 

Recommendation E: DWH funding entities should evaluate mechanisms that support cross-
state and Gulf-wide collaboration among researchers, resource managers, and practitioners, 
with an objective to design and implement restoration efforts that allow assessment of an-
tagonistic and synergistic effects.

Conclusion 5: �e use of multiple lines of evidence to develop a framework to help assess cumulative ef-
fects for large-scale restoration efforts in the Gulf of Mexico has been proposed and, in some cases, applied. 
Assessment of cumulative effects of large-scale restoration is a recent research area and work on applying 
this research to restoration implementation is needed. 

Conclusion 6: Opportunities exist now to prepare for the assessment of cumulative effects and restoration 
success from existing regional or large-scale restoration efforts in the Gulf of Mexico. �ese include:

•	 Applying methods to assess functional equivalency between restored and natural sites
•	 Assessing the degree of environmental stress from natural and anthropogenic sources
•	 Applying a multiple lines of evidence approach to assess cumulative effects at the estuary or water-

shed scale in preparation for Gulf-wide efforts
•	 Undertaking comparative analysis of estuaries or watersheds across the Gulf of Mexico to develop 

a greater understanding of similarities and differences among these systems
•	 Evaluating expected benefits of a restoration effort as compared to a future condition without the effort
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�ese opportunities will involve consideration of changing environmental trends and a commitment to 
monitor, analyze, synthesize, and report results. 

Recommendation F: To take advantage of the unprecedented opportunity to assess cumula-
tive effects and inform restoration efforts ongoing and planned in the Gulf of Mexico, DWH 
funding entities should evaluate and implement mechanisms necessary to address priority 
research needs and support efforts assess cumulative effects within the next 3–5 years. Mech-
anisms could include providing explicit responsibility to and support for existing Gulf-wide 
entities; development of an independent, regional, multidisciplinary, multiagency team; or a 
distribution of effort between existing entities. 

Recommendation G. As additional monitoring data and scientific evidence become available, 
DWH program managers should continue to collaboratively develop and implement an adap-
tive management strategy for the Gulf of Mexico restoration effort, including the develop-
ment of ecosystem conceptual models. Evaluation of priority issues should use the best avail-
able tools and methods, focus on progress of cumulative effects assessments and restoration 
objectives, and identify necessary changes to restoration approaches if needed. Mechanisms 
to continue these efforts beyond the eventual sunset of DWH restoration programs should be 
identified and implemented. 
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Chapter 1

Introduction

THE GULF OF MEXICO

�e physical location, ecological richness, and economic value of the Gulf of Mexico (GoM) makes it 
unique among America’s coastal seas. At 582,103 square miles (1,507,639 km2), it is the world’s largest gulf 
and ninth largest waterbody, effectively separating North and South America both physically and ecologi-
cally (Turner and Rabalais, 2019). �e GoM’s bowl-like shape is created in part by the Florida and Yucatan 
peninsulas that, along with Cuba, segregate it from the Atlantic Ocean and Caribbean Sea. Its average depth 
is 5,299 feet (1,615 m), or nearly a mile deep, which is contrasted by an expansive and shallow coastal zone, 
which makes up 38 percent of its total area (Davis, 2017). 

�e GoM exists at the interface of tropical and temperate climates, creating a complex and diverse ma-
rine ecosystem. �is is reflected in its high biological diversity, with a recent inventory noting over 15,000 
species (Felder et al., 2009), and in its productivity, generating 633.7 million metric tons of commercial 
seafood landings in 2019 (NMFS, 2021). �is productivity is sustained by extensive habitats along coastal 
margins, but also via its offshore oceanic ecosystems (Davis, 2017). 

�e GoM has helped shape the culture and economy of not only the five Gulf states but also the United 
States.1 However, these transformations have come with costs including habitat loss from coastal develop-
ment, pollution and ecological alteration from oil and gas extraction, ecological alteration from overfishing, 
and coastal erosion from channelization and dredging. �ese ecosystem stressors are exacerbated by cli-
mate change (Twilley et al., 2001; Brown et al., 2011). For example, oyster reefs that were once dominant 
across the northern GoM have seen losses up to as much as 50 to 99 percent per bay compared to historical 
abundances (Beck et al., 2011). Over half of GoM wetlands have been lost (Brown et al., 2011) and the re-
mainder are vulnerable to continued relative sea level rise (Osland et al., 2017b). Hypoxia and harmful algal 
blooms also routinely affect the GoM (e.g., Rabalais and Turner, 2019; Tominack et al., 2020). 

THE DEEPWATER HORIZON OIL SPILL AND RESULTING  
SETTLEMENTS AND AGREEMENTS

On April 20, 2010, the Deepwater Horizon (DWH) drilling rig exploded about 80 km southeast of the 
Mississippi River Delta, resulting in the tragic loss of 11 lives and culminating in the largest marine oil spill 
in history. While the actual amount of hydrocarbons released is unknown, the resulting settlement under 

1 See https://www.epa.gov/gulfofmexico/why-it-important-protect-gulf-mexico.
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the Clean Water Act recognized a net discharge of 3.19 million barrels of oil.2 A significant amount of the 
hydrocarbons released ended up in the deep waters of the GOM, along with all of the released methane 
(McNutt et al., 2012; Joye, 2015). Oiling occurred in all five Gulf states, impacting over 2,100 km of coastline, 
and at least 3,200 km2 of deep-sea sediments (Valentine et al., 2014; Nixon et al., 2016). �e resulting civil 
litigation from the DWH oil spill led to approximately $20.8 billion3 in civil claims and $4 billion in criminal 
fines and penalties.4 �e settlement and agreement funds specifically related to restoration activities were 
allocated to three primary funding sources and designated for specific purposes (Diamond et al., 2014; ELI, 
2020) (Appendix A): 

•	 �e Natural Resource Damage Assessment (NRDA) under the Oil Pollution Act (1990) led to approx-
imately $8.8 billion to be overseen by the DWH NRDA Trustee Council.5 �e Trustee Council funds 
evaluation of impacts; restoration planning and implementation; and related activities, including 
monitoring and adaptive management. 

•	 �e 2012 Resources and Ecosystems Sustainability, Tourist Opportunities, and Revived Economies 
of the Gulf Coast States Act (RESTORE Act) passed by Congress dedicated 80 percent of all Clean 
Water Act civil penalties for both environmental and economic recovery projects, including scien-
tific research (more detail below).6 �is funding is divided into five areas or “buckets” with different 
authorized uses and decision makers for each bucket, totaling approximately $5.33 billion.

•	 Approximately $2.54 billion from the criminal agreements with responsible parties led to the estab-
lishment of the National Fish and Wildlife Foundation’s Gulf Environmental Benefit Fund (NFWF 
GEBF). �ese projects must “remedy harm and eliminate or reduce the risk of future harm to Gulf 
Coast natural resources”7 in the five Gulf states. Half of its funding is allocated to Louisiana for bar-
rier island and river diversion projects. 

�rough the criminal agreements, North American Wetlands Conservation Fund, administered through 
the U.S. Fish and Wildlife Service, also received $100 million for bird habitat and populations.8 In addition 
to funding restoration, several science programs were also established as part of the DWH settlements and 
agreements. �e RESTORE Act included the establishment of the NOAA RESTORE Science Program (ap-
proximately $133 million), which aims to support science for a sustainable GoM ecosystem, with a focus 
on fisheries.9 �e RESTORE Act also allocated funds for establishing Centers of Excellence (approximately 
$133 million) in each of the five Gulf states, with the goal of supporting science, technology, and moni-
toring (Diamond et al., 2014). �e Gulf Research Program (GRP)10 of the National Academies of Sciences, 
Engineering, and Medicine (the National Academies), which sponsored this study, was established directly 
via the criminal plea agreements. �is $500 million program, with funding that sunsets in 2043, supports 
activities related to environmental stewardship and protection, offshore energy safety, and human health 
and resilience. 

When used in this report, the “DWH funding entities” are defined as the following: the RESTORE 
Council state and federal members (States of Alabama, Florida, Louisiana, Mississippi, and Texas; U.S. 
Department of Commerce; U.S. Department of the Interior; U.S. Environmental Protection Agency; U.S. 
Department of Agriculture; U.S. Coast Guard; and U.S. Department of the Army); the DWH NRDA Trust-
ees (National Oceanic and Atmospheric Administration, U.S. Environmental Protection Agency, U.S. De-
partment of the Interior, U.S. Department of Agriculture, and the five Gulf states); the National Fish and 
Wildlife Foundation Gulf Environmental Benefit Fund; the U.S. Fish and Wildlife Service North American 

2 See https://www.science.org/content/article/after-geoscientists-joust-judge-rules-bp-gulf-spill-totaled-319-million-barrels-oil. 
3���6�H�H���K�W�W�S�V�������Z�Z�Z���M�X�V�W�L�F�H���J�R�Y���R�S�D���S�U���X�V���D�Q�G���¿�Y�H���J�X�O�I���V�W�D�W�H�V���U�H�D�F�K���K�L�V�W�R�U�L�F���V�H�W�W�O�H�P�H�Q�W���E�S���U�H�V�R�O�Y�H���F�L�Y�L�O���O�D�Z�V�X�L�W���R�Y�H�U���G�H�H�S�Z�D�W�H�U��
4 See https://www.justice.gov/opa/pr/bp-exploration-and-production-inc-agrees-plead-guilty-felony-manslaughter-environmental.
5 See https://www.gulfspillrestoration.noaa.gov/co-trustees.
6 �6�H�H���K�W�W�S�V�������Z�Z�Z���U�H�V�W�R�U�H�W�K�H�J�X�O�I���J�R�Y���V�L�W�H�V���G�H�I�D�X�O�W���¿�O�H�V���5�(�6�7�2�5�(�������$�&�7�������-�X�O�\�����������S�G�I��
7���6�H�H���K�W�W�S�V�������Z�Z�Z���Q�I�Z�I���R�U�J���J�X�O�I���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���E�H�Q�H�¿�W���I�X�Q�G���I�D�T�V��
�  See https://www.fws.gov/southeast/infographic/north-american-wetlands-conservation-fund-deepwater-horizon-oil-spill.
� ���6�H�H���K�W�W�S�V�������U�H�V�W�R�U�H�D�F�W�V�F�L�H�Q�F�H�S�U�R�J�U�D�P���Q�R�D�D���J�R�Y���D�E�R�X�W���I�D�T�V��
10 See https://www.nationalacademies.org/gulf/about.
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Wetlands Conservation Fund; the Centers of Excellence; the NOAA RESTORE Science Program; and the 
Gulf Research Program. 

DWH RESTORATION ACTIVITIES

As of March 2020, of the approximately $16.7 billion set aside for economic and environmental resto-
ration-related activities, just under 30 percent ($4.65 billion) has been allocated to projects across all three 
funding sources (ELI, 2020). See Appendix A for additional information on the allocation of funds from the 
DWH oil spill. 

�e three primary restoration entities share similar goals and objectives for restoration across a broad 
swath of natural resources and make efforts to coordinate their work, especially the RESTORE Council 
and DWH NRDA Trustee Council (which have significant overlap in membership). An example of their 
coordinated efforts is the DWH NRDA Trustee Council’s guidance provided in the Monitoring and Adaptive 
Management Manual V.1 (DWH NRDA Trustees, 2017), which indicates that the trustees intend to share 
lessons learned in restoration projects with other DWH-funded programs (section 2.6.2). Another example 
is the RESTORE Council’s efforts in coordination, collaboration, and connection among GoM restoration 
activities, illustrated by activities such as facilitating the Council Monitoring and Assessment Workgroup 
(RESTORE Council, 2016). Additionally, the Gulf of Mexico Alliance (GOMA) coordinated a Gulf-wide 
Monitoring Community of Practice, funded by the RESTORE Council’s Council Monitoring and Assess-
ment Program, with the aim of improving coordination, accessibility, and comparability of monitoring 
information ; this effort ended in 2021 but the work will be continued by GOMA’s new Gulfwide Monitor-
ing effort in 2022 in accordance with their new Governors’ Action Plan IV (L. Bowie, personal communication, 
March 25, 2022).

Both the DWH NRDA Trustee Council and the RESTORE Council acknowledge the interconnected 
nature of the GoM’s natural resources and the need to think comprehensively about restoration at scales 
beyond the project level (DWH NRDA Trustees, 2016; Gulf Ecosystem Restoration Council, 2016). For 
example, the DWH Final Programmatic Damage Assessment and Restoration Plan and Final Programmatic Envi-
ronmental Impact Statement (PDARP/PEIS) (DWH NRDA Trustees, 2016) contains the results of the injury 
assessments conducted and lays out a plan for recovery of injured resources. Due to the links among re-
sources and habitats across GoM ecosystems, the DWH NRDA Trustees note that the injuries incurred as 
a result of the spill cannot be fully articulated for any single species or habitat and instead constitute “an 
ecosystem-level injury”11 and that the DWH NRDA Trustees’ approach to restoration needs to be integrated 
to best address injuries (DWH NRDA Trustees, 2016). Currently, monitoring efforts exist primarily at the 
project scale, although there is recognition that data collected at larger scales is needed (Brown et al., 2011; 
DWH NRDA, 2016; RESTORE Council, 2019). 

STUDY ORIGIN AND RELATED ACTIVITIES

In 2019, GRP initiated a study series to document key challenges and monitor progress toward achiev-
ing a safe, healthy, and resilient Gulf of Mexico. A main goal of this series is to help GRP advance its strate-
gic approaches as outlined in its 2020–2024 Strategic Plan: monitoring for progress and change, advancing 
scientific understanding, bridging knowledge to action, and building partnerships and engaging networks.12 
�ese studies focus on topics associated with three GRP primary program areas, respectively: offshore 
energy safety, health and resilience, and environmental protection and stewardship (this study). It is in-
tended that this first set of studies will comprise the initial volumes of a study series with three reports to be 
completed approximately every 3 years for the duration of the GRP.

11 See http://www.gulfspillrestoration.noaa.gov/restoration-planning/gulf-plan.
12 See https://www.nationalacademies.org/gulf/about.
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ABOUT THIS REPORT

�is report focuses on monitoring and assessment of GoM restoration projects beyond the project 
scale within the context of long-term environmental change. �e need for this study was identified pri-
marily via discussions with stakeholders and representatives from the DWH funding entities during a 
GRP meeting held in New Orleans in 2019. �e study scope (Box 1.1) was developed based on these con-
versations, as well as on information provided in publications from Gulf-based entities, nongovernmen-
tal organizations, and the National Academies. Relevant National Academies reports include Effective 
Monitoring to Evaluate Ecological Restoration in the Gulf of Mexico (NASEM, 2017), Understanding the Long-
Term Evolution of the Coupled Natural-Human System: The Future of the U.S. Gulf Coast (NASEM, 2018a), and 
the Progress toward Restoring the Everglades report series (NASEM, 2018b). 

AUDIENCE

�e audience for this report is broad and includes the DWH funding entities and their working groups 
(such as the RESTORE Council Monitoring and Assessment Workgroup, the DWH NRDA Trustees’ asso-
ciated Trustee Implementation Groups [TIGs], and the Cross-TIG Monitoring and Adaptive Management 
Working Group); restoration practitioners, resource managers, and regional program managers affiliated 
with federal, state, local, and nongovernmental efforts; and representatives of federal agencies, academic 
institutions, and other entities with an interest in restoration (whether in the Gulf or elsewhere). 

STUDY SCOPE AND APPROACH

�e Committee on Long-Term Environmental Trends in the Gulf of Mexico was convened to address 
the tasks outlined in Box 1.1. �e committee’s 10 members brought to the study expertise in a variety of 
fields: coastal ecosystem restoration, including cumulative effects; natural resource management and poli-

BOX 1.1  
Statement of Task 

The National Academies of Sciences, Engineering, and Medicine will convene an ad hoc committee to: 

1.	 Examine the cumulative effects of multiple restoration projects (e.g., regional-scale bene�ts or improve-
ment in ecosystem function) within the context of long-term environmental trends. To keep the scope 
manageable, the panel may focus on restoration projects within a geographic region and provide 
justi�cation for the geographic boundaries selected.

2.	 Discuss acute events (e.g., hurricanes and storm surge, �ooding associated with extreme precipitation 
events, large oil spills) and long-term environmental changes (e.g., relative sea level rise, changing 
land use/coastal development, chronic environmental disasters) that could have profound effects on the 
individual impact and cumulative effects of restoration projects in the Gulf of Mexico.

3.	 Consider the potential synergistic and antagonistic effects across multi-decadal restoration activities, 
and recommend adaptive management strategies that address the acute and long-term environmental 
changes that could affect restoration projects.

4.	 Identify existing resources (e.g., environmental monitoring data and modeling efforts) that could be 
used to address the three bullets above. Are these data and efforts suf�cient to inform decision making 
on environmental stewardship and protection? What additional observations may be needed?
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cy; coastal ecosystem ecology, including wetlands, benthic, and fisheries ecology; water quality; ecosystem 
modeling; remote sensing and emerging technologies; river science and engineering; environmental eco-
nomics; and data management and synthesis. Committee member and staff biographies are available in 
Appendix B. 

In its deliberations, the committee decided that the geographic scope would include restoration efforts 
in all five Gulf states. Further, the spatial scale considered would focus on restoration efforts at the water-
shed/landscape scale and larger and would include restoration efforts initiated before the DWH disaster, as 
well as those funded by DWH settlement funds, due to their integrated nature on the landscape. Although 
coastal ecosystems exist as part of a continuum from the upland watersheds to the deep ocean, the commit-
tee focused the study scope on U.S. GoM coastal areas, including estuaries and bays. GoM rivers, in partic-
ular the Mississippi River system, are discussed as important driving forces in coastal ecosystems through 
their delivery of sediment, nutrients, and freshwater. However, noncoastal landscapes and ecosystems, in-
cluding GoM waters beyond the coast, are not the primary focus of the report. 

Definitions of the scales of restoration or background environmental effects vary widely, as noted in 
NASEM (2017). �e committee determined that the geographic scope of the study would include resto-
ration efforts at the estuary/watershed and larger scales and could include not only DWH-funded resto-
ration efforts but also those funded by other sources. Table 1.1 summarizes terms and definitions regarding 
geographic, resource, and programmatic scales used in this report.

�e committee held four information-gathering meetings in 2020 (August 11–13; September 29–30; 
November 9–10 and 16; December 14–16) and additional meetings in closed session in 2020–2022 to de-
velop this report. All open- and closed-session meetings were held virtually due to the COVID-19 pan-
demic. �e committee members heard presentations from 24 invited speakers, including representatives 
from state and federal agencies, nonprofit organizations, and academia. Speakers shared their knowledge 
and expertise in GoM environmental trends, ecological restoration, and natural resource management. For 

Spatial Scale  De�nition

 Project Scale Activity, or set of dependent activities, within a specifically defined geographic area. 

 Estuary/Watershed Scale Defined by connected characteristics of hydrology (e.g., HUC code).

 Regional Scale Defined by common and/or connected characteristics of geomorphology, ecology, ecological function, and 
biodiversity. Regional scale can also be defined by political boundaries, such as a state, county, tribal nation, or 
parish boundary. �is scale may include more than one estuary.

 Gulf of Mexico Scale Across all five Gulf states in the continental United States (referred to as “Gulf scale” or “Gulf-wide” in this 
report). �is is consistent with the availability of DWH funds for restoration of coastal regions, estuaries, 
watersheds, and resources.

Resource Scale Managed populations or habitats (e.g., oysters, birds, marshes). 

Program Scale Projects supported by a specific funding process, such as NRDA or the RESTORE Council.

TABLE 1.1. Terms and De�nitions of Scale as Used in This Report
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longer-term context, the committee also heard from an expert in restoration efforts following the Exxon 
Valdez oil spill. Invited speakers are listed in Appendix C. 

�e report is divided into five chapters. �is chapter (Chapter 1) introduces the report; Chapter 2 sum-
marizes long-term background environmental trends and associated indicators affecting GoM coastal eco-
systems and restoration projects (Task 2); Chapter 3 provides an overview of the theory, approaches, and 
considerations for assessing cumulative effects of multiple restoration projects, including synergistic and 
antagonistic effects (Tasks 1 and 3); Chapter 4 considers the current scientific progress toward assessing cu-
mulative effects of multiple restoration projects and adaptive management in the GoM (Task 1); and Chap-
ter 5 discusses data resources and new observation methods to enable assessment of cumulative effects 
beyond the project scale; new applications of adaptive management, including program-level strategies; 
and the need for and approaches to conduct synthesis activities (Task 3). Identification and assessment of 
existing resources to assess cumulative effects (Task 4) are included throughout the report. 

Addressing GoM restoration needs extends far beyond the available funding associated with the three 
primary DWH restoration entities (NRDA, RESTORE Council, and NFWF)—it is a “multi-generational 
undertaking” (RESTORE Council, 2016, pg. 5). �e recommendations in this report are intended to be a 
starting point for a long-term approach to addressing restoration needs in the context of changing condi-
tions in the GoM, with applicability for and beyond DWH-related expenditures. 
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Chapter 2 
Environmental Trends and Indicators

INTRODUCTION

Large-scale, long-term changes in hydrology, geomorphology, biogeochemistry, trophic status, and 
species range distributions have been occurring within the U.S. Gulf of Mexico (GoM) in response to both 
natural and anthropogenic forces. �ese forces are themselves impacted by system-wide stressors such as 
the Deepwater Horizon (DWH) oil spill (e.g., NRC, 2013; Carl Kraft and Crandall, 2019), and rate of change is 
accelerating due to climate change (e.g., Comeaux et al., 2012; Moser et al., 2014; Kemp et al., 2016; Dee et 
al., 2019; Fujiwara et al., 2019; IPCC, 2021).

Predominant natural influences in the GoM include temperate and tropical influences, ocean dynamics 
created by the Loop Current, hurricanes, subsidence, and freshwater influences that come primarily from 
the Mississippi River. �ese influences are all associated with and affected by a changing climate. �e com-
bined effects of these influences have created an ecologically varied and productive Large Marine Ecosys-
tem (UNIDO, 2014). At 1.5 million km2 (Turner and Rabalais, 2019), the subtropical GoM is large enough 
to include a high diversity of habitats, from coral and oyster reefs and seagrass to sawgrass. GoM estuaries 
comprise nearly 42 percent of continental U.S. estuarine areas (excluding Alaska) (EPA, 1999) and are nurs-
eries to vast numbers of commercially and recreationally important fish, crab, shrimp, with functional food 
webs that support them. 

In its Statement of Task (Box 1.1), the committee was asked to “examine the cumulative effects of mul-
tiple restoration projects (e.g., regional-scale benefits or improvement in ecosystem function) within the 
context of long-term environmental trends.” In this chapter, the committee focuses on the latter part of 
this charge. �e chapter defines several terms used throughout the report (drivers, pressures, stressors, and 
indicators; Box 2.1), summarizes the current understanding of indicators that would be needed to assess 
cumulative effects of multiple restoration efforts relative to background trends, identifies spatial and tem-
poral gaps in existing data collection and interpretation, and discusses the need for robust environmental 
data to assess critical background environmental trends that impact restoration efforts. 

�e committee identified long-term trends and indicators that are grounded in science and can provide 
decision makers and restoration practitioners with useful insight in assessing opportunities for positive 
cumulative effects of multiple restoration actions, recognizing that these trends differ across the Gulf re-
gion—both in terms of which trends are driving change and to what extent. �e committee also developed 
a conceptual diagram to help visualize the effects of these long-term trends, as well as acute and chronic 
pressures and stressors, on restoration efforts in the GoM (Figure 2.1). �ese trends and indicators pro-
vide important information about ecological processes that occur across multiple disciplines, at regional or 
Gulf-wide scales, and across political boundaries. Collecting, analyzing, synthesizing, and reporting robust 
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long-term environmental data are critical components necessary to assess cumulative effects of multiple 
restoration projects (Schiff et al., 2016; Beck et al., 2019; Carl Kraft and Crandall, 2019). 

Indicators are organized into two broadly defined categories: those that reflect the status of back-
ground drivers, pressures, or stressors (e.g., climate change, riverine inflows, land cover, oil spills), and those 
that are indicators of specific value to the assessment of progress toward regional-scale environmental 
benefits and improved ecosystem function (e.g., coastal and estuarine habitats; fisheries, birds, turtles and 
mammals; water quality). 

CLIMATE CHANGE INFLUENCES ON LONG-TERM  
ENVIRONMENTAL CHANGE

Changing climate is a major factor driving change in the GoM. �e committee focused on both natural 
and human-induced climate change effects on GoM coastal environments, including relative sea level rise, 
tropical storms and hurricanes, sea surface temperature, ocean acidification, and tropicalization. Some of 
these drivers or pressures, like relative sea level rise, can reflect both natural and anthropogenic forces. 
Considering the impacts of climate change at the restoration program scale can be particularly challenging 
due to nonstationarity—the concept that what was once considered a normal time series is not normal or 
stable any longer. Taking nonstationarity into account when planning restoration projects and programs 
can improve the likelihood of successful outcomes, even as ecological processes and conditions become less 
stable over time (Rollinson et al., 2021). 

BOX 2.1  
Ecosystem Drivers, Pressures, Stressors, and Indicators

The committee considered several ecological assessment conceptual approaches in forming the framework for 
this report (Borja et al., 2006; Maxim et al., 2009; Bradley and Yee, 2015; Oesterwind et al., 2016; Harwell 
et al., 2019). De�nitions for terms have changed, and continue to change, over time with evolving understand-
ing of the ecological assessment process. The de�nitions below, a simpli�cation of those de�ned by Harwell et 
al. (2019), are used throughout the report. 

Drivers are fundamental natural or anthropogenic forces that act upon the system. They tend to be large scale, 
long-term forces that are not easily controlled or diverted. The Earth’s rotation is an example of a natural driver, 
while population growth and agriculture are examples of anthropogenic drivers. 

Pressures are human activities or natural processes that generate environmental stressors. They also tend to 
be large scale and long term, but often can be highly variable over space and time. Natural pressures include 
sediment dynamics such as sedimentation and episodic events such as hurricanes. Examples of anthropogenic 
pressures include coastal development and recreational or commercial �shing. 

Stressors are what the ecosystem directly experiences as a result of the impacts of drivers or pressures, and 
where direct action on the part of resource managers and restoration practitioners may have the most impact. 
Biological stressors in the GoM include over�shing and invasive species. Notable chemical stressors include 
nutrient inputs, endocrine disruptors, and oil and chemical spills. Physical stressors include altered freshwater 
in�ows, changes in water clarity, habitat alteration, and hypoxia.

Environmental indicators of drivers, pressures, and stressors describe the status and changing conditions of an 
ecosystem. Ideally, indicators represent complex aspects of environmental quality or ecological integrity through 
simple measurements (Freedman, 2015), indices, or other forms easily understood and adaptable to modeling 
or the development of frameworks (Harwell et al., 2019). The value of a particular indicator may vary depend-
ing on spatial and temporal parameters. For example, an indicator for the population growth driver could be a 
change in the areal extent of a metropolitan area, and a stressor indicator could be a measurement of nutrient 
loading in a particular waterbody.
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Relative Sea Level Rise

Relative sea level rise (RSLR) is the combination of global sea level rise (GSLR; e.g., from reduced gla-
cial ice volume and the thermal expansion of water) and the changes in an area’s land surface elevation 
such as subsidence (e.g., Sweet et al., 2018). �ese two drivers function differently in different parts of the 
GoM—GSLR is generally the dominant factor in Florida, Alabama, and Mississippi, while subsidence 
is a more important factor in Louisiana and much of Texas (T. Törnqvist, presentation to committee, 
September 29, 2020). 

Due to increases in oceanic thermal expansion, along with ice loss from the Antarctic and Greenland 
glaciers and ice sheets, the rate of GSLR increased from 1.7 mm/yr in the 20th century to 3.1 mm/yr in the 
early 21st century (Argus et al., 2018). Concurrently, the World Climate Research Programme produced an 
averaged global mean sea level rise estimate of 3.35 mm/yr (WCRP Global Sea Level Budget Group, 2018). 
More recently, the IPCC found that GSLR averaged 3.7 [3.2 to 4.2] mm/yr between 2006 and 2018 (IPCC, 
2021). While the current rates of GSLR are somewhat lower in the GoM, it cannot be assumed that this is a 
permanent trend (T. Törnqvist, presentation to committee, September 29, 2020).

Compared to GSLR, subsidence has significant spatial and temporal variation, presents challenges for 
accuracy and precision of measurement, and will therefore need additional monitoring to assess and predict 
regional and local impacts (Lane et al., 2006; Nolte et al., 2013; NASEM, 2018a; Cahoon et al., 2020; Russell 

FIGURE 2.1. Conceptual diagram of the effects of long-term environmental trends associated with the climate change driver 
and both acute and chronic pressures and stressors, including climate change interactions, on restoration efforts in the Gulf of 
Mexico. Climate change indicates longer time scales of changing in�uence, as well as more explicitly linking the land to coastal 
waters. Terrestrial influence is shown by several large rivers delivering freshwater, nutrients, and sediments to the coast, as well 
as decadal-scale land use changes that can result in increased pollutant loads to coastal waters. In addition to climate change, 
two types of system-scale in�uences are shown: chronic (continuous) and acute (short-lived or episodic), on the left and right 
sides of diagram. Four major restoration types are shown in the center of the diagram and include water quality restoration 
(mainly wastewater treatment plant upgrades), coastal and estuarine wetlands, submerged aquatic vegetation (SAV) communi-
ties, and oyster reef communities. Dashed white lines indicate funds expended in restoration efforts, while yellow solid lines con-
necting the restoration types indicate possible synergistic or antagonistic interactions. Potential environmental bene�ts resulting 
from the cumulative effects of restoration efforts are shown as a rectangle below the restoration panel. Finally, the red interaction 
arrow exiting the environmental bene�ts box indicates that chronic and acute pressures and stressors can have negative effects 
on restored communities.
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et al., 2022). �is is due to the multiple factors that can result in subsidence, as well the temporal and spatial 
scales on which these factors operate. Subsidence is caused by the interactions of at least six factors: tec-
tonics, Holocene sediment compaction, sediment loading, glacial isostatic adjustment, anthropogenic fluid 
adjustment, and surface water drainage and management. Estimates for subsidence rates from these factors 
range from 0.6 to 2.0 mm/yr for glacial isostatic adjustment, which occurs across the Gulf, to as high as 23 
mm/yr for anthropogenic fluid withdrawal, which is focused in areas of hydrocarbon production (Yuill et 
al., 2009).

�e relative significance of these factors depends partially upon the general characteristics of GoM 
geomorphology, geology, and ecology (summarized in NASEM, 2018a). For example, Florida is mostly built 
upon a geologically inactive substrate, which results in hard-bottom reef and seagrass habitats with sandy 
barriers and spits, and less than 1 mm/yr of subsidence. In contrast, Louisiana and northeastern Texas 
have a mud substrate with a variable sand veneer. �ere are extensive areas of coastal wetlands and marsh, 
many of which are subsiding and converting to open water, and subsidence can be greater than 20 mm/yr 
in various locations (NASEM, 2018a).

RSLR is generally estimated through the use of tide gages. Particularly common is the use of a subset of 
NOAA tide gages that have periods of record of more than 30 years and in some cases up to 50 years.1 �ere 
are relatively few sites (nine total) along the GoM coast that meet these criteria.2 While there are many other 
tide gages on the GoM coast, most have short or incomplete records that make them currently unsuitable 
for measuring RSLR (NASEM, 2018a). 

Tide gage measurements from different parts of the GoM can provide insight into regional or local wa-
ter level trends. For example, in addition to the use of NOAA gages, there have been efforts by the U.S. Army 
Corps of Engineers (USACE) to document, provide quality control, and publish records from over 30 local 
tide gages in Louisiana (Veatch, 2017). �e USACE analysis of these gages suggests that while the long-term 
Louisiana NOAA gage at Grand Isle records one of the highest rates of RSLR in the United States (9.16 mm/
yr; Figure 2.2), the limited NOAA tide gage coverage may fail to identify some of the most problematic areas. 
Two USACE gages at the mouth of the Mississippi River (Southwest Pass at East Jetty and South Pass at 
Port Eads) have 50-year subsidence estimates of greater than 22 mm/year, a measure that has implications 
for marsh persistence, the long-term viability of towns near the mouth of the river, and even the navigation 
of the lower Mississippi River. In spite of these extreme values, research suggests that tide gages in Louisi-
ana systematically underestimate subsidence (Keogh and Törnqvist, 2019), especially shallow subsidence in 
low-elevation coastal areas. 

By using an alternative approach that directly measures shallow subsidence using rod surface-elevation 
table-marker horizons, deep subsidence using the global navigation satellite system stations, and sea level 
rise from satellite altimetry, Nienhuis et al. (2017) created a new subsidence map of Louisiana (Figure 2.3). 
Rates of subsidence using this methodology are typically substantially greater than those inferred from tide 
gage data. �e high rates of subsidence along the Louisiana and northeast Texas coasts are expected to con-
tinue to constitute most of the RSLR in these areas over the next 50 years (Boesch, 2020). 

Elsewhere in the GoM, GSLR will play a somewhat less drastic but still significant role in future decades 
(Argus et al., 2018). As noted by Törnqvist et al. (2020), long-term trends in RSLR have to be factored into all 
present and future wetland restoration projects in the GoM. Maintenance of coastal marshes depends on 
an equilibrium between RSLR and the vertical accretion of organic material through primary productivity 
of marsh plants and organic matter from elsewhere in the system (e.g., Nyman et al., 2006; Glick et al., 2013; 
Bianchette et al., 2016; Van de Broek et al., 2018) and sediment deposition from settling processes including 
marsh plants trapping sediment (e.g., Fagherazzi et al., 2013). Marsh progradation, erosion, and collapse are 
also important processes in microtidal environments (Ganju et al., 2017). �e 2017 Louisiana State Master 
Plan utilized a “marsh collapse value” of 7 mm of RSLR/year and showed that for marshes in Louisiana to 
survive at rates beyond this, sediment replenishment would be necessary (White et al., 2019). Others posit 

1 See https://tidesandcurrents.noaa.gov/sltrends/sltrends.html.
2 See https://tidesandcurrents.noaa.gov/sltrends/regionalcomparison.html?region=USTG.
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FIGURE 2.2a. Relative sea level trends, in mm/yr. The two red arrows correspond with Eugene Island and Grand Isle, Louisi-
ana. SOURCE: https://tidesandcurrents.noaa.gov/sltrends/sltrends.html.

that if RSLR is greater than 3 mm/yr, marsh drowning occurs within a few centuries, and if relative sea 
level rise exceeds 6–9 mm/yr, Louisiana marsh conversion into open water could happen within a 50-year 
timeframe (Jankowski et al., 2017; Törnqvist et al., 2020). Many locations within Louisiana and Texas are 
at the 6–9 mm/yr3 rate (Figure 2.2), which has serious implications for the viability of restoration projects 
within the western GoM when considering the future of wetland restoration projects. Although subsidence 
is not as prevalent in states like Florida, Alabama, and Mississippi, the 3 mm/yr threshold has also been 
reached in many locations in those states.4

Subsidence is the principal stressor causing RSLR in Louisiana and the northern Texas coast. RSLR rates in this 
region are among the highest in the nation. Long-term trends in other areas in the GoM also show an increase 
in RSLR, a trend that is expected to continue.

The current rate of RSLR is already considered a major stressor on the decline of marsh area and resilience. 
There are areas in the GoM where marsh plant growth and organic matter accumulation cannot keep up with 
RSLR rates without additional inputs of sediment, resulting in marsh collapse. This is a critical issue in envi-
ronmental restoration planning.

Tropical Storms and Hurricanes

Hurricanes and tropical storms not only endanger human life and infrastructure, but also dramatically 
reshape or change physical landscapes and coastal ecosystems, creating hot moments of substantial change 

3 See https://tidesandcurrents.noaa.gov/sltrends/regionalcomparison.html?region=USTG.
4 See https://tidesandcurrents.noaa.gov/sltrends/regionalcomparison.html?region=USTG.
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FIGURE 2.2b. Relative sea level trends (mm/yr) in the Gulf of Mexico. Sites from Texas, Louisiana, Mississippi, and Alabama 
are shown in the top panel, while Florida sites are shown in the bottom panel. Trends with the narrowest con�dence intervals are 
based on the longest data sets. Trends with the widest con�dence intervals are based on only 30-40 years of data. SOURCE: 
Adapted from NOAA: https://tidesandcurrents.noaa.gov/sltrends/regionalcomparison.html?region=USTG.
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(discussed in Chapter 3). �us, hurricanes are critical to consider when assessing restoration success and 
determining potential cumulative effects. Prior studies have developed empirical relationships between sea 
surface temperatures (SST) and the maximum potential intensification rate of tropical cyclones (DeMaria 
and Kaplan, 1994; Whitney and Hobgood, 1997; Zeng et al., 2007; Xu et al., 2016), leading to heightened 
concern of the effect of future hurricanes on the GoM coast. However, the current understanding of the 
situation is somewhat more complicated (Berardelli, 2019). One of the difficulties is that satellite-derived 
intensity data has only been collected since the early 1980s and therefore only span about four decades; this 
relatively short period of record makes it difficult to clearly distinguish between trends due to anthropo-
genic climate change and natural trends that occur on decadal to multidecadal time scales (Ramsay, 2017). 

Since 1985, hurricane frequency has remained consistent, with an average of about 80 tropical cyclones 
forming globally each year (Ramsay, 2017). Holland and Bruyère (2014) found “no anthropogenic signal 
in annual global tropical cyclone or hurricane frequencies.” However, they did find a strong signal in the 
proportion of both weaker and stronger hurricanes. Category 4 and 5 hurricanes have increased at a rate 
of about 25–30 percent per °C of global warming, and the proportion of Category 1 and 2 storms have 
decreased a similar amount (Holland and Bruyère, 2014). �e increased frequency of stronger hurricanes 
means that the intensity of the “common hurricane” has become stronger. Tropical storms and hurricane 
strikes also vary over time and space. Temporally, periods of hyperactivity were seen in south Florida from 
the 1920s through the 1950s and then again in the 2000s (Figure 2.4) (Keim et al., 2007). According to 
Landsea et al. (2010), century-scale analysis of SST and hurricane frequency is needed to establish the de-
cade-to-decade shift in hurricane frequency and intensification trends due to climate change.

�e effects of hurricanes and tropical storms do not uniformly affect the GoM; the southern part of 
Florida and the northcentral Gulf are disproportionately affected by both (Figure 2.5). When planning res-
toration projects, practitioners need to be aware of the timespan for developing resilience of their projects 
to hurricane conditions, a critical consideration in areas where the return period is between 5 and 7 years 
for a hurricane and 14 and 22 years for a major hurricane landfall.5 Hurricanes can also destroy monitoring 
equipment, creating data gaps and hampering the ability to measure the effects of restoration efforts. For 
example, Hurricanes Katrina and Rita hit in 2005, the year that the initial Coastwide Restoration Moni-
toring System in Louisiana was being constructed. Many stations were destroyed, causing the system to be 
reestablished in 2006 and 2007 (G. Steyer, personal communication, October 11, 2021).

5 See https://www.nhc.noaa.gov/climo/.

FIGURE 2.3. Estimates of subsidence in coastal Louisiana from the evaluation of data collected through Louisiana’s Coastwide 
Reference Monitoring System program, based on geostatistical interpolation of observations (black dots) of land surface subsid-
ence. SOURCE: Nienhuis et al., 2017. 
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FIGURE 2.4. Time series from 1901 to 2005 of Gulf of Mexico tropical storm (green boxes), hurricane (Category 1–2; yellow 
boxes), and severe hurricane (Category 3–5; red boxes) strikes at 18 locations across the �ve U.S. Gulf Coast states.  
SOURCE: Redrawn from Keim et al., 2007. © American Meteorological Society. Used with permission.
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Needham and Keim (2012) provide a comprehensive overview of storm surges from tropical storms 
and hurricanes in the GoM. Storm surges have dramatic effects on coastal environments, damaging habitat, 
destroying forests and crops, inundating the coastline with salt water, and moving and cutting channels 
through barrier islands. �ese effects are also not uniformly distributed across the GoM. In addition to 
hurricane strikes, coastal geomorphology, water depth, and man-made features such as levees can all influ-
ence storm surge. Texas, Louisiana, and Mississippi coasts tend to have the greatest depths of storm surge, 
with both the first and second greatest storm surge depth ever measured (8.47 and 7.5 m) occurring in Pass 
Christian, Mississippi (Needham and Keim, 2012). Knowledge of the depth and probability of storm surge 
is critical to ecosystem restoration planning. Some restoration projects are also designed with the idea that 
the presence of wetland and coastal features will serve to minimize the effects of storm surge. A meta-anal-
ysis of coastal marshes conducted by Shepard et al. (2011) concluded that marshes beneficially attenuate 
waves from storm surges and provide shoreline stabilization across a range of different environments. Ac-
cording to Wamsley et al. (2010), the magnitude of the attenuation is dependent on the surrounding coastal 
landscape and the strength and duration of the storm forcing, with some coastal/wetland configurations 
actually increasing surge. 

Hurricanes can have far reaching impacts on restoration efforts, particularly wetland restoration 
projects. For example, at a site in Barataria Bay, Louisiana, Sapkota and White (2019) documented av-
erage marsh erosion of 0.35 cm/day between 2015 and 2019. Based on measurements taken immediately 
following Hurricane Laura in 2020, these same marshes eroded at 22 cm/day during the storm, a rate 63 
times faster than the 4-year period immediately prior (Gibbens, 2020). �e effect of acute events like hurri-
canes on coastal ecosystems can cause large-scale disruption of the system (Conner et al., 1989; D’sa et al., 
2011; Reja et al., 2017; Mo et al., 2020) and potentially impact restoration efforts. 

FIGURE 2.5. Estimated return period 
in years for (a) hurricanes and (b) major 
hurricanes passing within 50 nautical miles 
of various locations on the U.S. coast. 
SOURCE: National Hurricane Center and 
Central Paci�c Hurricane Center, 2020. 

A
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Morton and Barras (2011) suggest that 25–35 percent of all wetland loss in Louisiana since the 1940s 
was due to direct and indirect storm-induced losses. �ese damages range from winds and waves physically 
stripping the vegetation from the marsh, “rolling” the marsh up accordion-style, to storm surges bringing 
salt water into freshwater wetland areas, resulting in salt-induced diebacks. Conversely, there have been 
several accounts of hurricanes bringing sediment and nutrients into wetland systems through freshwa-
ter influx, providing benefits to the surviving wetlands (Nyman et al., 1995; Turner et al., 2006; Castañe-
da-Moya et al., 2020, Box 2.2). 

Hurricanes are becoming more intense and destructive in the GoM, a trend that is expected to continue. Wind 
and wave energy, storm surge, and freshwater, sediment, and nutrient inflows associated with storm-related 
rainfall have potential to significantly disrupt coastal ecosystems and restoration efforts. 

Sea Surface Temperature

Like much of the global ocean, the GoM is experiencing rising sea surface temperatures (Figure 2.6), 
although rates of increase in the GoM are less than many other regions (Huang et al., 2015). Using monthly 
offshore SST calculated from satellite data, Karnauskas et al. (2017) found that SST has gradually increased 
in the GoM since the early 1980s and that the western GoM has warmed more rapidly than the eastern Gulf. 
Changes in GoM SST are generally driven by anthropogenic climate change (e.g., Gil-Agudelo et al., 2020) 
as well as climate variations. �e Atlantic Multidecadal Oscillation state has been shown to affect several 
elements of the GoM physical system, including ocean currents, freshwater inflows, and SST (Karnauskas 
et al., 2017). SST can also be affected by episodic factors, including weather fronts (e.g., Wang et al., 2020b). 
Rising SST can increase coastal hypoxia (areas of low dissolved oxygen) by decreasing oxygen solubility in 
the water column as well as by contributing to stratification (Altieri and Gedan, 2014; discussed further in 
a later section). 

Sea surface temperatures in the GoM have gradually increased since the 1980s. Annual average SST is as 
much as 2° F higher than the historical mean SST. Increased water temperature may affect fisheries restoration 
efforts, and hypoxia and stratification in coastal waters resulting from increasing temperatures could impact 
restoration efforts for living resources. 

Temperature and Precipitation Patterns

�e IPCC Sixth Assessment Report estimated that global surface temperatures were 1.09o C higher 
during the last decade (2011–2020) compared to the historical past (IPCC, 2021). �e temperature increases 
were even higher over land than over oceans and primarily driven by further warming of the atmosphere. 
�ese warming trends are significant everywhere, including the GoM. �ere are many physical manifes-
tations of these increasing temperature trends, from observed temperature extremes to the duration of 
heatwave days during summer, and from longer summer to warmer nights, and frequent flash droughts, 
and from record freezing temperatures in winter to sudden cold snaps (Biasutti et al., 2012). �e mostly 
human-induced warming trends will result in extreme variability in precipitation patterns (IPCC, 2021), 
which would result in fluctuations in freshwater flow to GoM coastal ecosystems. 

Biasutti et al. (2012) provided a comprehensive summary of GoM climate trends and projections. Ac-
cording to their study, “In the Gulf, a typical winter in the last decades of this century will be as warm as 
the warmest winter ever recorded, and the coolest summers will be as hot or hotter than any summer in 
the last century; in 95 percent of the years, summer temperatures will be unprecedented.” Seasonal mean 
precipitation will experience a modest change in magnitude, but not in the frequency distribution. Howev-
er, the driest seasons will be extraordinarily dry, leading to flash droughts and extreme variability in soil 
moisture conditions.
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BOX 2.2  
Acute and Chronic Environmental Events in the GoM: A Hurricane Case Study

Climate change controls both the magnitude and frequency of acute environmental events, and in some cases, 
they are turning into chronic events (USGCRP, 2017). As an example, hurricanes in the GoM are considered 
acute environmental disturbances that adversely impact coastal habitats. However, increases in the number of 
high-intensity hurricanes in the last few decades due to climate change has turned them into a chronic series of 
events, causing irreversible change to some ecosystems (USGCRP, 2017). Further, the recently released IPCC 
Sixth Assessment Report concludes that frequency of tropical cyclones and hurricanes will increase in future El 
Niño years (IPCC, 2021). A similar argument can be made for droughts, which alter estuarine water quality and 
wetland productivity. One of the positive effects of the high frequency of these acute events is that it can reverse 
the course of existing chronic trends at a site by temporarily alleviating them. For example, a wetland site suffer-
ing from a chronic lack of freshwater can be temporarily altered due to the impact of a hurricane producing mas-
sive freshwater runoff to the wetlands. However, high frequencies of these acute events can create irreversible 
damage, hampering the resiliency of the ecosystem. The decline in ecosystem functions and resiliency can result 
in either a state change (a complete change in the ecosystem type), or an alternate stable state (the ecosystem 
will continue to oscillate between a number of possible locally stable con�gurations) (Beisner et al., 2003). Ryo 
et al. (2019) demonstrated the concept in the following �gure.

As an example, due to climate change, hurricanes are becoming stronger in the U.S. Gulf Coast (Holland and 
Bruyère, 2014). The 2020 hurricane season was one of the worst on record, with several severe storms that 
hit the southeast Atlantic coast. The wind and wave energy associated with these storms can produce severe 
damage, such as defoliation in the mangrove ecosystem. However, a study by Castañeda-Moya et al. (2020) 
showed that hurricanes can be natural fertilizing events that contribute a signi�cant proportion of phosphorus to 
the nutrient-limited mangrove soil. Their study revealed that Hurricane Irma supplied as much as 49–98 percent 
of the annual phosphorus to the Everglades mangrove’s soil nutrient pool. Vertical soil accretion in that event 
alone was 6.7 to 14.4 times more than the past 100-year annual accretion rate. It shows that one hurricane can 
episodically supply nutrients and freshwater that compensates for the structural damage to the vegetation canopy 
and, in the long term, will enhance gross primary production of the ecosystem. But if the annual frequency of 
these hurricanes increases (as seen in the last decade), the compounding effect may no longer allow the ecosys-
tem to bounce back from its structural damage, ultimately causing an irreversible loss in net and gross primary 
production and habitat shrinkage due to erosion. 

FIGURE. Impact of acute or disturbance events on ecosystem functions and resiliency. The return of the ecosystem 
function back to the status quo depends on the frequency and magnitude of the events. SOURCE: Ryo et al., 
2019.
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�ese extreme fluctuations in temperature and precipitation patterns will have a significant impact on 
GoM wetland ecological functions and biophysical status (Comeaux et al., 2012; Osland et al., 2017a). Al-
terations in precipitation-induced freshwater flow will alter nutrient and sediment supply to the Gulf Coast 
estuaries (Kemp et al., 2016; McCarthy et al., 2018a). Temperature fluctuations and longer summer seasons 
will affect salt marsh biomass and productivity patterns since both are strongly coupled (Feher et al., 2017). 

Air temperatures have increased and precipitation patterns have shown extreme fluctuations in recent decades, 
and both are projected to become more extreme over time with many associated effects. Restoration efforts may 
be impacted, as increased air temperature will affect marsh plant productivity and biomass, and changes in 
freshwater flows will alter nutrient and sediment supply delivery patterns to marshes and estuaries. 

Coastal Ocean Acidi�cation

Rising atmospheric carbon dioxide (CO2) levels due to anthropogenic activities and the ability of the 
ocean to partially absorb this CO2 increase has led to alterations in the chemistry of seawater, including 
decreasing pH (Doney et al., 2020). In coastal systems, the amplitude of variability in the carbonate sys-
tem (including pH) is generally much greater than in the open ocean (Carstensen and Duarte, 2019). �is 
is driven by several interacting factors, most notably land-based inputs of nutrients, organic matter, and 
freshwater. Nutrient input leads to increased primary production and in turn, pH, while the decomposition 
of this newly produced or land-derived organic matter by heterotrophs leads to increased acidification (e.g., 
Gilbert et al., 2010; Cai et al., 2011). Freshwater contributes to decreasing pH because it lowers the alkalin-
ity (buffering capacity) of seawater. Each of these factors is in varying degrees controllable by management 
strategies. In the northern GoM in particular, eutrophication-induced acidification due to decomposition 
processes is likely widespread, given the common occurrence of seasonal hypoxia both on the GoM shelf 
and within its estuaries (e.g., Laurent et al., 2017; Wang et al., 2020a). 

Ecological effects of ocean acidification are many and include impacts from species level (e.g., meta-
bolic and developmental effects) to community level (e.g., phytoplankton species composition) to ecosystem 
scale (e.g., coral reef health, pelagic food webs)—and understanding the nuances of these effects is an area 

FIGURE 2.6. SST in the GoM from 1910 to 2019, shown as °F above or below the mean SST.  SOURCE: NOLA.com. 
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of active research, especially in the context of multiple stressors (e.g., acidification plus warming) (Doney 
et al., 2020, and references therein). Acidifying seawater has been shown to affect the formation of calcium 
carbonate shells and skeletons in a range of organisms, including reef-building corals and commercially 
important mollusks such as oysters and mussels (Doney et al., 2020). In addition, ocean acidification can 
affect fish metabolism (e.g., Heuer and Grosell, 2014) and behavior (e.g., Leduc et al., 2013), with potential 
implications for fisheries. Some organisms, however, have demonstrated the capacity to adapt to a more 
acidified environment (e.g., Engström-Öst et al., 2019). Some ecosystems have also shown the potential for 
adaptation; for example, seagrass ecosystems can modify pH within their canopy, potentially offsetting 
acidification effects on their associated communities (e.g., Hendriks et al., 2014; Bergstrom et al., 2019).

Monitoring of coastal acidification is also increasing. NOAA’s Ocean Acidification Program has funded 
deployments of pCO2 and pH sensors at a limited number of locations in the northern GoM since 2009. And 
since 2002, NOAA has also collected underway sea surface pCO2 data on some ships of opportunity, includ-
ing cruise liners (Gledhill et al., 2008) and NOAA fishery survey vessels, which have been incorporated into 
the global Surface Ocean CO2 Atlas database (Bakker et al., 2016). However, especially in the southern GoM, 
many coastal and estuarine areas and subsurface waters currently have few or no measurements. 

A recent study based on the Surface Ocean CO2 Atlas revealed that sea surface pCO2 trends are higher 
in the northwestern GoM and the West Florida Shelf but lower in the central GoM compared to the extent 
of pCO2 increase due to air CO2 uptake (Kealoha et al., 2020). Subsurface waters in the northwestern GOM 
are acidifying at a rate greater than the global surface ocean rate, with the majority (59–70 percent) of the 
acidification being respiration driven (Hu et al., 2018). Multidecadal acidification has also been reported for 
a majority of the Texas and Florida estuaries, based on state agency-collected data (Hu et al., 2015; Robbins 
and Lisle, 2017). 

Although data are scarce or lacking for many coastal and estuarine areas, recent observations indicate that 
acidification has been occurring in many Texas and Florida estuaries, and that subsurface waters in the north-
western GoM are acidifying at a rate greater than the global rate. Increased acidification affects the formation 
of calcium carbonate shells and skeletons in corals and mollusks, potentially impacting the long-term success of 
oyster reef restoration and coral reef recovery. 

Tropicalization

Climate-driven changes in species composition and the novel ecological interactions that follow them 
are occurring throughout the world. As pointed out by Hyndes et al. (2016), a rapidly expanding literature 
has documented poleward range shifts in terrestrial and marine plants and animals, changes in their body 
sizes, and altered behavioral and ecological interactions such as competition, herbivory, and predation (e.g., 
Poloczanska et al., 2013; Vergés et al., 2014, 2018; Wernberg et al., 2016; Pecl et al., 2017). Collectively, such 
changes have been termed tropicalization, defined as an increase in the ratio of tropical to temperate taxa in a 
given region (cf. Wernberg et al., 2013) or as the entire suite of changes in species composition, abundances, 
and interactions (Vergés et al., 2014). �e latter, more comprehensive definition is used here. 

Tropicalization has repeatedly been documented to produce rapid shifts in marine ecosystem structure 
and functioning (Vergés et al., 2014; Hyndes et al., 2016; Scott et al., 2018). Examples of recent GoM trop-
icalization include the replacement of temperate salt marsh species by tropically associated mangroves in 
many eastern and northwestern Gulf locations (Osland et al., 2017b, 2020, 2021; Jackson et al., 2021) and 
the occurrence of tropically associated fish species that now occur consistently in the northern Gulf (Fodrie 
et al., 2010; Marshak and Heck, 2017; Purtlebaugh et al., 2020). For other coastal fish species like Southern 
flounder, tropicalization is generating range-wide declines due to increased climate vulnerability (Montal-
vo et al., 2012; Erickson et al., 2021).

A direct pathway from the tropical Caribbean to the GoM is provided by the Loop Current, a mass of 
warm water that carries larval, juvenile, and adult organisms from the tropics northward. Many tropical 
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organisms transported into the GoM have until recently been unable to survive its winter temperatures. 
However, the decreasing frequency of lethal temperatures has allowed many formerly rare tropical species 
to become increasingly common in coastal waters of all five Gulf states (Osland et al., 2021) (Figure 2.7). As 
global climate change continues to alter climate conditions, like temperature regimes, it is very likely that 
increasing numbers of tropical species will become established throughout the GoM, and this will produce 
changes in the relative abundance and species composition of, for example, wetland plants and seagrasses 
(Rodriguez and Heck, 2020; Osland et al., 2021), corals (Aronson and Precht, 2016) and fishes (Fodrie et al., 
2010; Purtlebaugh et al., 2020). �ese changes can produce large and cascading effects in the abundance 
and composition of the many species of organisms that occupy these habitats, with large shifts in their 
structure and function (Heck et al., 2015; Scheffel et al., 2017). In their review article, Vergés et al. (2014) 
note that climate-driven interactions can profoundly alter ecological communities, particularly when they 
affect foundation species. �ey cite overgrazing of temperate microalgae by tropical herbivorous fish as an 
example. Hyndes et al. (2016), in their overview assessment of the poleward movement of tropical seagrasses 
and herbivores, conclude that novel ecosystem configurations are likely to appear. All have implication for 
the long-term sustainability of habitat restoration in the GoM.

Data from fisheries surveys and habitat monitoring programs will be of critical importance for track-
ing tropicalization within the GoM. �ese data can provide information needed to model expected changes 
in future finfish and shellfish harvests, as well as the value of ecosystem services provided by historically 
productive wetlands, seagrass meadows, and reefs. 

Evidence of GoM tropicalization include replacement of temperate salt marsh species by tropically associated 
mangroves, and the occurrence of tropical fish species in the northern GoM throughout the year. Increasing 
tropicalization effects can impact restoration objectives, approaches, and outcomes. 

WATER, NUTRIENT, AND SUSPENDED SEDIMENT INFLOW TRENDS

Inputs of freshwater, dissolved and particulate nutrients (primarily nitrogen and phosphorus), and sus-

FIGURE 2.7. Tropical–temperate climate and ecological transition zones in North America. Tropical zones are shown with 
warm colors. The color scale shows the minimum temperature in °C from 1980 to 2009. Photos show examples of tropical 
cold-sensitive organisms whose ranges are governed by winter cold temperature extremes, including the red mangrove, Ameri-
can crocodile, cobia, manatee, and Kemp’s ridley sea turtle. SOURCE: Adapted from Osland et al., 2021. 
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pended sediments are important drivers of estuarine and coastal marine ecosystems (Hobbie, 2000). �ese 
inputs influence salinity regimes, water residence times and other features of physical circulation, trophic 
status and keystone habitats, and water clarity and sediment accretion rates. Changes in land uses and hu-
man activities have and will continue to modify the annual patterns and magnitude of these inputs. Current 
and projected climate change effects will further influence these trends.

Anthropogenic alteration of rivers and streams has impacted streamflow in more than 86 percent of 
streams in the United States (Carlisle et al., 2011). �ese alterations may cause ecological impairment in 
river and stream ecosystems, but also impact water quality, salinity, sediment transport, and ecology of the 
receiving estuaries. Historic alterations in streamflow, along with future modifications, are likely to influ-
ence the success or failure of ongoing and future GoM restoration projects.

Freshwater inflows control salinities in GoM estuaries and shallow coastal waters, thus defining, at 
least in part, environments and habitats. Riverine inputs largely dominate nutrient loading to coastal wa-
ters (NRC, 2000; Oelsner and Stets, 2019). Additionally, suspended sediments and bed materials carried by 
rivers can influence GoM restoration efforts (Allison et al., 2012). Clays and fine suspended materials may 
affect turbidity and light penetration and can negatively impact algal primary productivity, sea grass beds, 
and filter feeders. Conversely, efforts to compensate for land loss by diversions or dredging and barrier 
island restoration are highly dependent upon sediments transported by rivers. 

Freshwater In�ows 

Rodgers et al. (2018, 2020) assembled daily streamflow discharge data from 139 stream gages located 
on tributaries and streams flowing into the GoM with continuous daily flow data from 1950 to 2015. 
A model was developed to estimate stream flow from ungaged streams. Since 1950, the sites showed a 
downward trend in streamflow (Rodgers et al., 2020), which appears to strongly contrast with the steadily 
increasing streamflow trends for the Mississippi River (Zhang and Schilling, 2006). �e Rodgers et al. 
(2020) study was funded through the RESTORE Council;6 however, this valuable synthesis is currently 
not scheduled to be updated with additional data. �e Mississippi and Atchafalaya River system is by 
far the greatest source of freshwater to the GoM, contributing an estimated range of 79–90.5 percent 
of all freshwater streamflow between 1990 and 2019 (USGS, report in preparation, 2021). �e outsized 
impact that Mississippi and Atchafalaya River system has on freshwater flows is graphically illustrated in 
Orlando et al. (1993) (Figure 2.8). 

Increasing flows of the Mississippi River seem to be associated with increased runoff from the upper 
Mississippi and Ohio River Basins and have been attributed to changes in climate and land use (Schilling et 
al., 2010; Tao et al., 2014). One stark indication of these increased discharges is the increase in the operation 
of the Bonnet Carré Spillway. �e spillway is designed to divert about 20 percent of the flood waters from 
the Mississippi River through Lake Pontchartrain into Mississippi Sound and the Gulf of Mexico, relieving 
stress on the river levees and reducing flood risk for the City of New Orleans.7 Although the spillway was 
opened only eight times from 1931 (when it was completed) until 2008, it has been opened seven times since 
then (2008, 2011, 2016, and consecutively in 2018, 2019 [twice], and 2020). Gledhill et al. (2020) detail the 
deleterious effects of the two 2019 openings of the spillway—an unusual mortality event for dolphins, a 
harmful algal bloom, and the decimation of the oyster population in western Mississippi Sound. A freshwa-
ter plume extended as far away as 180 km from the spillway.

Daily streamflow discharge data (excluding the Mississippi River) generally document a downward trend in 
freshwater inflow to the GoM since 1950. Conversely, there is evidence that Mississippi River discharge has in-
creased during this period. Freshwater inflow controls salinity in downstream coastal waters and nutrient and 
sediment input, which can affect marsh and SAV restoration as well as oyster restoration success in particular. 

6 See https://www.usgs.gov/centers/lmg-water/science/streamflow-alteration-assessments-support-bay-and-estuary-resto-
ration-gulf.
7 See https://www.mvn.usace.army.mil/Missions/Mississippi-River-Flood-Control/Bonnet-Carre-Spillway-Overview.
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Nutrient Inputs to the GOM

Nutrient inputs or loading (nitrogen and to some degree phosphorous) from terrestrial sources as well 
as from atmospheric deposition are critical to the function of coastal and estuarine systems. However, ex-
cessive nutrient inputs, especially in more recent decades, have led to eutrophication via increased organic 
matter production (Nixon, 1995; NRC, 2000). �is excessive nutrient enrichment has contributed to wide-
spread effects on coastal habitats, including decreased water clarity, increased acidification due to organic 
matter decomposition, hypoxia, and shifts in species composition (e.g., phytoplankton and fish), among oth-
er effects (Diaz and Rosenberg, 2008; Dorgham, 2014). In addition, Montagna et al. (2018) found the likely 
effects of climate change on regional GoM hydrology will influence nutrient input rates and subsequent 
effects on estuarine and coastal habitats and restoration projects.

Hypoxia, in particular at the mouth of the Mississippi River, is one of the most visible effects of exces-
sive nutrient inputs in the GoM (e.g., Rabalais and Turner, 2019) and the source of much study. Several time 
series have been developed using flow and concentration data (e.g., Whitall, 2008 [1974–2008]; Murphy et 
al., 2013 [1980–2018]). �ese data have also been used for statistical modeling of loads, which emphasize 
interannual variation over decadal time periods. Modeling has also been used to link nitrogen loads to 
hypoxia and to better understand dominant nitrogen and phosphorus sources in the basin (e.g., Robertson 
and Saad, 2021). Kleiss et al. (2021) demonstrated statistical tools for use in Mississippi River water quality 
trends, including loads during the past 40 years, at numerous sites throughout the basin. 

Long-term temporal estimates of nitrogen and phosphorous loads to other parts of the Gulf system are 
not as comprehensive as those for the Mississippi River, but several studies with more limited spatial and 

FIGURE 2.8. General variation of river �ow around the Gulf of Mexico. The authors note that in�ow is not a smooth function of 
coastline position and that these data are smoothed over 250 km segments. SOURCE: Redrawn from Orlando et al., 1993. 
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temporal scope have been completed. For example, Dunn (1996) developed nutrient inflows to the GoM for 
the time period from 1972 to 1993, and found that that median yields of total nitrogen and phosphorous 
were significantly lower in the 13 streams west of the Sabine River (in Texas) than the 24 streams to the 
east. Turner and Rabalais (1999) measured or modeled load data for 32 of 39 GoM systems located between 
Florida Bay and the Yucatan. �ey found annual nitrogen loads ranging from 1.4 to 70 g N m–2 yr–1 and a 
Gulfwide average of 22 g N m–2 yr –1, within the ranges reported by Boynton and Kemp (2008) based on a 
global sampling of nutrient loading rates. Rebich et al. (2011) modeled annual nutrient loads for nine Tex-
as systems, with highest yields from the Trinity/Galveston Bay systems. Harned et al. (2004) developed a 
model of nutrient loads from 18 sub-basins of Mobile Bay as part of the USGS National Water Quality As-
sessment program and reported a decline in nitrogen loads between 1975 and 1997, from both agriculture 
and urban areas, and found that there was a clear link between stream water quality and adjacent land uses. 
Montagna et al. (2018) developed modeled nutrient yields to four Texas estuaries ranging from mesohaline 
to hypersaline systems and used this spatial gradient as a substitute for expected hydrologic changes due 
to climate change. USGS researchers have used the SPARROW (SPAtially Referenced Regression On Wa-
tershed attributes) model to estimate sources of nutrients and sediments in rivers and streams throughout 
the United States (e.g., Hoos and Roland, 2019; Robertson and Saad, 2019; Wise et al., 2019). USGS has 
also assembled a dataset of regional patterns of anthropogenic influences on U.S. rivers and streams from 
the 1970s through 2012 (Falcone et al., 2019). Additional applications of this dataset to GoM issues could 
prove useful. Despite these efforts, a need still exists for better coverage of nutrient inputs and analysis and 
interpretation of their effects both in space and time in GoM ecosystems (e.g., K. Rogers, presentation to 
committee, September 29, 2020). 

When nutrient inflow data is collected over decades, it can be very useful for assessing management 
actions related to restoration. For example, in Tampa Bay, Florida, Greening et al. (2014) used long-term 
(1976–2010) nutrient loading rates and other water quality data to evaluate restoration progress and found 
that despite lag times on the order of a decade, submerged aquatic vegetation (SAV) expansion did occur 
following a 50 percent reduction in nitrogen loading. Similar results occurred in Sarasota Bay Florida (To-
masko et al., 2005), as well as for Chesapeake Bay in more recent years (Lefcheck et al., 2018). More recently, 
Beck et al. (2019) were able to evaluate broad regional outcomes of restoration in Tampa Bay with a focus 
on best management actions and found that nutrient point source reductions were most effective in restor-
ing water clarity and SAV. 

Gulfwide nutrient loading to the GoM has been modeled for specific points in time, but trends are not available. 
From the limited number of estuaries and the Mississippi River system where long-term loading estimates exist, 
trends are variable. Nutrient load reduction has been found to be the most effective restoration technique for 
water quality and SAV in several Florida estuaries. 

Sediment In�ows

Sediments transported by rivers play a critical role in coastal regions by building land, supporting 
healthy wetlands, and bringing nutrients into coastal ecosystems (Anderson et al., 2016; Elsey-Quirk et al., 
2019; Keogh et al., 2019). River-transported sediment supports building and replenishing barrier islands, 
which are important for storm surge mitigation, maintenance of estuarine salinity gradients (Montagna et 
al., 2013), and habitat for beach-nesting birds.8 However, sediments suspended in the water column may 
have detrimental effects on some restoration or species recovery projects. Suspended sediments, particular-
ly clays from fine alluvial soils, can interfere with filter feeders such as oysters and bury the hard substrate 
needed for their reproduction. SAV communities may also be negatively impacted due to decreased light 
penetration into the water column (Carr et al., 2010; Choice et al., 2014; Adams et al., 2016).

Trends in sediment inflow estimates are less readily available than nutrient estimates, both in long-
term measurements and in analysis of the data to produce loads and trends. Efforts were made to include 

8 See https://la.audubon.org/news/barrier-islands-critical-restoration-project-people-and-birds.
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sediment in the USGS SPARROW modeling efforts. Hoos and Roland (2019) discuss the variability and un-
certainty of the sediment data. Some data and trends exist for major rivers such as the Rio Grande, the Bra-
zos, and the Apalachicola,9 although long-term efforts to establish suspended sediment budgets and trends 
have been largely restricted to the Mississippi River (Keown et al., 1986; Meade and Moody, 2010; Allison et 
al., 2012, 2017; Mize et al., 2018). �e Mississippi River is the principal contributor of suspended sediment 
to the GoM; however, annual riverine inflows of freshwater and sediments have varied over the past several 
decades (Allison et al., 2017) and are anticipated to be further affected by factors such as climate change, 
which may impact storm frequency and intensity as well as regional to continental-scale rainfall patterns.

Declines in suspended sediment loads in the Mississippi River, decreased connectivity between the river 
and its floodplain, sea level rise, and subsidence have contributed to the loss of Louisiana coastal wetlands 
(Kesel, 1988; Tweel and Turner, 2012). �ese declines are particularly evident in the lower part of the 
river, where floodplain trapping, loss of stream power, and existing natural and manmade diversions con-
tribute to channel aggradation (Allison et al., 2012). A principal concern for Louisiana is whether enough 
river-transported sediment is available to support restoration plans (Blum and Roberts, 2009; Allison et al., 
2012, 2017), especially plans to construct large-scale diversions of river water to augment wetland acreage 
in coastal marshes. 

Long-term trends in sediment inflow are limited to the few estuarine rivers where long-term sediment data 
have been collected; these trends show annual variations over time. Declines in Mississippi River sediment loads 
have contributed to marsh loss. and may affect restoration plans by reducing the expected amount of sediment 
transported from the river. 

AMBIENT WATER QUALITY OF ESTUARINE AND  
COASTAL RECEIVING WATERS

Changes in ambient water quality10 in estuaries are largely driven by the inputs discussed in the previ-
ous section (hypoxia and HABs [harmful algae blooms]; denoted as acute pressures and stressors in Figure 
2.1). �ese can directly affect the success of restoration projects, individually and collectively. �is includes 
seagrass restoration, which is dependent on factors like water transparency (summarized in Larkum et al., 
2006; Choice et al., 2014), and oyster reef creation, which is sensitive to salinity, dissolved oxygen, and water 
temperature (Coen and Luckenbach, 2000; NASEM, 2017). Trend analyses of water quality measurements 
in GoM coastal and estuarine waters can provide a means to assess change in ecosystem services and can 
serve as an indicator of cumulative effects of multiple habitat restoration and water quality improvement 
projects (Figure 2.1) (Lester et al., 2011; Sherwood et al., 2016). 

Assessing cumulative effects of multiple restoration projects using water quality indicators has been 
successfully applied in regional GoM examples, including Tampa Bay (Greening et al., 2014; Tomasko et al., 
2018) and Galveston Bay (HARC, 2020). Water quality monitoring can provide information to assess the 
effects of acute events on habitats; for example, tracking sediment plumes after hurricanes or heavy rainfall 
(Moreno-Madrinan, 2010), or oil spills (summarized in NRC, 2003). Monitoring and tracking water quality 
parameters can also show effects of long-term environmental trends such as changing land use patterns, 
improvements in wastewater treatment, or shifts in the use of onsite septic systems (Withers et al., 2013; 
Lusk et al., 2017; McCarthy et al., 2018b). However, Baldera et al. (2018) found that ongoing and planned 
restoration programs will likely not be sufficient to fully restore water quality in areas larger than individ-
ual estuaries and waterbodies. 

NASEM (2017) recommended that restoration programs “would greatly benefit from working together 
to identify strategic opportunities in the Gulf of Mexico to maximize the effectiveness and utility of mon-

9 See https://nrtwq.usgs.gov/nwqn/#/.
10 According to the EPA, “ambient refers to open waters such as rivers, lakes, and streams, as opposed to closed water supply sys-
tems that distribute treated water or wastewater.” See https://www.epa.gov/wqs-tech/supplemental-module-human-health-am-
bient-water-quality-criteria.
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itoring while also reducing the overall cost of long-term monitoring across the Gulf region.” Toward that 
end, NOAA and USGS formed the collaborative Council Monitoring and Assessment Program (CMAP) to 
prepare an inventory of existing habitat and water quality monitoring and mapping programs for GoM 
programs, to provide “essential information to support the development, selection, and application of ef-
fective management and restoration alternatives, and inform adaptive management decisions at the local, 
state, and regional levels” (NOAA and USGS, 2019). To date, the CMAP inventory assessment of water 
column monitoring programs has found that 68 percent (247 programs) are conducted at the local (rather 
than state or federal) level. �e majority of the water column monitoring is done in estuarine, nearshore 
marine, and riverine settings (NOAA and USGS, 2019). 

Salinity 

 While salinity in the open Gulf is generally constant, GoM estuaries reflect the integrated effects of 
highly variable mixing processes, including freshwater inflows; connectivity between estuaries and the 
open ocean; physical forcing from wind, currents, and tides; and precipitation and evaporation (Solis and 
Powell, 1999). Changes and trends in salinity are a critical aspect of understanding the ecological structure 
of faunal communities (Christensen et al., 1997). 

Orlando et al. (1993) provided a synthesis of salinity information for 26 principal GoM estuaries. At 
the time of their study, the authors noted the inadequacy of standardized salinity data for GoM estuaries 
and said that “the characterization of salinity variability at certain time scales is limited or impossible.” 
�eir report supplies typical seasonal distributions of salinity within the estuaries under normal hydrologic 
conditions at that time. �ey also proposed a classification of estuaries by salinity behavior, which included 
magnitude of variability and average annual salinity.

�e Naval Research Laboratory processed MODIS-Aqua satellite imagery covering the Gulf of Mexico 
for a 5-year period (January 2005 to December 2009). �e resulting maps provided a broad overview of 
GoM spatial salinity patterns and indicated seasonal fluctuations in the extent of salinity ranges associated 
with rainfall and runoff patterns (Figure 2.9). Similar to those efforts, the National Aeronautics and Space 
Administration (NASA) conducted a series of successful efforts to measure sea surface salinity and tem-
perature, capturing events such as the 2011 Mississippi River flood and the effects of Hurricane Katia.11 
Additionally, Vazquez-Cuervo et al. (2018) compared in situ salinity measurements to four remotely sensed 
salinity datasets to help describe seasonal variability. 

As part of an analysis of the effects of drought, Petkewich et al. (2019) developed a Coastal Salinity 
Index that included some GoM stations. More recently, in situ monitoring data compiled by Rodgers and 
Swarzinski (2019, revised 2021) included available salinity measurements from Upper Laguna Madre, Tex-
as, to Rookery Bay, Florida, over the period 1990–2019. �ey found that while the overall station coverage 
was sufficient to assess regional trends, several spatial gaps remain, including the absence of monitoring 
stations in the Florida Panhandle (USGS, report in preparation, 2021). In addition, spatial distribution 
within the estuaries is often incomplete and does not cover the range of salinity zones from freshwater to 
marine waters. 

Climate change has the potential to cause changes in streamflow, sea level, oceanic salinity, wind stress, 
and hurricane intensity, all of which can affect coastal salinity (Ross et al., 2015). Severe tropical storm 
events have the potential to decrease the salinity of waters over oyster reefs due to heavy rainfall (Ala-
bama Department of Conservation and Natural Resources, Marine Resources Division and the National 
Oceanic and Atmospheric Administration, 2021), while also pushing saline water far inland into brackish 
and freshwater wetlands (Middleton, 2009). �e IPCC found that recent observations support that SLR 
increases seawater intrusion and raises estuarine salinity, and noted that salinization in estuaries is pro-
jected to continue in response to SLR, warming, and droughts. �is will cause stress to ecosystem functions 

11 See https://salinity.oceansciences.org/science-results.htm.
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and biodiversity (IPCC, 2019). GoM estuaries can be expected to exhibit a range of conditions—those with 
increased freshwater inflows may experience decreases in salinity, while estuaries primarily driven by SLR 
and oceanic salinity are likely to increase in salinity.

While salinity data are available, gaps remain in their collection and analysis. This limits time series analyses 
of salinity for the major estuaries. Changes in salinity due to climate change are likely to affect the extent of 
saltwater intrusion in GoM estuaries, which will affect plant and animal distribution and thus impact resto-
ration and recovery efforts.

Nutrients, Eutrophication, Hypoxia, and HABs

Although a number of regional and statewide water quality datasets have been used to track trends in 
ambient water quality both before and after DWH, an assessment of GoM-wide trends in water quality 

FIGURE 2.9. A �ve-zone scheme for high and low salinity seasons in the Gulf of Mexico. (A) The "high" salinity season is typi-
cally the time of year with the lowest freshwater in�ow to estuaries. (B) The "low" salinity season is typically the time of year with 
the highest freshwater in�ow to estuaries, which differs among estuaries. The low-salinity season in Aransas Bay, Texas, occurs 
from January to March, but in Sabine Lake (Texas and Louisiana), the low-salinity season occurs from March to May. SOURCE: 
Nelson, 2015; accessed at https://www.ncei.noaa.gov/maps/gulf-data-atlas/atlas.htm?plate=Salinity-Zones.
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is not readily available. U.S. EPA’s National Coastal Condition Assessment (NCCA) reports are currently 
available for four periods (1999–2001, 2005–2006, 2010, and 2015). �ey provide a snapshot of conditions 
at locations across the GoM and allow statistical changes to be estimated, but are not adequate to provide 
trends (U.S. EPA, 2015, 2021). �e GoM estuaries show steady increases in the percent area rated “poor” for 
the estuarine eutrophication index from 2005 (14 percent) to 2010 (25 percent) to 2015 (28 percent) (U.S. 
EPA, 2021). Nutrients, chlorophyll-a, water clarity, and dissolved oxygen are included in the estuarine eu-
trophication index (U.S. EPA, 2021). 

Kennicutt (2017) summarized water quality results from local, state, and federal sources for the 1990s 
through the mid-2000s (prior to DWH). �is includes two NOAA National Eutrophication Surveys (Brick-
er et al., 1999, 2007), NCCA reports (U.S. EPA, 2015), and regional and local water quality programs. �e 
NOAA 1999 National Eutrophication Survey collated water quality information collected by local and 
regional programs for 38 estuarine areas around the Gulf of Mexico (Bricker et al., 1999). �eir assessment 
concluded that “the expression of high eutrophic conditions is extensive, and human influence is substan-
tial, in the Gulf of Mexico region.” �e most significant issues were low dissolved oxygen and loss of sub-
merged aquatic vegetation. �e 2007 assessment (Bricker et al., 2007) found similar results, with few areas 
exhibiting improved eutrophic conditions since the 1999 assessment. 

Large areas of seasonal bottom-water oxygen deficiency and hypoxic conditions on the northern GoM 
continental shelf adjacent to the Mississippi River have been documented since the 1950s (Figure 2.10), with 
an acceleration of worsening severity during the 1970s (Rabalais and Turner, 2019). �e area of hypoxic 
bottom waters in the GoM west of the Mississippi River can reach up to 23,000 km2 in midsummer12 and 
is best correlated with the nitrate-nitrogen load of the Mississippi River in the previous May (Turner et al., 
2012). Openings of the Bonnet Carré Spillway have also been associated with bottom water hypoxia in Mis-
sissippi Sound (Gledhill et al., 2020) (Figure 2.11). Hypoxia also occurs east of the Mississippi River, where it 
is becoming more frequent (Dzwonkowski et al., 2018), and in nearshore GoM waters where it can impact 
nearshore and estuarine restoration efforts (NASEM, 2017).

Rising SST can increase coastal hypoxia by decreasing oxygen solubility in the water column as well as 
by contributing to stratification (Altieri and Gedan, 2014). Stratification isolates waters of differing phys-
ical characteristics, such as temperature and salinity, which can allow biological processes to deplete oxy-
gen (DiMarco et al., 2012; Rabalais and Turner, 2019) and result in the production of hypoxic waters. �e 

12 See http://www.gulfhypoxia.net.

FIGURE 2.10. Frequency of bottom-water hypoxia from shelf-wide mapping, 1985–2014. Frequency is determined from sta-
tions for which there are data for at least half all cruises. Asterisks indicate locations of near-bottom oxygen meters.  
SOURCE: Rabalais and Turner, 2019.
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GoM’s northern shoreline prevents aquatic species sensitive to hypoxia from migrating further north in 
response to warming temperatures and hypoxia events. �eir options are to adapt, spend more time deeper 
in the water column, or die off (Roman et al., 2019). Coastal zooplankton and fish do not appear to have 
adapted to the increasing frequency of low dissolved oxygen and seasonal hypoxia (McBryan et al., 2013). 
Current research suggests that warming SST and hypoxia will affect the entire coastal food web, from 
primary producers to zooplankton to commercially important shrimp, oysters, and fish species (Rybovich 
et al., 2016; Karnauskas et al., 2017; Trifonova et al., 2019).

HABS can also be fueled by eutrophication (summarized in Anderson et al., 2021). HABs occur when 
unusually large numbers of specific phytoplankton come to dominate nearshore, estuarine, bay, or la-
goonal waters, displacing the normal seasonal association of algae and causing harm to humans or other 
species (Anderson et al., 2012; Backer et al., 2013). Red tides caused by Karenia brevis are the most well-
known and can result in fish kills, respiratory irritation in humans and mammals, and neurotoxic shell-
fish poisoning (NRC, 2000). �e GoM also experiences a variety of other HABs, including several that 
can directly affect human health and result in shellfish harvesting closures and fish species consumption 
bans.13 HABs have increased in coastal waters (Glibert et al., 2014; Anderson et al., 2021) and will likely 
continue to increase (Schmale et al., 2019). HABs are also occurring more frequently with climate change 
(Griffith and Gobler, 2020). 

In addition to the significant human health impacts, high concentrations of chlorophyll-a in HAB 
blooms can directly affect coastal restoration efforts via reduced light availability for submerged aquatic 
vegetation restoration (summarized in Anderson et al., 2021). HAB and macroalgae blooms in Tampa Bay 
and Sarasota Bay have been associated with a reduction in mapped seagrass acreage between 2016 and 2020 
(Beck et al., 2021). Increased oxygen demand as HAB cells die and decompose can result in low dissolved ox-
ygen, impacting restored and created oyster reefs and other living resources (Coen and Luckenbach, 2000). 

NOAA routinely monitors14 and forecasts15 red tide blooms in the GoM, more frequently during peri-
ods of likely occurrence and when a bloom is reported. �is is the only extant Gulf-wide HAB monitoring 
effort. All Gulf states have shellfish and beach monitoring programs that can detect HABs, but they are not 

13 See https://oceanservice.noaa.gov/hazards/hab/gulf-mexico.html. 
14 �e NOAA Harmful Algal BloomS Observing System contains information for the Gulf of Mexico: https://habsos.noaa.gov/.
15 See https://coastalscience.noaa.gov/research/stressor-impacts-mitigation/hab-forecasts/gulf-of-mexico/. 

FIGURE 2.11. Hypoxia and low dissolved oxygen in Mississippi Bight. Multiyear observations (2010–2016).  
SOURCE: Dzwonkowski et al., 2018.
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designed to directly monitor HAB occurrence. A number of efforts have been undertaken to develop mon-
itoring programs, most notably the Gulf of Mexico Coastal Ocean Observing System (GCOOS)’s Harmful 
Algal Bloom Integrated Observing System, but none have yet moved beyond planning proposals (e.g., Nowl-
in et al., 2015). Regional monitoring and assessment products developed by NOAA’s National Centers for 
Coastal Ocean Science Algal Bloom Monitoring System16 deliver near real-time products for use in locating, 
monitoring, and quantifying algal blooms. Products are currently available for selected regions, including 
Lake Pontchartrain in Louisiana and the Southwest Florida coast. 

Although not adequate to detect trends to date, statistically significant decreases in the percent area rated “good” 
by the eutrophication index developed by the National Coastal Condition Assessment were observed between 
three periods, from 1999–2001 to 2005–2006 (16 percent) and from 2005–2006 to 2010 (10 percent). Annual 
assessment of the extent of hypoxia in the nearshore northern GoM show variability associated with spring 
rainfall in the Mississippi River watershed.

Factors contributing to difficulties in synthesizing water quality monitoring in GoM coastal and estuarine 
areas include lack of consistent data collection and analysis methods, intermittent funding resulting in spatial 
and temporal gaps in data collection efforts, and lack of coordinated monitoring objectives that do not include 
current priority issues such as assessing the cumulative effects of multiple restoration projects. Excess nutrient 
inputs can result in reduced water clarity, hypoxia, and increases in HABs, which affect restoration efforts for 
submerged aquatic vegetation.

OTHER SIGNIFICANT GULF OF MEXICO ENVIRONMENTAL TRENDS

Shifting environmental trends driven by climate change are significant in the GoM, as in many parts 
of the world. However, other anthropogenic drivers, pressures, and stressors also affect coastal resilience 
in the region, including changing land use patterns, habitat loss, and impaired water quality. In addition to 
indicators associated with long-term environmental trends, other indicators that illuminate the status and 
trends of important GoM foundation species are considered below. 

Coastal and Estuarine Habitats

A significant percentage of the RESTORE, NRDA, and NFWF funds expended for ecological purposes 
thus far have been focused on habitat restoration activities, including land acquisition, restoration, and 
enhancements of wetlands and barrier islands; projects to improve water quality; and projects to restore 
and replenish living coastal and marine resources, including oysters and birds (ELI, 2020). Changes in the 
occurrence and distribution of GoM salt marshes, seagrass meadows, mangroves, oyster reefs, and barrier 
islands are useful indicators of long-term environmental trends because of their broad distribution, their 
well-understood relationships with economically important finfish and shellfish (recently summarized by 
Hollweg et al., 2020), and the availability of historical information about their areal extent (Dahl and Stead-
man, 2013). 

Emergent wetlands of the GoM make up around 55 percent of total U.S. salt marshes (e.g., Duke and 
Kruczynski, 1992; Mendelssohn and McKee, 2000) and are most common in the northern Gulf. Seagrass 
meadows are broadly distributed across the GoM (Handley and Lockwood, 2020) but are abundant along 
the Florida coasts and, to a lesser degree, those of Texas. Mangroves now occur across the entire GoM but 
are patchily distributed across the northern Gulf and usually only represented there by Avicennia germinans 
(the black mangrove), the most cold-tolerant mangrove species (Osland et al., 2013; Osland et al., 2020), 
while multispecies, mature mangrove forests are currently found only in south Florida. Oyster reefs occur 
across the entire GoM (Beck et al., 2011), but they are especially widespread in the northern Gulf. 

16 See https://coastalscience.noaa.gov/research/stressor-impacts-mitigation/hab-monitoring-system/.
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Emergent Wetlands 

�e predominant emergent wetland type along the northern GoM is the salt marsh, which is dominated 
by erect and rooted herbaceous hydrophytes (Cowardin et al., 1979). Wetlands make up ~20 percent of the 
total land cover in the GoM coastal area, even though approximately 1,000 square miles of wetland were 
lost between 1996 and 2010, primarily due to open water conversion and, to a lesser extent, from develop-
ment and urbanization (Karnauskas et al., 2017) (Figure 2.12).

Wetland areal extent and change vary geographically, with the most wetlands and wetland loss acreage 
occurring in coastal Louisiana. Wetland loss is primarily attributed to subsidence, erosion (due to multiple 
factors), saltwater intrusion, the lack of sediment replenishment needed to sustain marshes and impacts 
from storms (Karnauskas et al., 2017). Human activity has altered hydrology in Barataria Bay by decreas-
ing riverine flows and increasing runoff and channelization of wetlands, resulting in significant emergent 
wetland loss (Day et al., 2021). Industrial activities can also contribute to wetland loss and subsidence. For 
example, oil and gas development contributed almost 26 percent of net wetland loss in Louisiana from 1955 
to 1978 (Baumann and Turner, 1990), and there are an estimated 8,000–10,000 miles of canals that support 
oil and gas extraction in the GoM and contribute to wetland loss (Turner, 1997; Turner and Cahoon, 1988). 
Dredging of canals converts some wetlands to open water and others to spoil banks, and canals can change 
sediment sources and distribution as well as salinity and water levels (Turner and Cahoon, 1987). 

�e U.S. Fish and Wildlife Service’s National Wetlands Inventory17 provides access to reports that sum-
marize more than 50 years of monitoring data for the conterminous United States. �e most recent assess-
ment (Dahl, 2011) provides information about the Gulf of Mexico, but does not include data on specific 
bays or estuaries. NOAA’s Digital Coast,18 through the Coastal Change Analysis Program’s Regional Land 
Cover and Change reports, provides inventories of land cover use for the GoM and other regions. �is is 
a resource for sustaining change analyses and indicator development; an independent assessment of its 
capabilities by McCombs et al. (2016) provides confidence in its accuracy. In addition, USGS Wetlands 
and Aquatic Research Center maintains an ongoing program assessing impacts of coastal and watershed 
changes (Couvillion et al., 2017). A GoM-wide wide coastal wetland dataset (Couvillion, 2021; Couvillion 
et al., 2021) was recently published, and could be used to create a baseline and change analysis of coastal 
wetlands utilizing standardized methods. Most National Estuary Program-designated sites in the GoM 
maintain regular monitoring programs that include emergent wetlands assessments. For example, Gal-

17 See https://www.fws.gov/wetlands/status-and-trends/Status-and-Trends-2004-2009.html.
18 See https://coast.noaa.gov/digitalcoast/.

FIGURE 2.12. Square miles of wetland loss and gain by county from 1996 to 2010.  
SOURCE: Adapted from Karnauskas et al., 2017.



An Approach for Assessing U.S. Gulf Coast Ecosystem Restoration: A Gulf Research Program Environmental Monitoring Report

Copyright National Academy of Sciences. All rights reserved.

41

Prepublication Version - Subject to further editorial revision

veston Bay National Estuary Program prepares an annual report card19 that includes the status of emer-
gent wetlands (GBRC, 2020). �e Tampa Bay Estuary Program regularly updates a Habitat Master Plan 
that includes status and trends analysis.20 �e Mobile Bay National Estuary Program addresses status and 
trends updates in annual work plans.21 At the state level, the Louisiana Coastal Protection and Restoration 
Authority maintains a Coastal Information Management System that can be used to assess land change, in-
cluding emergent wetlands, over time.22 Gulf-wide assessments of emergent wetlands include the Handley 
et al. (2012) status and trends report, which updated the Duke and Kruczynski (1992) report on emergent 
and submerged vegetated habitats. The Coastal Wetlands Initiative: Gulf of Mexico Review23 also provides a 
comprehensive discussion, including recommendations for undertaking emergent wetlands assessments. 
Handley et al. (2012) assessed emergent wetlands trends in the northern GoM from 1950 to 2010, focusing 
on eight systems: Corpus Christi/Nueces/Aransas Bays, Galveston Bay, Barateria /Terrebonne Bay, the 
Mississippi delta, Mississippi Sound/Mobile Bay, Florida Panhandle, and Tampa Bay. 

Wetlands make up ~20 percent of the total land cover in the GoM coastal area, although significant amounts 
of wetlands have been lost due to open water conversion and, to a lesser extent, development and urbanization. 
Emergent wetland restoration is a key component of the DWH restoration strategy. Several agencies collect, 
map, and interpret emergent wetland information, but interpretation and reporting generally lag data collec-
tion by several years. 

Seagrass

�e GoM accounts for approximately 50 percent of all seagrass occurrence in the continental United 
States (Handley et al., 2007; Congdon et al., 2018). Seagrass meadows can be found from Texas to Florida 
in shallow bays and lagoons and to depths of 30–40 m offshore on the western shelf of Florida (Zieman 
and Zieman, 1989). Handley et al. (2020) identified two primary data sources for seagrass occurrence and 
distribution: the Bureau of Ocean Management (BOEM) and NOAA Marine Cadastre national database; 
and the Florida Seagrass Integrated Mapping and Monitoring Program. Additionally, Handley et al. (2018) 
provided details of a monitoring approach for Gulf of Mexico seagrasses to sustain ongoing efforts. Mei-
man and Segura (2019) described in detail a seagrass monitoring program for GoM national parks. On a 
state level, the Texas Coastal Report Card uses seagrass as an indicator for both coastwide assessment and 
subregional analyses (McKinney et al., 2019), and the Florida Fish and Wildlife Conservation Commission 
provides periodic seagrass mapping and monitoring information throughout Florida’s coastal waters (Yar-
bro and Carlson, 2016). 

�ree seagrass status and trends assessments (Duke and Kruczynski, 1992; Handley et al., 2007, 2020) 
provide a foundation upon which future status and trend analyses can be based. Handley et al. (2020) noted 
that gains in seagrass areal extent can be linked to improvements in water quality, while losses are often as-
sociated with degradation of water quality, although losses can also be attributed to the effects of hurricanes 
(Tomasko et al., 2020). Handley and Lockwood (2020) compared gains and losses between the most recent 
areal extents available in 2007 (as collated by Handley et al. [2007] from information collected between 
1987 and 2002) and maps developed from information collected between 2004 and 2017, collated from a 
variety of monitoring programs. �e authors found that, for the areas where seagrass maps are available, 
the Gulf experienced an overall gain in seagrass extent of almost 24 percent (an increase of 127,910 ha) be-
tween these two time periods. Texas, Alabama, and Florida exhibited seagrass gains between the 1990s and 
the latest statewide assessment; Louisiana and Mississippi both showed seagrass losses between the earlier 

19 See https://www.galvbaygrade.org/wp-content/uploads/2015/07/Galveston_Bay_Full_Report_ updweb.pdf.
20 See https://drive.google.com/file/d/1Hp0l_qtbxp1JxKJoGatdyuANSzQrpL0I/view.
21 See http://www.mobilebaynep.com/images/uploads/library/MBNEP_EPAworkplan2020_2021_ Final.pdf. 
22 See https://cims.coastal.louisiana.gov/Viewer/Map.aspx?guid=f8ec2690-bbb1-4879-ac30-aa44f5878b7f. 
23 See https://www.epa.gov/sites/default/files/2015-04/documents/gulf-of-mexico-review.pdf.



An Approach for Assessing U.S. Gulf Coast Ecosystem Restoration: A Gulf Research Program Environmental Monitoring Report

Copyright National Academy of Sciences. All rights reserved.

An Approach for Assessing U.S. Gulf Coast Ecosystem Restoration42

Prepublication Version - Subject to further editorial revision

periods and 2017 reporting periods (Table 2.1). �ese data on seagrass areal extent in each state can provide 
useful standards by which the cumulative impacts of seagrass restoration projects can be assessed, with 
consideration of other pressures and stressors, but only if those restoration sites were within the originally 
mapped polygons and if the same areas were mapped again.

Gulf-wide estimates of seagrass extent are not available. For the limited areas where seagrass maps are avail-
able, an overall gain in seagrass extent of almost 24 percent between two time periods (1987–2002 and 2004–
2017) was observed. Texas, Alabama, and Florida exhibited gains between the 1990s and the latest assessment; 
Louisiana and Mississippi showed losses. Gains are associated, in part, with improved water quality. The ability 
to map changes in seagrass extent over time is an important component to measure restoration progress. 

Mangrove Forests

�e recent expansion of mangroves across the northern GoM and the displacement of salt marshes by 
the black mangrove (Armitage et al., 2015) has implications for future salt marsh restoration projects (as 
previously discussed in the section on tropicalization). Black mangrove is expanding northward into Sparti-
na-dominated salt marshes, one of the coastal habitats often targeted for restoration (Comeaux et al., 2012; 
Spies et al., 2016; Osland et al., 2021). �us, the effects of the ongoing mangrove colonization of GoM salt 
marshes will likely be an important consideration in planning for the restoration of salt marshes (Feller et 
al., 2017).

Although there is currently no known assessment of mangrove areal extent in the GoM, national pro-
grams such as the U.S. Fish and Wildlife Service National Wetlands Status and Trends program (Dahl, 
2011) map different categories of wetlands, including an estuarine intertidal forested/shrub category that 
is dominated by mangrove shrub in the northern Gulf and mangrove trees in south Florida. �e most re-
cent National Wetlands Status and Trends report covered the period 1998–2004, which estimated an areal 
extent loss of 0.2 percent for this category between 1998 and 2004. Day et al. (2018) provide guidance to 
developing resilience indicators for mangrove ecosystems that could be of interest to restoration planners. 
Lewis (2005) summarized the status of mangrove restoration up to that time, providing guidance for future 
restoration. Although mangrove restoration efforts have been hindered by poor restoration strategies and 
the decline of mangroves across the tropics (Feller et al., 2017), large-scale mangrove restoration has been 
successful in south Florida (Lewis, 2005; Rey et al., 2012; Begam et al., 2017). 

Although long-term mapping results of mangrove areal extent at the estuary scale are available for some 
locations, trends in Gulf-wide mangrove areal extent are not known. The last assessment to include GoM 
mangrove estimates was based on information collected between 1998 and 2004. The effects of ongoing 
colonization of salt marshes in the northern GoM by mangroves will be an important consideration in salt 
marsh restoration projects. 

Oyster Reefs 

Oyster reefs are widely distributed throughout GoM estuaries (Shepard et al., 2018) and near river 
mouths (Figure 2.13) and are healthy and productive enough to account for more wild harvest than any 
other region in the world (Beck et al., 2011). Oyster reefs provide an array of valuable ecosystem services 
beyond their value as seafood, including habitat structure that is heavily used by fish and invertebrates (La 
Peyre et al., 2019). Reefs differ in faunal composition from adjacent salt marshes and seagrass meadows 
(Hollweg et al., 2020). �ere have been recent concerns about oyster populations in the GoM. For instance, 
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in 2020, Florida suspended its Apalachicola Bay wild oyster harvest for up to 5 years24 due to droughts and 
lack of freshwater from rivers,25 and the openings of the Bonnet Carré Spillway in 2019 damaged the oyster 
population in western Mississippi Sound due to excessive freshwater flows (Gledhill et al., 2020). Even in 
the relatively unimpacted Suwannee River estuary in Florida, inshore intertidal oyster bars are becoming 
degraded and oyster counts have declined (Moore et al., 2020).

Hurricanes impact oyster stocks and reefs through direct wind and wave action, salinity changes and in-
creased sedimentation associated with storm-related rainfall, and dissolved oxygen depletion (summarized 
by Mallin and Corbett, 2006). Studies have reported relatively rapid oyster reef recovery times (months), 
particularly in areas that are frequently disturbed by hurricanes (Livingston et al., 1999). However, oyster 
fisheries may take longer to recover (months to years), due to both direct impacts and public health concerns 
from high levels of bacteria in stormwater runoff from flooded upstream areas.26 

Because they are such a valuable fishery, Gulf states have longstanding oyster monitoring programs 
that provide valuable information that can be used to assess the cumulative impacts of oyster reef resto-
ration. Murawski et al. (2021) found that the overall abundance of natural oyster populations has been in 
long-term decline in areas throughout the GoM, and particularly since the mid-1990s (VanderKooy, 2012; 
Tunnell, 2017), as reflected both in relative abundance surveys and fishery landings. 

Baggett et al. (2015) exhaustively addressed oyster monitoring approaches and reported little to no 
monitoring of oyster reefs. Shepard et al. (2018) developed a conceptual model for assessing cumulative 
impacts of reef restoration efforts and provided a detailed assessment of a broad array of metrics useful as 
indicators of oyster and ecosystem health. DWH NRDA Trustees developed a strategic framework for oys-
ter restoration that summarizes existing status and trends information for GoM oyster reefs (DWH NRDA 
Trustees, 2017). At the state level, the Tampa Bay Estuary Program has an oyster habitat suitability index 
mapping tool to identify suitable locations for restoration.27 

Overall abundance of natural oyster populations has been declining in monitored areas since the mid-1990s. 
Although Gulf states monitor oyster landings for purposes of managing the commercial fishery, and the current 
locations of many oyster reefs have been mapped, Gulf-wide trends in the extent and condition of oyster reefs 
as habitat is currently unknown. Potential impacts from climatic drivers and anthropogenic stressors, as well as 
restoration design and implementation, can affect oyster reef restoration. 

24 See https://myfwc.com/news/all-news/oyster-commission-1220/. 
25 See https://www.npr.org/2020/07/22/894074674/floridas-oyster-beds-devastated-by-years-of-drought-other-pressures.  
26 See https://www.nature.org/content/dam/tnc/nature/en/documents/OysterRestorationintheGulf.pdf.
27 See https://www.tampabay.wateratlas.usf.edu/oyster-habitat-suitability/.

TABLE 2.1. Acreage Change by State Since the 2007 Seagrass Status and Trends Report

SOURCE: Handley and Lockwood, 2020.
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Barrier Islands

�ere continues to be considerable interest in barrier island restoration in the GoM (see Oliver and 
Ramirez-Avila, 2019) both to provide ecological habitat and to protect human resources on barrier islands 
and in the bays behind them. Studies have been conducted on barrier islands in Florida (e.g., Hine et al., 
2001; Davis, 2016); Alabama (the Alabama Barrier Island Restoration Assessment,28 which features a 
life-cycle response assessment model [Gonzalez et al., 2020]); Mississippi (within the Mississippi Coastal Im-
provements program [USACE, 2016]); Louisiana (the extensive Barrier Island Comprehensive Monitoring 
Program and database [e.g., Enwright et al., 2020]); and Texas (e.g.,Rinaldo et al., 2021; Vinent et al., 2021). 

Barrier islands themselves are dynamic features, but under the stresses of RSLR and increasing storm 
intensity, restoration planning entails even greater awareness of the underlying geology, geomorphology, 
and transport mechanisms. Justi� et al. (2021) reviewed research of transport processes from GoM rivers 
and estuaries to the coast, shelf, and ocean; information that can be used not just in management of coastal 
resources like barrier islands, but also for movement of hydrocarbons or organisms. Processes creating the 
Gulf barrier islands differ significantly. Rosati and Stone (2009) identified three general regions, based on 
sediment source, the availability of littoral and inner shelf sediment, and the underlying substrate in the 
northern Gulf. �ey concluded that design of barrier islands needs to include forcing processes such as 
compressibility of substrates, vegetative cover, and aeolian, longshore, and onshore transport. 

Barrier islands in the GoM are dynamic features that are important to both natural and human-made envi-
ronments. Potential impacts to barrier islands include changes due to RSLR and storm frequency and intensity, 
which may affect restoration planning.

28 See https://www.nfwf.org/sites/default/files/gulf/Documents/al-dauphin-assessment-14.pdf.

FIGURE 2.13. Distribution of oyster habitat in the northern Gulf of Mexico. SOURCE: Goodin et al., 2018. 
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Fisheries

State and federal agencies routinely use standardized methodologies to collect data for many species 
across the GoM. Where that standardized methodology does not exist, one can employ well-defined for-
mulations to convert data to a comparable format (NRC, 2000). Organizations like the Gulf Coast Marine 
Fisheries Commission (GSMFC) Fisheries Information Network29 coordinate the standardization and col-
lection of commercial and recreational fisheries data. NOAA’s fishery monitoring programs in the GOM, 
especially the Southeast Area Monitoring and Assessment Program (SEAMAP)—a state/federal/university 
program for collection, management, and dissemination of fishery-independent data and information in 
the southeastern United States, including the Gulf of Mexico—along with state fishery independent mon-
itoring programs, regularly provide accessible databases on fish species. NOAA also maintains databases 
for both commercial and recreational species for the five Gulf states.30 �e primary acquisition of recre-
ationally sourced federal data is through the Marine Recreational Information Program, which has been in 
existence since 1979 (Keithly and Roberts, 2017).

Grüss et al. (2018) reviewed GoM fisheries monitoring programs and noted that they include many 
year-round independent fisheries monitoring programs (i.e., data are generated by direct sampling, not 
from those involved in the fishing activity), more than other marine regions. Texas has a long-established 
program that collects independent and dependent data for both commercial and recreational fisheries and 
has been doing so continuously for more than 45 years (Martinez-Andrade, 2018). �e Florida Fish and 
Wildlife Conservation Commission Fisheries-Independent Monitoring group31 is another such program 
with readily searchable data. All GoM states participate in the SEAMAP,32 whose information is readily 
available to potential users, including restoration practitioners looking to assess the efficacy of restoration 
efforts (NASEM, 2017; O’Farrell et al., 2017; La Peyre et al., 2019).

Because fisheries data often go back decades, and are likely to continue to be collected, they can be valu-
able for assessing long-term environmental trends. �e robust nature of fisheries data allows comparison 
and analysis between noncontiguous databases and widely separated study sites. Fisheries data are also 
integrative with other data like habitat and water quality, so they can be used for filling in data gaps when 
assessing change. Due to the value of economic impact and regulatory requirements, collection of fisheries 
data (whether federal or state) will continue independently of any restoration activities that it might inform.

NOAA regularly assesses the status of fish stocks in the GoM33 and elsewhere. In the 2019 assessment, 
NOAA reported on 15 GoM species and 8 highly migratory species found in the GoM. �e data upon which 
such evaluations have been made may also be useful in assessing long-term environmental trends for res-
toration efforts. Fishery closures in 2010 in response to the DWH spill had a significant, but in most cases 
short-term, impact on catches. Overall commercial fishery landings declined by 25.3 percent from 2009 to 
2010 but rebounded to pre-spill levels within 2 years (Murawski et al., 2016). Murawski et al. (2021) ana-
lyzed long-term trends for 13 key species with temporal ranges from 15 to 30 years, including 3 fish species 
(menhaden [Brevoortia patronus], spotted seatrout [Cynoscion nebulosus], and red drum [Sciaenops ocellatus]) and 
white and brown shrimp. Long-term trends of these key species varied in both time and space. �is report 
emphasized the need for continued monitoring of vulnerable species in order to effectively evaluate the 
impacts of DWH on ecosystems and highlighted the need for continued modeling and evaluation to better 
understand the efficacy of habitat restoration projects in the GoM (Murawski et al., 2021).

29 See https://www.gsmfc.org/fin.php.
30 See https://www.fisheries.noaa.gov/science-and-data.
31 See https://myfwc.com/research/saltwater/reef-fish/monitoring/program.
32 See https://www.gsmfc.org/seamap.php.
33 See https://www.fisheries.noaa.gov/national/sustainable-fisheries/status-stocks-2019.
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Gulf-wide and state-level commercial and recreational fisheries data collection efforts are robust, as well as 
fisheries-independent data collection efforts at both the Gulf-wide and state levels. The data are collected for 
commercial and recreational management and are useful for measuring progress toward fisheries restoration 
goals, but are also useful in understanding and responding to pressures such as oil spills. 

Birds 

Waterbirds use coastal habitats for forage, nesting, or both. Because of their ubiquitous presence along 
GoM coastal margins, waterbirds may serve as indicators of ecosystem health (Ogden et al., 2014). Similar 
to fish, bird life histories including migratory patterns integrate diverse habitats and have considerable eco-
nomic (e.g., birdwatching, hunting) and ecosystem value, which has prompted extensive monitoring efforts 
(DeMaso et al., 2019). Burger (2017) summarized data availability, status, and trends for 15 indicator spe-
cies and found that monitoring may not be robust, due to differences in data collection methods and num-
ber of surveys. In the GoM, there is a concerted effort (the Gulf of Mexico Avian Monitoring Network34) to 
coordinate the various monitoring efforts to support both management and restoration efforts. Breeding 
bird surveys (Sauer et al., 2011) are also a good source of data for restoration planners. �e North American 
Breeding Bird Survey is an important resource,35 as are shorebird annual surveys like that supported by 
Audubon.36 In addition, citizen science efforts like eBird,37 Partners in Flight,38 and the Audubon Christmas 
Bird Count39 may be useful, depending on location and the question being asked (Niven and Butcher, 2011). 

Burger (2017) assessed 15 species to examine the health of GoM avifauna before DWH. He found hab-
itat loss, both anthropogenic and natural, was the primary threat facing GoM birds. �e results of this 
analysis show mixed results, with populations of a number of indicator species improving (osprey, brown 
pelican) or remaining stable (common loon, mottled duck), and others declining or in question (reddish 
egret, clapper rail). DeMaso et al. (2019) summarized waterfowl trends for many species across the north-
ern GoM, showing similar mixed results. �e DWH Trustees published the Strategic Framework for Bird 
Restoration Activities in 2017. �e document outlines restoration goals and outcomes and summarizes 
progress to date on restoration as well as monitoring activities underway in the Gulf.40 

Long-term trends in waterbirds located in the GoM show mixed results, with some species improving, some 
remaining stable, and others declining. Habitat loss was the primary stressor. Waterbirds depend on coastal 
habitats for nesting and foraging and can provide indicators of ecosystem condition and restoration progress. 
In the GoM, the Gulf of Mexico Avian Monitoring Network41 coordinates the various monitoring efforts to 
support both management and restoration efforts. 

Marine Mammals

Marine mammals in the area include the West Indian manatee (Trichechus manatus; limited to Flor-
ida) and the common bottlenose dolphin (Tursiops truncates; common across the region) (Ortega-Ortiz 
et al., 2004). Vollmer and Rosel (2013) provide a review of bottlenose dolphin research in the GoM 
that could be valuable in assessing this species as an integrative indicator of long-term environmental 
trends. Bottlenose dolphins are common in waters adjacent to highly populated and industrialized 

34 See https://gomamn.org.
35 See https://www.usgs.gov/centers/pwrc/science/north-american-breeding-bird-survey?qt-science_center_objects=0#qt-sci-
ence_center_objects.
36 See https://www.audubon.org/content/audubon-coastal-bird-survey.
37 See https://ebird.org/home.
38 See https://partnersinflight.org/what-we-do/science/databases.
39 See https://www.audubon.org/conservation/science/christmas-bird-count.
40 See https://www.gulfspillrestoration.noaa.gov/sites/default/files/wp-content/uploads/Birds_Strategic_ Framework_06.23.17.pdf.
41 See https://gomamn.org.
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GoM coastal waters and consume large quantities of fish, which may bioaccumulate various toxins 
(Würsig, 2017). Bottlenose dolphins were found to be some of the most vulnerable to the DWH oil spill due 
to their strong affinity to specific geographic areas and their surface engagement while breathing (Wells et 
al., 2017; Murawski et al., 2021). In 2017, the DWH Trustees published the Strategic Framework for Marine 
Mammal Restoration Activities, which outlined restoration goals and outcomes and summarized progress 
to date on restoration as well as monitoring activities underway. 

NOAA prepares regular stock assessment reports for all protected marine mammals resident in U.S. waters, 
including the common bottlenose dolphin.42 The 2018 NOAA assessment looked at 31 bay, sound, and estuary 
stocks across the GoM but found insufficient data to determine population trends. Status of marine mammal 
stocks can provide an indicator of recovery from oil spill impacts. 

Sea Turtles

�ere are five species of sea turtles known to occur in the GoM (Hart et al., 2020). Understanding their 
population abundance is important when developing conservation actions but also difficult because of the 
scale of their distribution, migratory nature, and cryptic early life stages (Ceriani et al., 2019). Most U.S. 
nesting beaches have programs in place to count sea turtle nests (NRC, 2010) and with appropriate coordi-
nation and cooperation can provide population estimates that are useful to restoration planners. All five 
species are found on Florida beaches; since 1979, the Florida Statewide Nesting Beach Survey43 has annu-
ally surveyed 215 beaches over 825 miles. In Texas, the Padre Island National Seashore Sea Turtle Science 
and Recovery Program44 has been in operation since the late 1970s and coordinates nest counts statewide. 
Long-term trends based on beach nesting data indicate that Kemp’s ridley has made a remarkable recov-
ery from the brink of extinction in the early 1980s and that loggerhead nesting on Florida’s Gulf coast 
varied annually between 1979 and 2011 (Valverde and Holzwart, 2017). In Alabama, Share the Beach is a 
volunteer sea turtle nesting and hatching monitoring program founded in 2005, currently supported with 
funding from the ALTIG Restoration Area.45 

Satellite tracking has provided information about forage areas (Shaver et al., 2017; Gredzens and Shav-
er, 2020) that can be of use to restoration planners. Piacenza et al. (2019) reviewed monitoring strategies, in 
an attempt to improve their value for conservation planning. �ey found that depending on objectives, 10–
20 years of data were adequate for estimating population trends. Because all GoM sea turtles are protected 
under the Endangered Species Act,46 jurisdiction for their recovery and conservation is shared by NOAA 
and USFWS, which assures ongoing monitoring to support long-term population assessments. In 2017, the 
DWH Trustees published the Strategic Framework for Sea Turtle Restoration Activities. �is document 
outlined restoration goals, as well as progress to date on restoration and monitoring. 

Long-term trends based on beach nesting data indicate that Kemp’s ridley populations have increased since the 
early 1980s and that loggerhead nesting on Florida’s Gulf Coast varied annually between 1979 and 2011. Be-
cause GoM sea turtles are protected, monitoring to support long-term population assessments is assured. Status 
of sea turtle nesting and hatching can provide an indication of recovery from long-term effects of oil spills, SLR 
impacts to nesting beaches, and potential effects of changes to foraging areas. 

42 See https://www.fisheries.noaa.gov/national/marine-mammal-protection/marine-mammal-stock-assessment-reports-spe-
cies-stock#cetaceans---dolphins.
43 See https://myfwc.com/research/wildlife/sea-turtles/nesting/monitoring/. 
44 Seehttps://www.nps.gov/pais/learn/seaturtles.htm.
45 See https://www.gulfspillrestoration.noaa.gov/sites/default/files/2018-06_AL_RP%20II%20Sea %20Turtles%20Fact%20
Sheet%204_11_18.pdf.
46 See https://www.fisheries.noaa.gov/sea-turtles. 
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Invasive Species

�e NOAA report A Strategy for a Healthy Gulf of Mexico (2015) recognized invasive species as a signifi-
cant stressor, contributing to Gulf-wide habitat loss and ecosystem decline. Florida is particularly suscep-
tible to invasive species because of its location and climate (Doren et al., 2009; Wallace et al., 2016). All Gulf 
states have active invasive species identification and control programs, as well as searchable databases, 
and are coordinated with national programs (such as FWS Invasive Programs47 and USGS Invasive Species 
Program48). For example, USGS maintains a nonindigenous aquatic database,49 and provides information 
on invasive fish.50 GCOOS maintains an interactive map of the invasive lionfish and Asian tiger shrimp,51 
and the World Register of Introduced Marine Species52 provides access to a number of databases that may 
be useful in tracking invasive species. 

�e Nonindigenous Aquatic Nuisance Prevention Act of 1990 was passed to limit the introduction, 
spread, and impact of aquatic invasive species in U.S. waters. �e Gulf of Mexico Program Invasive Spe-
cies Focus Team’s initial report summarized existing information (Battelle Coastal Resources Ecosystem 
Management, 2021). Subsequently, the Commission for Environmental Cooperation prepared a report on 
invasive species status, including an assessment of aquatic invasive species in the Rio Bravo/Laguna Madre 
Corridor (Mendoza et al., 2011). �ey noted 373 exotic species, mostly originating from the Atlantic coastal 
region, and reported that a lack of ecological and biological information hampered efforts to reduce the 
impacts of these invasive species on GoM biodiversity. 

State agencies in the GoM maintain active invasive species programs that are closely coordinated with federal 
counterparts. However, states do not maintain databases of long-term trends in invasive species distribution or 
expansions, which would be of value for restoration practitioners. These data, if more readily available, would 
be useful to restoration planners or practitioners because these plants and animals can affect the success of 
restoration efforts.

Land Cover Changes

Naturally occurring land cover integrates a given site’s climate, geology and soils, and vegetation over 
decades or longer. Over shorter time scales, land cover can be affected by naturally occurring disturbances 
such as storms, floods, or fires and human activities such as population change, industrial, agricultural, 
or urban development, deforestation or reforestation, water diversion, and infrastructure such as roads.53 
Land cover affects or influences environmental conditions in many ways, including water quality, hydrolo-
gy, and habitat and associated species composition. Changes in land cover can alter hydrologic regimes and 
runoff patterns, thus potentially acting as a stressor on environmental restoration projects and impacting 
the cumulative effects of multiple restoration projects. 

�e MultiResolution Land Characteristics Consortium54 generates land cover information at a na-
tional scale for a wide variety of environmental, land management, and modeling applications (Yang et al., 
2013). Its products include the National Land Cover Database and the Coastal Change Analysis Program 
(Jin et al., 2013). EPA’s Report on the Environment55 uses the National Land Cover Database to track trends 

47 See https://www.fws.gov/invasives/programs.html.
48 See https://www.usgs.gov/ecosystems/invasive-species-program.
49 See https://nas.er.usgs.gov/.
50 See https://www.usgs.gov/ecosystems/invasive-species-program/science/invasive-fish.
51 See https://gcoos.org/invasive-species/.
52 See https://www.marinespecies.org/introduced/.
53 See https://www.epa.gov/report-environment/land-cover.
54 See https://www.mrlc.gov.
55 See https://www.epa.gov/report-environment/land-cover.
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in and effects of land cover. Karnauskas et al. (2017) summarized land cover change between 1996 and 
2010 and found that urban land cover in coastal watershed counties around the GoM increased by 15 per-
cent during this period. While urban expansion is significant across the region, the increase in development 
occurred at a much higher pace in certain geographic areas, such as Houston, Texas, and Tampa, Florida 
(Karnauskas, 2017) (Figure 2.14). 

Urban land cover in coastal areas around the GoM increased by 15 percent between 1996 and 2010, with some 
geographic areas, including Houston and Tampa, increasing at much higher rates. Data and land use change 
products are available from the National Land Cover Database and the Coastal Change Analysis program. 
Land use changes can have profound effects on coastal habitats and can interact with restoration efforts, in-
cluding reduced area for restoration and increased stormwater runoff. 

Oil Spills

�e oil and gas industry is a strong presence in the Gulf of Mexico. �ere are ~1,862 platforms in the 
Gulf (as of April 2019)56 and 45,310 miles of pipeline (as of 2016) (Kaiser and Narra, 2019). Production and 
refining is concentrated in the western Gulf of Mexico (Figure 2.15). �e history of large GoM oil spills is 
well known, including four very large spills–Ixtoc (1979; 10.2 million barrels of crude oil; Dokken, 2011), 
Mega Borg (1990; 100,000 barrels; Payne et al., 2005), DWH (>3 million barrels57, 2010) and Taylor/MC20 
(2004–present58). It can often be difficult to quantify exactly how much oil has been spilled; such was the case 
for DWH. While estimates varied from 3.26 million barrels (Fitch et al., 2013) to 5.14 million barrels (Lehr 
et al., 2010), the amount decided upon for litigation purposes was 3.19 million barrels.59 �e Taylor oil spill is 
ongoing and is currently in litigation. A NOAA technical memorandum released in 2019 estimated a daily 
oil flux between 9 and 47 barrels of oil per day using an acoustic survey method, or between 19 and 108 
barrels per day using a bubblometer survey method (Mason et al., 2019), resulting in a very rough estimate 
of between 55,000 to 660,000 barrels released.60 From an environmental management perspective, this may 
be viewed as a data gap in describing the location, extent, and dynamics of an acute stressor on the biota. 

56 See https://www.bsee.gov/faqs/how-many-platforms-are-in-the-gulf-of-mexico. 
57 See https://www.science.org/content/article/after-geoscientists-joust-judge-rules-bp-gulf-spill-totaled-319-million-barrels-oil.
58 See https://darrp.noaa.gov/oil-spills/taylor-energy.
59 Consent Decree for Deepwater Horizon – BP Gulf of Mexico Oil Spill: See https://www.epa.gov/sites/production/
files/2016-02/documents/deepwaterhorizon-cd.pdf.
60 Assuming 6,129 days of total oil release (September 16, 2004 to June 28, 2021). �is estimate does not account for any capping or 
capture of oil. 

FIGURE 2.14. Total area of land converted to developed area by county, 1996–2010. SOURCE: Karnauskas et al., 2017.   
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In addition to large-scale oil spills, there are also numerous smaller incidents—the cumulative impacts 
of which remain unknown. In 2020 and the first 6 months of 2021, there were over 200 oil and chemical 
spills in the GoM.61 Oil spills in the Gulf of Mexico can occur from pipelines, wells, and transportation. In 
2021, the U.S. Government Accountability Office released a report noting that updated regulations are 
needed to improve pipeline oversight and decommissioning: ~97 percent (18,000 miles) of decommissioned 
GoM pipelines have been left in place on the seafloor since the 1960s, and there is no funding for removal 
of these pipelines, even if there are later risks of a spill (GAO, 2021). �e risks of pipelines decommissioned 
in place include not only the oil and gas that remains, but the hazards for commercial fishing or navigation, 
movement of the pipelines, and interference of other uses of the outer continental shelf.

�e imprint of anthropogenic oil is evident on key components of the GoM ecosystem. A 2020 GOMRI 
study examining ~2,500 finfish from 359 Gulf-wide locations found evidence of oil exposure in every indi-
vidual examined, with especially high concentrations in the highly prized recreational or commercial species 
yellowfin tuna, golden tilefish, and red drum (Pulster et al., 2020). Organismal and community responses to 
oil impacts vary from species to species, with lethal or sublethal effects including growth inhibition, changes 
in group behavior, decreased swimming speeds, cardiac defects, reduced immune response, and high repro-
ductive failure rates (Murawski et al., 2021). Shallow ecosystems appear to have more resilience to oil effects 
than deep sea and mesopelagic systems (Halanych et al., 2021). At the landscape scale, large oil spills such 
as DWH can impact multiple species or ecosystems. For example, marshes provide important ecological 
services that can be impacted by oil spills, and may be further damaged by recovery efforts, exacerbating 
impacts and slowing recovery of restored marshes.62

61 Calculated from NOAA’s Office of Response and Restoration raw incident data (https://incidentnews.noaa.gov/raw/index).
62 See https://response.restoration.noaa.gov/sites/default/files/Oil_Spills_in_Marshes.pdf.

FIGURE 2.15. Oil drilling platforms in the Gulf of Mexico from 1942 to present. The size of the circle corresponds to the depth 
of the well, and the color corresponds to the year. SOURCES: https://www.ncei.noaa.gov/maps/gulf-data-atlas/atlas.ht-
m?plate=Offshore%20Structures; https://www.bsee.gov/sites/bsee.gov/�les/reports/shallow-water-report-01.pdf; http://www.
noia.org/wp-content/uploads/2016/08/Deepwater-Gulf-of-Mexico-Report-2014.pdf.
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�e GoM is also home to natural hydrocarbon seeps (ASM, 2019), which have existed long enough to be 
reflected in GoM phytoplankton and bacterial communities (D’souza et al., 2016). �ere is some evidence 
that, due to microbial roles in remediation, microbial communities that have evolved with natural seeps 
may help the GoM recover from manmade spills (Xu et al., 2018; ASM, 2019). It is possible that these natural 
hydrocarbon seeps have primed other organisms to be able to mitigate effects from oil, but that advantage 
may produce other potential fitness costs to the organism (Murawski et al., 2021). 

Oil and hazardous spills in the GoM are ongoing stressors—understanding of their effects is complicated by 
naturally occurring hydrocarbon seeps in this region. Because of the amount of oil activity in the Gulf, there 
are likely to be continuing impacts on organisms, communities, and habitats. NOAA’s Office of Response and 
Restoration tracks and records oil spills and other incidents. 

SUMMARY TABLE OF TRENDS AND THEIR IMPLICATIONS  
FOR RESTORATION DECISION-MAKING

Table 2.2 summarizes each of the background trends discussed in previous sections, the implications 
that each trend has for restoration decision making  and information needs. In addition, there are com-
ments on data availability and selected GoM resources noted for each of these background trends. �ese 
trends differ across the GoM, underscoring the importance of considering trends, desired outcomes, and 
the likelihood of restoration success in the context of the landscape in which restoration projects are imple-
mented. �is concept is more fully discussed in Chapter 3. 
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Chapter 3

Assessing Cumulative Effects of Restoration:
Current and Emerging Approaches

INTRODUCTION

It is challenging to assess the progress of ecological restoration against the backdrop of ongoing envi-
ronmental change and periodic acute events. Over 50 years ago, the National Environmental Policy Act of 
1969 (NEPA) offered one approach—considering the impacts of a project or multiple projects compared to a 
world without these efforts (the “no action alternative” or “future without project”). �is concept of a future 
without action can be applied to projects that have benefits—such as restoration—as well. �is method for 
environmental planning develops a future vision of “new” baseline conditions. 

Based on understanding of environmental trends (Chapter 2), the future GoM Coast will be substan-
tially different than it is today, with or without restoration actions. Restoration actions taken now will 
continue to affect the GoM coast, and environmental changes and interacting stressors have the potential 
to confound future assessments of the effectiveness of these restoration efforts (Hobbs and Norton, 1996; 
Manning et al., 2006; Palmer et al., 2016; Moreno-Mateos et al., 2020). Using projected “future without 
project” environmental condition as the appropriate baseline for comparison with a future that includes 
large-scale restoration efforts instead of today’s conditions, which are changing rapidly, can be quite valu-
able. Modeling related to this type of approach has started to occur in the GoM region (e.g., Meselhe et al., 
2022), but it is not widespread. 

Large-scale restoration in coastal watersheds such as parts of the Greater Everglades,1 the Louisiana 
Coast,2 Tampa Bay,3 Galveston Bay,4 Mobile Bay,5 and Mississippi Sound6 are very involved undertakings. 
As regional restoration actions like those associated with Deepwater Horizon (DWH) settlements grow in 
number and complexity, scientists and resource managers charged with restoring large ecosystems, includ-
ing those outside the Gulf (e.g., Allan et al., 2013; Ortiz et al., 2018), are finding that the cumulative impacts 
of multiple environmental stressors need to be considered when assessing restoration success. 

Restoration itself can also produce cumulative effects that interact with stressor impacts (Diefenderfer 
et al., 2021). Further, the effects of restoration may be beneficial, or undesirable and unplanned (Seddon et 
al., 2021). Failing to consider cumulative impacts of stressors may result in ecological surprises, which are 
the unanticipated behaviors of ecosystems. �e relative occurrence of ecological surprises can increase as 
an ecosystem’s capacity to absorb impacts diminishes (Paine et al., 1998; Filbee-Dexter et al., 2017). 

1 See https://www.nps.gov/ever/learn/nature/cerp.htm. 
2 See https://coastal.la.gov/our-plan/2017-coastal-master-plan/.
3 See https://tbep.org/. 
4 See https://gbep.texas.gov/.
5 See https://www.mobilebaynep.com/assets/pdf/FINAL-CCMP-11.25.2019.pdf.
6 See https://www.mdeq.ms.gov/wp-content/uploads/2017/09/2016-Addendum-FINAL-10.31.2016.pdf. 
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As watershed and estuary-scale restoration efforts have matured, the cumulative benefits of multiple 
restoration efforts of diverse types have helped to counteract the negative impacts of multiple stressors 
(CERP, 2014; Côté et al., 2016; Diefenderfer et al., 2016; Beck et al., 2019). Restoration and management 
strategies have traditionally focused on singular objectives like improving water quality or preventing ero-
sion on a local or site-specific scale (Daoust et al., 2014). It is now understood that achieving multiple res-
toration objectives such as improving ecosystem structure and function, and diversifying and maximizing 
ecosystem services, needs a systematic and multidisciplinary approach (Diefenderfer et al., 2003; More-
no-Mateos and Comin, 2010; �om et al., 2011; Neeson et al., 2015; Gann et al., 2019; Hodgson et al., 2019).

Since the passage of NEPA, the term “cumulative effects” has generally been defined as the collective 
impact of past, present, and future human activities on the environment (Spaling and Smit, 1993). �e defi-
nition typically has a negative connotation because of a history of research documenting interacting hu-
man-related stressors and greatly declining ecosystem function (Luoma et al., 2001; Lotze et al., 2006; Dar-
ling and Côté, 2008; Halpern et al., 2015). 

However, the concept of the cumulative effects of restoration (see Box 3.1) has a positive connotation, 
in that the collective impacts of multiple activities may contribute to a net positive change in ecosystem 
form or function. �e approaches to evaluating the cumulative effects of large-scale restoration that have 
been tried include spatial analysis of big data, specialized indices, and lines of evidence (Diefenderfer et al., 
2016; Raposa et al., 2018; Beck et al., 2019). Large-scale restoration efforts, consisting of formal or coordi-
nated projects, have invented methods according to their goals and objectives and have been guided by the 
attributes of specific places envisioned for restoration (Koninsky et al., 2006; Allan et al., 2013; Achete et al., 
2017; ; NASEM, 2021). Overall, there is a lack of consensus about a standardized approach to evaluating 
cumulative effects of restoration, although calls for developing such an approach are evident (Love et al., 
2017; Jones et al., 2018; Fischer et al., 2021).

On the Gulf Coast, for example, after the DWH oil spill, extensive stakeholder engagement in the GOM 
identified appropriate aims for the use of settlement funds (Mabus, 2010; Walker et al., 2012). Much of the 
focus of Gulf Coast environmental restoration to date is on taking an ecosystem approach to the recovery 
of habitat conditions and associated species (DWH NRDA Trustees, 2016; Gulf Coast Ecosystem Resto-
ration Council, 2016; National Fish and Wildlife Foundation, 2020). In other regions with similar aims, 
ecosystem restoration activities have also included intentionally facilitating the synergistic interactions of 
species (Halpern et al., 2007; Eger et al., 2020) or habitats (Sobocinski and Latour, 2015). Such holistic 
approaches present opportunities to achieve cumulative effects larger than the sum of the parts (i.e., syner-
gistic effects). Many cumulative effects of environmental management are unplanned and/or uncontrolled 
(Filbee-Dexter et al., 2017), and in the worst case have negative outcomes relative to managers’ aims for 
improved functions benefitting species and ecosystems. In some cases, negative outcomes may be addressed 
with well-coordinated adaptive management involving program managers, restoration practitioners, and 
research scientists (Wilber and Bass, 1998; Littles et al., 2022). 

BOX 3.1  
De�nition of Cumulative Effects

Cumulative effects of restoration, as de�ned in this report, are the collective additive, synergistic, and antagonis-
tic effects of all restoration activities that occur within a setting de�ned by common or connected characteristics of 
hydrology, geomorphology, ecology, ecological function, and biodiversity. Assessment of the cumulative effects 
of restoration may occur at various geographic scales such as a wetland complex, bay, estuary, watershed, or 
the Gulf Coast itself. The scale of assessment may also be de�ned by speci�c interests in the outcomes, such as 
ecosystem processes (e.g., sedimentation), biodiversity or speci�c organisms (e.g., oysters), performance targets 
(e.g., water quality), type of restored system (e.g., wetland restoration), political or community boundaries (e.g., 
state boundaries), or type of restoration method (e.g., living shorelines).
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Approaches to assessing “cause and effect” between multiple restoration and associated management 
actions and their outcomes at the ecosystem-scale and larger are the subject of the remainder of this chap-
ter. Recognizing that assessment resources are limited, for instances where relatively few and/or discon-
nected projects are being implemented in a given area (thus increasing the likelihood of the restoration 
signal being lost in the noise of background stressors), or in cases of restoration especially geared toward 
learning and experimentation (e.g., pilot projects), the evaluation of cumulative effects may be less import-
ant. For all other restoration, the approaches are described in this chapter, which includes:

•	 a detailed overview of antagonistic and synergistic effects of restoration actions,
•	 a description of modes and pathways of several types of cumulative effects,
•	 the use of hypotheses summarized by ecosystem conceptual models,
•	 an introduction to multiple lines of evidence and causal criteria frameworks and in turn, a descrip-

tion of the various tools needed to develop multiple lines of evidence,
•	 reflections on restoration planning and endpoints, including constraints, and
•	 a case-study discussion of cumulative effects assessment in the annually occurring GoM hypoxic zone.

ANTAGONISM AND SYNERGISM IN RESTORATION EFFORTS

Diverse pressures in estuarine and coastal waters, both natural and anthropogenic, can generate 
multiple stresses on ecosystem structure and function (O’Gorman et al., 2012). �e effect of those multi-
ple stressors can be additive (equal to the sum of their individual effects), synergistic (greater than the sum 
of their individual effects), or antagonistic (less than the sum of their individual effects) (Breitburg and 
Riedel, 2005). Antagonistic, additive, and synergistic stressors may also be judged to be either beneficial or 
detrimental relative to program goals and objectives (Piggott et al., 2015, Côté et al., 2016). �e cumula-
tive effects of restoration efforts may also be additive, synergistic, or antagonistic (Box 3.1) and similarly 
judged beneficial or detrimental depending on program goals and objectives. 

�e idea of synergistic and antagonistic effects of multiple stressors in ecological systems and eco-
system management is well established. For example, Crain et al. (2008) synthesized 171 studies that 
manipulated two or more stressors in marine and coastal systems and concluded that the more stressors 
there were, the greater the need to account for complex interactions in both ecological studies and con-
servation actions. Teichert et al. (2016) evaluated the impact of nine stressor categories on fish ecology in 
90 estuaries and concluded that targeting mitigation of synergistic stressors needed to be a restoration 
priority. In their meta-analysis of multiple stressors on seagrasses, Stockbridge et al. (2020) emphasized 
that understanding and accurately predicting the complex nature of stressor interaction is important 
in conservation, concluding that the focus needs to be on mitigating those stressors where the greatest 
benefit is derived. 

Antagonistic interactions may be less common than synergies, and appear to be less understood or 
reported, but are equally relevant to habitat restoration as are more additive effects (Cóté et al., 2016). 
Understanding complex interactions at both species and community levels has been shown to enhance 
the effectiveness of restoration efforts in numerous habitats, from salt marshes to seagrass meadows to 
mangrove forests and coral reefs (Silliman et al., 2015; Renzi et al., 2019; Eger et al., 2020). Figure 3.1 
shows how such complex interactions could take place among common restoration communities of the 
Gulf Coast using nutrient input reduction as an example. �e figure further shows how external sources 
affecting the four restoration communities, many of which were discussed in Chapter 2, are often less 
controllable than stressors local to the communities.

As discussed in the remainder of this section, exploring how to make use of ecological synergies and 
avoid antagonistic interactions as part of restoration efforts could improve benefits and efficacy of their 
implementation. �is effort may also avoid costly ecological surprises following restoration investments. 
When assessing the impacts of synergistic or antagonistic effects of restoration activities, it is useful to 
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separately consider two different types of restoration that occur on vastly dissimilar spatial scales—the 
habitat and watershed. 

Coastal Habitat-Scale Synergism and Antagonism 

�e restoration of productive coastal nursery habitats such as oyster reefs, salt marshes, and seagrass 
meadows commonly occurs. Such restoration, however, remains experimental relative to local acute and 
chronic inputs (Figure 3.1) and still carries a risk of failure. Here the scale is many orders of magnitude 
less than that of entire watersheds, likely on the order of square meters to several hectares. �ere is accu-
mulating evidence that locating nursery habitats

in close proximity to one another may positively enhance secondary productivity relative to similar 
habitats restored at greater distances. �is has been documented most clearly for fish, shrimp, and crabs, 
which, because of their commercial importance, have been frequently studied.

One early example is the enhanced biomass of such species in seagrass meadows adjacent to North 
Carolina salt marshes (Irlandi and Crawford, 1997), but a number of other examples in different locations 
also exist (e.g., Berkstrom et al., 2012; Sobocinski and Latour, 2015; Olson et al., 2019). To understand 
how this can occur, Gilby et al. (2018) and others have shown that many fish move daily, or with tidal 
cycles, between coastal nursery habitats such as marshes, mangroves, seagrasses, and reefs (cf. Bostrom 
et al., 2011; Potter et al., 2015; ; Olds et al., 2018). �e degree to which adjacent habitats can enhance pro-
ductivity is affected by the length of time in which the habitats become dry during ebb tides (Grabowski 
et al. 2005; Peterson et al., 2003). It is also known that better connected ecosystems often support more 
fish than those that are isolated (Nagelkerken et al., 2015; Olds et al., 2018; Gilby et al., 2021) (Figure 3.2). 

However, restoring habitats in close proximity could result in functional redundancy such that the 
combined nursery habitat benefits sum to less than those expected of the two separate habitats (Geraldi et 
al., 2009; McDonald et al., 2016). To resolve this issue, focused critical uncertainties research would be need-

FIGURE 3.1. Chronic and acute inputs, restoration communities, and synergistic and antagonistic interactions. A box and 
arrow diagram showing likely and potential interactions, both synergistic (+) and antagonistic (–) between commonly used 
restoration communities (shown as �ve light green boxes) and two categories of inputs to these communities (Chronic and 
Acute). Some common antagonistic and synergistic interactions among restoration communities are also indicated. The diagram 
indicates important effects occurring in restoration communities from both external and often less controllable sources, as well as 
from interactions among restoration types. WWTP refers to wastewater treatment plants; H20 refers to water loads; SLR refers to 
sea level rise; SAV refers to submerged aquatic vegetation; HABs refers to harmful algal blooms. 
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ed. Functional redundancy is an example of antagonism because each hectare restored would produce less 
than the last. At present, there is more evidence for synergistic than antagonistic effects of adjacent nursery 
habitats. However, the extent to which synergism or functional redundancy occurs in adjacent nursery 
habitats, whether natural or restored, is a topic requiring more study and one with broad implications for 
developing the spatial arrangement of restored coastal habitats (Barnett and Belote, 2021). 

�e potential for synergistic or antagonistic interactions has implications for designing the spatial con-
figuration of large habitat restoration projects or suites of projects. Even without considering biological ef-
fects, hydrology itself is characterized by nonlinear processes (Allan, 2004). For restoration, this is expressed 
by examples such as the synergistic effects of dike breaching on floodplain hydrology and consequences of 
the spatial position of dike breaches along the tidal–fluvial gradient, shown by Diefenderfer et al. (2012). As 
the spatial arrangement of restoration sites is increasingly being considered under planning processes for 
environmental management (Lin and Kleiss, 2007; Gilby et al., 2018; Lester et al., 2020), rigorous testing of 
the effects of different spatial combinations of nursery habitat restoration and those in the Gulf’s different 
tidal regimes is now possible. 

Estuary- and Watershed-Scale Synergism and Antagonism

Watershed alterations at very large scales can be expected to produce a huge number of both direct 
and indirect effects. Alterations of freshwater flow are one type of watershed alteration that can al-
ter salinity regimes, nutrient delivery, water clarities, and sediment deposition rates and produce many 
changes in the receiving waters and their ecologies (Dorado et al., 2015; Carle et al., 2020). �is type of 
watershed alteration has been proposed in Louisiana as a means of delivering sediments to rapidly erod-
ing coastal wetlands, aiming to delay the loss of productive wetlands to sea level rise and land subsidence. 
Many additional changes occur as the diverted freshwater alters salinities, temperature, and other water 

FIGURE 3.2. Example of synergism in coastal restoration. Fish move among complex habitats such as seagrass meadows and 
salt marshes in coastal seascapes (dark grey arrows). By restoring these habitats in close proximity to one another we might 
improve the habitat values, productivity and the carrying capacity of coastal seascapes for �sh and �sheries (light grey arrows 
and circles). Symbols courtesy of the Integration and Application Network, ian.umces.edu/symbols. SOURCE: after Gilby et al., 
2018, Figure 4.
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quality parameters at both the origin and the destination of re-routed waters, with potentially cascading 
changes for the functioning of resident flora and fauna (Figure 3.3). 

Also at the watershed scale, reducing nutrient inputs via upgrades to wastewater treatment facilities 
and better control of non-point-source inputs from agriculture and urban landscapes can produce large 
changes in downstream environments by reducing algal productivity and increasing water clarity, which 
can facilitate the increase of submerged vegetation and its rich floral and faunal associates (Figure 3.3). 
As described in Chapter 4, documented examples of large-scale restoration with these types of water 
quality and habitat goals include Tampa and Sarasota Bays, Florida, and Galveston Bay, Texas, where 
reducing nutrient inputs led to increased light availability and seagrass extent. In these Gulf examples, 
multiple nutrient reduction projects implemented over several decades are associated with decreased 
algae concentrations (as measured by chlorophyll a concentration), increased water clarity, and resulting 
increases in seagrass acreage. Furthermore, net-beneficial interactions between nutrient reduction proj-
ects and habitat restoration projects were documented in Tampa Bay (Beck et al., 2019).

Although improved conditions associated with implementation of multiple restoration efforts have 
been observed for some examples at the estuary/watershed scale as described above, no documented 
examples of antagonistic and/or synergistic effects that may have contributed toward observed improve-
ments in estuary-wide conditions in the GoM were identified. Restoration and management programs 
that were initiated years ago were not typically designed to detect synergistic or antagonistic effects, 
resulting in an information and data gap. At the project scale, monitoring and reporting key parameters 
using comparable methods would allow combining monitoring data for larger-scale analysis (for param-
eters, see, e.g., NASEM, 2017; DWH NRDA Trustees, 2019; Gulf Coast Ecosystem Restoration Council, 
2021a). 

ASSESSING THE CUMULATIVE EFFECTS OF RESTORATION

Why are cumulative effects of large-scale restoration efforts so difficult to measure and quantify? 
Key factors include how the magnitude of changes compares to the sensitivity of the detection method as 
well as how biological and environmental conditions can dampen outcomes (CEQ, 1997). In their recent 
paper on advancing understanding of the cumulative effects of large-scale restoration, Diefenderfer et al. 
(2021) provide a framework for assessing landscape/ estuary-scale restoration progress despite inherent 
challenges to detecting them—and, in the process, provide an approach to also improve ecosystem out-
comes beyond what might have been possible to achieve with independent, site-scale projects. To develop 
their cumulative effects framework, the authors modified the traditional stressor-based framework of 
characterizing cumulative effects discussed previously (Chapter 1) (CEQ, 1997) to identify cumulative 
restoration benefits. �is committee has modified their work with examples from the GoM (Table 3.1). 

Modes of Cumulative Effects: Systemic, Spatial, and Temporal Effects

Table 3.1 presents the systemic, spatial, and temporal “modes” of cumulative effects, which categorize 
the general ways cumulative effects are expressed in ecosystems and is based on Diefenderfer et al. (2021) 
and modified with examples from the GoM. �is table also includes the various “pathways” associated with 
each mode. More specifically, the main modes are as follows:

•	 Systemic Cumulative Effects. �e systemic approach to realizing cumulative effect benefits in 
large-scale restoration includes three means of accruing ecological benefits identified in the ecolog-
ical literature: compounding or cascading; triggers and thresholds; and indirect effects. 

•	 Spatial Cumulative Effects. Spatial approaches recognize changing spatial patterns of populations, 
ecosystems, and landscapes, and the cross-boundary and space crowding effects often present in 
complex systems and influencing habitat restoration for threatened and endangered species. 
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FIGURE 3.3. A logic-�ow diagram summarizing �ve altered effect pathways associated with enhanced freshwater in�ows to 
Gulf estuaries. See Box 3.2 for a detailed explanation of each pathway.  
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BOX 3.2  
DESCRIPTION OF PATHWAYS IN FIGURE 3.3 

The altered effect pathways in Figure 3.3 include the following: (1) sediment in�ows, (2) nutrient in�ows, (3) 
O2 dynamics, (4) oyster community responses, and (5) �n�sh responses. The dark arrows connecting boxes in 
each vertical sequence represent primary expected effects. The blue and red arrows indicate synergistic and 
antagonistic effects, respectively. Note also that some feedback effects operate between altered vertical path-
ways indicating possible and complex system level responses to changing conditions such as freshwater in�ow 
rates. Abbreviations include N (nitrogen), P (phosphorus), SAV (submerged aquatic vegetation), DO (dissolved 
oxygen), and 2° Prod (secondary production). This diagram is not all-encompassing and does not include all 
possible logic-�ow relationships when considering synergistic and antagonistic effects.

From each effects category, a sequence of cause–effect relationships leads to ecological consequences. For 
example, one sequence of effects of enhanced freshwater �ow indicates increased nutrient availability, leading 
to increased algal-induced turbidity, less submerged aquatic vegetation (SAV) production, less secondary produc-
tion associated with diminished SAV community health and, ultimately, reduced �sheries production. Each fresh-
water �ow effect category has a cause–effect chain leading to ecological consequences. Each effect cascade is 
brie�y described below.

Altered Sediment Flow Chain: More sediment associated with enhanced freshwater �ows is shown as in-
creasing subtidal land areas that later support increased areas of emergent wetlands. These metabolically active 
communities act as strong sinks for nutrients (N, nitrogen; P, phosphorus) and sediments. Continued sediment 
additions lead, in turn, to increased wetland habitat, other secondary ecosystem services bene�ts and, �nally, 
to enhanced storm protection. In addition, several positive feedbacks indicate wetland size being enhanced as 
wetlands continue to grow. A negative feedback is shown interacting with the nutrient pathway, where excess N 
and P associated with freshwater �ows can be sequestered in existing and expanding wetlands. Note: although 
not shown in this diagram, autochthonous organic matter production may also contribute to marsh sediment 
accretion, some sediments may accumulate into channels and be removed via dredging, and enhanced turbidity 
could suppress primary production. 

 Nutrient and Dissolved Oxygen Chains: Enhanced nutrient effects are shown as promoting algal growth 
and water column turbidity and, in turn, stressing SAV growth and maintenance. This affects the secondary 
production associated with healthy SAV communities, eventually leading to less SAV-related �sheries production. 
There are several feedbacks within this chain and with other chains suggesting the general importance of SAV 
communities in the shallow waters of the Gulf. Speci�cally, as SAV-related production declines, less nutrient 
buffering is available and more nutrients become available, leading to increased stress on SAV communities 
via water column turbidity increases. Two additional nutrient stress pathways are shown impacting SAV, coming 
from the oxygen and oyster logic chains, and are related to hypoxia in�uences on nutrient removal processes. 
Speci�cally, less �ltration of algal particles by depressed oyster stock occurs along with reduced denitri�cation 
rates because of hypoxia-suppressed nitri�cation rates. 

Altered Oyster and Fish Chains: In these chains, salinity regimes are shown as altered by changes in 
freshwater �ows that produce stressful conditions through salinity extremes on resident �n�sh and oyster commu-
nities. One or both are shown as causing oyster mortalities and loss of �sh nursery areas. In the oyster chain, 
increased mortalities result in several effects, one being less nutrient and sediment removal via oyster �ltration 
(and enhanced nutrient feedback to the nutrient chain) and the other being reduced oyster harvests and habitat 
availability. The impact of reduced nursery area translates into higher larval and fry mortalities and, eventually, 
into reduced commercial and recreational catches and associated social and economic bene�ts.

Additional logic chains could be added to show both positive and negative effects of increased nutrient additions 
on pelagic and benthic �sh production. 
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•	 Temporal Cumulative Effects. Temporality is built into accruing cumulative restoration benefits 
following restorative actions intended to catalyze natural processes to advance restoration, recog-
nizing time lags and/or the opposite, time crowding, will occur. 

�is table can be used for a variety of purposes, such as considering all pathways by which long-term 
trends, acute events, and stressors may affect a restoration project or projects—and in turn also considering 
how multiple restoration efforts will affect each other via one of these pathways. 

In�uence of Hot Spots, Hot Moments, and  
Ecosystem Control Points on Cumulative Effects

Given the importance of spatial patterns and temporal dynamics in affecting the cumulative effects of 
restoration (Table 3.1), the concept of hot spots and hot moments (HSHMs) is also relevant for cumulative 
effects assessment. �is concept was originally proposed by McClain et al. (2003),who described spikes in 
rates and reactions in elemental cycling in biogeochemical processes, such as denitrification process (Groff-
man et al., 2009), over space (hot spots) and time (hot moments). �e applications of HSHMs in the field of 
ecosystem restoration to date have been limited even though HSHMs provide an opportunity to increase 
the benefits gained through restoration projects and programs; this is because the potential returns of all 
locations are not equal in light of events such as natural disasters (e.g., hurricanes).

�e HSHM concept was used by Kannenberg et al. (2020) who found hot moments in ecosystems’ gross 
primary production (GPP) constituted a significant percentage (up to 12 percent of the annual budget) of 
carbon (C) assimilation. HSHM dynamics occur along coastal interfaces, including the Gulf Coast, and have 
the potential to accelerate—or conversely limit—process-based cumulative effects (e.g., biogeochemical re-
action rates, carbon storage, decomposition) of restoration (Ward et al., 2020). �e “blue carbon” or global 
carbon sink functions of mangroves, salt marshes and seagrasses are thereby modified by HSHMs (Bertram 
et al., 2021). Bernhardt et al. (2017), acknowledging that spatial and temporal aspects of spots and moments 
almost always co-occur, developed the concept of ecosystem control points. �e use of HSHMs and eco-
system control points for evaluation of post-DWH restoration of the GoM coast offers an opportunity for 
synergistic knowledge development. �eir applicability is supported by observations to date of stressor 
effects in Chesapeake Bay and hypoxia (both discussed below). See Table 3.2 for a short description of hot 
spots and hot moments and related GoM examples.

Because all three previously identified modes of cumulative effects (Table 3.1) may occur simultaneous-
ly, this committee introduces here a new mode of cumulative effects:

•	 Spatiotemporal-Topological Cumulative Effects. �e spatiotemporal-topological approach ac-
cepts that systemic, spatial, and temporal cumulative effects modes can and perhaps often occur 
simultaneously, as illustrated by three modes through which they are expressed: hot spots (i.e., places 
with anomalous ecosystem functions), hot moments (i.e., times of anomalous ecosystem functions, 
recurring or not), and ecosystem control points (combined “spot moments”).). �e topological refer-
ence refers to the spatial patterns of these hot spots and hot moments and ecosystem control points, 
and their adjacency or feedback effects across ecosystems (Bernhardt et al., 2017). Acute events 
(Chapter 2), while not synonymous with hot moments, may be causally linked to their expression.

In general, identifying HSHMs of ecosystem functions and services during the course of a restoration proj-
ect could provide important clues about the environmental or climate drivers or stressors associated with 
these temporary events (Kannenberg et al., 2020). 

�e four types of ecosystem control points or integrated spot moments that are particularly important 
to ecosystem dynamics, based on the biogeochemical topography of a landscape, are termed permanent, ac-
tivated, export, and transport (Bernhardt et al., 2017) (see Table 3.2 for short descriptions and GoM exam-
ples). A variety of models, from conceptual to machine learning models, can be implemented to understand 
the drivers of the control points.
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Measuring and/or monitoring these control points is likely to generate data necessary to improve mod-
el predictions for event timing and magnitude, allowing restoration planners and managers to take advan-
tage of beneficial outcomes and avoid deleterious effects. �e contribution of these HSHMs and ecosystem 
control points may not be trivial during the course of the restoration trajectory, and thus, they may need to 
be included while analyzing the effectiveness of restoration projects across the landscape/seascape (Kan-
nenberg et al., 2020). Further, developing a better understanding of the combination of drivers and stressors 
responsible for triggering HSHMs and ecosystem control points for a particular ecosystem could help to 
incorporate them in a predictive modeling framework for assessing the cumulative effect of restoration 
projects. HSHMs and control points can be used to help address risk in projects during cost-benefit or other 
aspects of planning.

In summary, control points and HSHM allow restoration planners to tailor plans with the aim of 
achieving beneficial cumulative effects while avoiding harmful ones. If they are ignored at the planning 
stage of restoration projects or programs, outcomes may differ by orders of magnitude from predictions 
(Petersen et al., 2008). Furthermore, understanding HSHMs is a foundation for the effective development of 
hypotheses and the design of monitoring systems to measure cumulative effects. HSHM and control points, 
while localized, can also have landscape-scale effects and measurable signals in their vicinity can over-
whelm background-level annual averages over much larger areas. Awareness of HSHMs and considering 
them in planning efforts can also assist with avoiding ecological surprises. 

TABLE 3.2.  Conceptual Application of the HSHM and Ecosystem Control Points Paradigms to Disturbance Processes, Stressors, 
and Restoration on the GoM Coast

Cumulative  
Pathway 

Short Description 
Gulf Coast Natural 
Disturbance  
Process Examples

Gulf Coast  
Anthropogenic 
Stressor

Gulf Coast  
Restoration  
Examples

Hot spots Spatial, “patchy”
Kannenberg et al. (2020)

Marsh dieback, windfalls, 
marsh fires

Fluid withdrawal for 
hydrocarbon causes 
subsidence hotpots and 
inundation hotspots, 
marsh fires

Marsh creation, 
landbridge and barrier 
island restoration

Hot moments Temporal, “flashy”
Kannenberg et al. (2020)

Riverine floods, 
hurricane related wind, 
precipitation, and storm 
surges, marsh fires

Bonnet Carré release 
into MS Sound, COVID 
lockdown (anthropause) 
effect on water quality, 
marsh fires

Peak freshwater flow 
through manmade 
diversions and siphons 
delivered to marshes

Permanent ecosystem 
control points 

Sustained high 
biogeochemical rates 
relative to landscape

Describes all tidal wetland 
channels

Freshwater withdrawal 
from rivers limiting 
freshwater contributions 
to the coast

Shoreline stabilization

Activated ecosystem 
control points

High transformation 
rates when conditions are 
optimized

�e receiving area of 
freshwater floods

Denitrification accelerates 
as a result of warming 
temperatures

Oyster reef restoration, 
species-specific habitat 
creation (e.g., ponding)

Export ecosystem 
control points

High accumulation 
capacity, with threshold 
for high export

Natural crevasses of the 
river

Failure of retention 
systems releasing nutrient 
or harmful compounds 
(Okeechobee)

Manmade river diversions 
at the source

Transport ecosystem 
control points

High transport 
capacity contributes 
disproportionately

River-borne sediments 
contribute to marsh

Marine-derived sediment 
and nutrient deposition

Excess nutrients can stress 
marsh health, climate-
change driven salt-water 
intrusion

Nutrient regulation 
through sewage treatment
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THE ROLE OF CONCEPTUAL MODELS IN DEVELOPING HYPOTHESES

�e ecological restoration literature includes many experiments conducted at small scales for the res-
toration of particular plant communities or the recovery of habitat for a species of interest (e.g., McDonald 
et al., 2016; Martin et al., 2021). However, relatively few coastal restoration projects are designed to test hy-
potheses or monitored long enough to do so (Waltham et al., 2021). Many restoration projects are initiated 
on the basis of a perceived shared understanding of what works, which may be based on unrelated locales 
or conditions. Systematic experimental restoration with replication is lacking (Howe and Martínez-Garza, 
2014). In large-scale public restoration, modeling alternative restoration actions often substitutes for on-
the-ground experimentation (Diefenderfer et al., 2012; Buenau et al., 2014). 

�e aim of evaluating progress resulting from large-scale ecosystem restoration is to determine wheth-
er, relative to chronic background trends and acute events (discussed in Chapter 2), the cumulative resto-
ration effects are on track to meet goals or not. If they are not, the inevitable question is, “Why not?” To 
help inform adaptive management of the trajectory, it can be valuable to consult the conceptual model that 
guided restoration design. 

Conceptual Models

Conceptual models are graphical representations of interrelationships between drivers, pressures, 
stressors, restoration actions, and ecosystem response, based on one or a series of hypotheses (Suter, 1999; 
Gentile et al., 2001). �ey are often used to represent understanding of the current and future states of the 
ecosystem, which are crucial for determining restoration project priorities and assessing future projections. 
Preparing a conceptual model can enhance understanding of the current state of the ecosystem and raise 
questions about underlying assumptions. �e initial understanding of the ecosystem at the time of the res-
toration design will subsequently be tested by restoration actions (Brudvig and Catano, 2021). 

�e use of conceptual models is in longstanding practice in environmental management and was pre-
viously recommended for effective post-DWH GoM monitoring (NASEM, 2017). �e DWH NRDA MAM 
Manual provides guidance on the use of conceptual models at the project level (DWH NRDA Trustees, 
2019). �eir applicability to evaluation of cumulative effects of large-scale restoration bears emphasis here. 
For example, the model in Figure 3.1 represents current expectations for potential synergistic and antag-
onistic effects to occur as a result of interactions among habitats being restored—knowledge that may be 
tested by future studies and assessment of the effectiveness of future actions. Aronson et al. (2017) posit that 
expanding restoration to the landscape scale needs conceptual tools that consider not just ecological pro-
cesses, but also policy and management activities that could either support or hinder the realization of res-
toration goals. �e experience of coastal and estuarine systems with restoration programs in progress indi-
cates the value of beginning simple modeling efforts—such as conceptual models—early on, before moving 
to more complex versions (Brudvig and Catano, 2021). More complexity is warranted when understanding 
based on related research programs, data availability from comprehensive monitoring, and management 
questions have developed and evolved. 

Conceptual models can help bridge the disconnect between a vision for restoration of a target species 
or geography and the reality of implementation that happens one project at a time across long periods of 
time (Fischenich, 2008; DiGennaro et al., 2012). Conceptual models are most helpful when developed in the 
early stages of a restoration project or program, by systematically listing all the active variables, drivers, 
and stressors within the broader ecosystem. As new monitoring data are collected at different stages of the 
project/program, refining the conceptual model may become necessary (Olander et al., 2018). 

Failure to achieve coastal restoration goals may occur for many reasons, including lack of understand-
ing of initial conditions, design flaws, implementation challenges, or unexpected environmental changes. 
For example, a recent synthesis for tidal marsh restoration found that tidal marsh restoration is still fun-
damentally an experimental activity that is unique to each site, without universal standards (Waltham et al., 
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2021). Key environmental stressors of geographic variation among salt marshes include seascape configu-
ration, the length of time where habitat is wet vs. dry, riverine input, salinity, sediment supply and geomor-
phology, climatic region, and vegetation composition (Ziegler et al., 2021). 

�e Disaster-Pressure State-Ecosystem Services-Response-Health conceptual model developed by San-
difer et al. (2017) assesses ecosystem services and human health outcomes in the GoM after disasters that 
produce large-scale ecosystem injuries. �e model connects disaster events (e.g., hurricanes, oil spills) to 
ecosystem pressure, states, services, and ultimately an array of responses. Conceptual models are also rec-
ommended for inclusion in all NRDA Monitoring and Adaptive Management Plans.7 However, O’Farrell et 
al. (2017) concluded that these conceptual models could be effectively used across ecosystems and projects, 
shared among restoration managers when prepared in a uniform framework. One such example of an 
explicit uniform framework is the Delta Regional Ecosystem Restoration Implementation Plan (DRERIP) 
which links a conceptual model to an action evaluation plan and a decision support tool (DiGennaro et al., 
2012). O’Farrell et al. (2017) also reviewed the current status of ecosystem-based fishery management mod-
eling efforts for the GoM and identified 45 models in six classes ranging from simple conceptual and quali-
tative models to models considering bottom-up and top-down interactions, whether biogeochemical based 
or coupled hydrodynamic and ecological model platforms. Other classes were extensions of single-spe-
cies models, dynamic multispecies models, and aggregated whole ecosystem models. Another example is, 
NOAA’s Gulf of Mexico Integrated Ecosystem Assessment program uses a simple conceptual framework to 
guide indicator development.8 At the estuary/watershed scale, Tampa Bay scientists and resource managers 
have adopted a nutrient management strategy based on a conceptual model linking required light levels for 
sustaining healthy seagrass meadows with chlorophyll a concentrations and nitrogen loading levels (Green-
ing et al., 2014; discussed further in Chapter 4). At regional and larger levels, the Chesapeake Bay Program 
and its partners have used conceptual models throughout the development and implementation of their ac-
tion plan to help guide research, project implementation and assessment of cumulative effects as discussed 
in the following section (Linker et al., 2002, 2013; Shenk et al., 2012, 2013). 

A potential tool for aiding the development of conceptual models is to develop a solid understanding 
of the restoration area by considering an ecohydrogeomorphic classification of the GoM. As described in 
Brinson (1993), classification simplifies the concept of a wetland or aquatic system, recognizing that while 
each potential area may be unique, they can also be placed into categories that share functional properties. 
�e result of reducing the apparent complexity allows for improved communication among researchers 
and managers. Ecohydrogeomorphic classes also clarify the relationship between ecosystem structure and 
function. �is allows for the comparison of systems with a set of common characteristics, but also acknowl-
edges that some cross-boundary cooperation will be needed to generate useful assessments. �ere are sev-
eral classifications in the GoM region that may be considered. For example, Pendleton et al. (2010) divided 
the U.S. Gulf Coast into eight regions, based on geomorphology, geology, and ecology. �e definition of 
ecoregions led by James Omernik (Omernik and Griffith, 2014) may be useful in classifying the impacts of 
watershed contributions in the Gulf Region, while various older studies which presented classifications 
of coastal systems may still contribute much to our understanding (Lugo and Snedaker, 1974; Odum and 
Copeland, 1972).

How Modeling Advanced Restoration of the Chesapeake Bay and Its Watershed

�e Chesapeake Bay Program focuses on nutrient load reductions, a compounding cumulative effect 
(Table 3.1), to eliminate a spectrum of eutrophication impacts (cross-boundary cumulative effects). During 
its over 35 years in operation, there have been substantial increases in population in the 64,000 mi2 water-
shed as well as many land-use changes, such as forest losses and increases in impermeable surfaces (Clune 

7 See https://www.gulfspillrestoration.noaa.gov/sites/default/files/2018_01_TC_MAM_Procedures_ Guidelines_Manu-
al_12-2017_508_c.pdf.
8 See https://www.integratedecosystemassessment.noaa.gov/regions/gulf-of-mexico.
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et al., 2021). Total nitrogen and total phosphorous loads have decreased by about 27 percent and 23 percent, 
respectively, during the last 25-year period (Testa et al., 2018). Reductions in atmospheric deposition of 
total nitrogen (Eshelman and Sabo, 2016) and substantial upgrades in wastewater treatment plant opera-
tions that removed both nitrogen and phosphorous have been responsible for much of these declines (Testa 
et al., 2018). As a result of load reductions, water quality conditions (e.g., nutrient and algal chlorophyll-a 
concentrations) have improved in many, but not all, areas of the estuary, hypoxic/anoxic conditions have 
decreased in size and persistence in Chesapeake Bay and large tributaries, and SAV communities have start-
ed to recover (Testa et al., 2018). Restoration experience in Chesapeake Bay indicates that estuarine water 
quality “memory” is short (seasons to years versus decades), nutrient load reductions exhibit the strongest 
effects close to load-reduction locations, and season and location are also important, with high-salinity 
areas responding to small load reductions during the nutrient-limited summer season. 

�e Chesapeake Bay Program uses a variety of models, from qualitative conceptual models to complex 
spatially explicit simulation models. Initial understanding of nutrient dynamics and estimates of needed 
load reductions for Chesapeake Bay were based on a sequence of relatively simple mass balance compu-
tations (Smullen et al., 1982; Nixon, 1987; Boynton et al., 1995), each having limited spatial resolution and 
accuracy, but utilizing improved understanding and better data sets with time (e.g., Lee et al., 2013). Initial 
coupled hydrodynamic–water quality models had limited spatial resolution and were flawed with regard to 
estuarine biogeochemistry (Hydroqual, 1981; D’Elia et al., 2003) but served to stimulate testing and guide 
improvements (e.g., Cerco and Cole, 1993; Brady et al., 2013). �e current Chesapeake Bay coupled hydro-
dynamic–water quality model now has considerable spatial detail and is used as a primary management 
tool in nutrient reduction efforts (Hood et al., 2021).

Although in a different region of the country, the management of the Chesapeake Bay Program, in-
cluding its scientific and political processes, has lessons and perspective for considering Gulf of Mexico 
restoration efforts, in part because of many situational similarities. �e program also covers multiple states 
sharing a common resource and includes many actors working together across political boundaries, in-
cluding with multiple state resource agencies and federal counterparts. Issues addressed by the program in 
common with the GoM are many and include water and sediment quality, habitat loss (especially oysters 
and seagrass), coastal development and fisheries disruptions, and of course, climate change. 

Further, while the Chesapeake Bay modeling effort is more mature than efforts in the Gulf of Mexico, 
significant contributions toward prioritizing restoration efforts are underway. For example, the genera-
tion of the Louisiana State Master Plan, which is updated once every 5 years, is dependent upon a complex 
modeling system which utilizes landscape modeling through an Integrated Compartment Model, surge and 
wave models, and risk models (White et al., 2017). 

�e Chesapeake Bay example suggests that value can be added by modeling early with conceptual and 
simple mass-balance models representing initial hypotheses about the ecosystem, then using those models 
as a framework for synthesizing data toward improved understanding, more comprehensive models and 
assessments, effective adaptive management decisions, and ultimately, measurable estuarine restoration. 
�is 35-year restoration effort adopted the idea of starting with initial analysis and modeling, adding com-
plexity as scientific understanding and management needs allowed and demanded (Linker et al., 2013). 

AN APPROACH FOR CONSIDERING THE CONSEQUENCES  
OF LARGE-SCALE RESTORATION 

Evaluating the effects of a restoration effort often involves one body of water or watershed, and is 
therefore unreplicable (Waltham et al., 2021). �is means that the usual design with which most ecologists 
and environmental scientists are familiar, an experiment with randomly allocated treatments and replica-
tion, is not possible (Howe and Martínez-Garza, 2014). However, this does not mean that rigorous analysis 
of system-wide restoration projects cannot be done, only that strict assignment of cause-and-effect cannot 
be made via standard methods of statistical analysis alone.
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To compensate for this inability to use traditional experimental designs, the lack of reference condi-
tions, the lack of replication, the difficulties in establishing causality and often the shortage of appropri-
ate data, Diefenderfer et al. (2011, 2016) proposed an evidence-based evaluation methodology that utilizes 
multiple lines of evidence and causal criteria. �ese methodologies have previously been used in biological 
risk assessment (Suter et al., 2002, 2010). Downes et al. (2002) recommended that causal criteria be used in 
ecosystem restoration, and they have since been used effectively in freshwater ecology (Norris et al., 2012; 
Webb et al., 2015). Although the methods have been in existence since their introduction for health research 
in the 1960s (U.S. Department of Health, Education, and Welfare, 1964; ; Hill, 1965), multidisciplinary ap-
plications like these are still expanding (Ludwig et al., 2010; Wickwire and Menzie, 2010).

Multiple Lines of Evidence

Multiple lines of evidence are intended to confer built-in redundancy, where each line of evidence func-
tions as an “umbrella” under which relevant analyses are collected for evaluation of key hypotheses. �e fol-
lowing discussion is built upon the lines of evidence proposed by Diefenderfer et al. (2016) for salmon-hab-
itat restoration and reconnection in the Columbia River estuary, which were intended to be “universally 
applicable to large-scale ecosystem restoration programs,” applied for the more general GoM purpose of 
recovering aquatic species through coastal habitat restoration (Table 3.3). �e organizing principle consists 
of seven general lines of evidence (Table 3.3, a–g), which are intended to encompass the typical kinds of 
indicators monitored to evaluate large-scale restoration effectiveness, and related analytical and modeling 
methods. As applied to large-scale ecosystem restoration, the lines of evidence, were intended to be used in 
synthesis of the composite data and analyses to help distinguish association from causation (Diefenderfer 
et al., 2016). A suite of monitored indicators and analyses is developed for each line of evidence to evaluate 
hypotheses represented in the conceptual model. 

�e Chesapeake Bay example, discussed previously, can be used to illustrate the concepts of multiple 
lines of evidence, causality, and thresholds. From the beginning of the Chesapeake Bay program in the 
1980s, extensive monitoring data analysis and various types of modeling, such as mass-balance models and 
large-scale numerical models, were undertaken. �ese tools were used to develop multiple lines of evidence 
which were able to determine that excess nutrients and eutrophication were responsible for extensive loss 
of seagrass beds and associated habitat. Initially, it was thought that excess phosphorus was responsible for 
the eutrophication, but further investigation showed that nitrate was a critical component as well, show-
ing the importance of understanding causality. Finally, it was demonstrated that the Chesapeake Bay had 
exhibited the characteristics of exceeding a threshold, when it flipped from a benthic-oriented system to a 
water column–dominated system.

In the Chesapeake Bay Program example, several specific lines of evidence came up. �ese include: 

•	 an emphasis on long-term monitoring in tidal and nontidal waters and from atmospheric sources 
(Table 3.3a) and of the landscape (Table 3.3g); 

•	 research aimed at improving understanding of issues related to water quality and habitat resto-
ration (Table 3.3e); and

•	 a coupled and evolving suite of models (Table 3.3b) designed for a number of purposes.

Together, these exemplars support the needed synthesis of diverse data sets to test and forecast effects of 
nutrient load reductions in a complex environmental environment (Linker et al., 2002, 2013). 

Causal Criteria 

�e problem of how to establish causality in coastal ecosystems is larger than statistical methods alone 
can resolve. Downes et al. (2002) suggested that restoration programs first define causal criteria and decide 
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Data Summary Analysis Synthesis Evaluation

Line of Evidence Monitored Indicators Analyses Causal Criteria †
Cumulative Effects 
Category ‡

(a) Research on critical 
ecological uncertainties 

Various Summarize advances 
in understanding 
cause-effect associations; 
iterative improvement of 
the conceptual model 

Plausibility, temporality, 
specificity, coherence, 
exposure pathway, 
predictive performance

Indirect, time lags, 
compounding

(b) Evidence-based review 
of the literature

Species presence, 
residence time, survival, 
prey availability, diet, 
stomach fullness, growth

Systematic global 
literature search, filtering, 
review, and scoring based 
on formal criteria

Strength and consistency, 
plausibility, specificity, 
analogy, coherence, 
predictive performance

Not applicable to 
cumulative effects

(c) Physics-based and 
ecosystem models

Water-surface elevation, 
particulate organic matter 
export

Hydrodynamic modeling 
of inundation patterns 
and particulate organic 
matter export

Strength and consistency, 
plausibility, gradient, 
temporality, coherence, 
exposure pathway

Space crowding, indirect, 
time lags, cross-boundary, 
nonlinear, compounding 

(d) Meta-analysis of 
restoration action 
effectiveness

Water-surface elevation, 
water temperature, 
sediment accretion, 
vegetation similarity, 
species presence 

Qualitative assessment 
of action-effectiveness 
studies in the restoration-
program; analysis of 
data from historically 
reconnected sites

Strength and consistency, 
gradient, specificity of 
association, coherence, 
predictive performance

Landscape, time lags

(e) Analysis of data and 
modeling of target species 

Presence, diet, stomach 
fullness

Comparative analysis 
of stomach contents; 
detections of migratory 
species

Plausibility, gradient, 
coherence, exposure 
pathway

Cross-boundary, indirect, 
compounding 

(f) Modeling of 
cumulative net ecosystem 
improvement

Prey, biomass production, 
prey and biomass export, 
area of habitat restored

Additive modeling of 
change in function, 
restored area, and 
probability of success

Plausibility, coherence, 
exposure pathway

Landscape, compounding

(g) Change analysis on the 
landscape setting

Forest cover, impervious 
surface

Remote-sensing data 
analysis of forest cover 
and urbanization change 
trajectories in watersheds 

Plausibility, coherence Landscape

TABLE 3.3.  Description of Seven Lines of Evidence for the Recovery of Aquatic Species through Habitat Restoration

† Causal criteria are described in the following section.
‡ See Tables 3.1 and 3.2.
SOURCES: Adapted from Diefenderfer et al. (2016). Included are associated analyses of monitored indicators, the causal criteria used for synthesis (Hill, 1965; 
Dorward-King et al., 2001), and the cumulative effects categories used for evaluation (CEQ, 1997). Causal criteria employed in the synthesis are defined and described 
in more detail in the following section.

how they will be examined and measured, and then review available literature for effects of human activity 
and extract the information needed to evaluate response variables using each of the causal criteria. Causal 
criteria are aspects of the associations between two variables (Hill, 1965). Factors to be considered when 
deciding whether an observed statistical association is causal include: 

•	 temporality (the effect follows the cause),
•	 strength of association (the magnitude of the effect),
•	 consistency of association (documented by multiple observers under various circumstances),
•	 dose–response relationships or biological gradient (gradient in the cause and response level),
•	 consistency of evidence through replication of findings and other knowledge,
•	 specificity of the association (limited to particular sites and/or effects), 
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•	 biologic plausibility (understanding of the mechanism),
•	 complete exposure pathway (the cause can reach the receptor), 
•	 coherence of evidence (lack of conflict between cause-and-effect interpretation and known facts), 
•	 experimentation (manipulation of the cause),
•	 analogy (comparison to similar systems),
•	 predictive performance (prediction of restoration outcomes), and 
•	 consideration of alternate explanations. 

Not every criterion needs to be satisfied. In fact, the only necessary criterion is temporality. A positive 
statistical association between an exposure and an outcome does not necessarily mean that the exposure 
is the cause of the outcome. Causality is more than a “link”; it is a demonstration that an exposure(s) (res-
toration method) is responsible for a specific outcome(s). For every exposure–outcome relationship, there 
will always be gradations of evidence and certainty, and observed links or associations can be due to many 
factors. Causal inference is not purely objective, and it always includes a subjective judgment of the degree 
to which the evidence satisfies each criterion, leading to the ultimate conclusion of the likelihood that a 
particular causal relationship exists.

Although the cumulative effects of GoM restoration are not amenable to classical statistical analysis 
because the coast itself or individual estuaries, bays, and watersheds are the experimental units and cannot 
be replicated, causal criteria may be used to help distinguish among potential causes of an observed change 
in the ecological system. �e aim of using causal criteria would be to separate the effects of acute environ-
mental events or chronic environmental trends from the collective actions by those implementing GoM 
restoration.

TOOLS FOR GATHERING MULTIPLE LINES OF EVIDENCE

�e following sections describe the types of tools that can be applied to collect data for, analyze, and 
model the multiple lines of evidence described in Table 3.3. Similar to the evaluation of the cumulative 
impacts of stressors on ecosystems across geographic scales (Hodgson and Halpern, 2018), multiple analyt-
ical methods are needed to encompass the complexities of the cumulative effects of ecosystem restoration 
(Diefenderfer et al., 2016). Many of these tools are in use by GoM restoration project and program man-
agers. Applications of each tool have the potential to produce results that contribute to evaluation of one 
or more lines of evidence. �is section will not cover study design methods standard to ecosystem resto-
ration—in particular the value of reference sites versus control sites, and before versus after data, which are 
described in Effective Monitoring to Evaluate Ecological Restoration in the Gulf of Mexico (NASEM, 2017). 

Research on Critical Ecological Uncertainties

Table 3.3 discusses the use of research to understand critical ecological uncertainties as a line of ev-
idence. As discussed in the Chesapeake Bay example, uncertainties are often acknowledged at the outset, 
during development of ecosystem conceptual models. �ey can also arise during project and program im-
plementation, especially when things go wrong or unexpected outcomes occur (Ebberts et al., 2018). Uncer-
tainties can be traced back to data collection and modeling methods, problems with geographically scaling 
knowledge, changes in trends monitored through time series, and lack of quantification of drivers and 
stressors (Brudvig and Catano, 2021). Any scientific method suitable to address research hypotheses falls 
into the category of critical ecological uncertainty research. One frequently used technique is bench or 
mesocosm-scale experiments, which contribute to restoration designs by isolating various factors in the 
ecosystem, revealing and quantifying relationships (Peralta et al., 2003; Fry et al., 2017). 

�e issue of how to assess the efficacy of a system-wide manipulation carried out without replication 
was considered by Carpenter (1993) in a review of his and colleagues’ manipulations of lakes. Carried 
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out over many years, nutrient inputs and predator population were manipulated to alter and understand 
whole-lake structure and function. �ey intended to discover whether lakes changed non-randomly after 
the manipulations, and whether the manipulations were responsible for any changes that occurred. Due to 
the lack of replication, standard statistical analysis could not be done so random assignment of treatments 
and alternative analyses had to be employed.

To test the first hypothesis that nonrandom changes occurred post-manipulations, Carpenter et al. 
(1989) used time series analyses to test whether observed changes were outside the limits historically re-
corded in the manipulated lakes. If non-random changes were detected, the second hypothesis was tested 
by comparisons with similar types of lakes and model outputs, and small-scale mesocosm experimentation 
was employed to collect data that allowed ecological interpretations to be made. Ultimately, knowledge 
gained from this work was able to be used to restore damaged lakes to their original conditions.

Evidence-Based Review of the Literature

Richard H. Norris built a meta-analysis framework, EcoEvidence, to assess environmental cause and 
effect around causal criteria with information synthesized from multiple publications (Norris et al., 2012; 
Webb et al., 2015). Several quantitative methods are incorporated in the method to more objectively assess 
published environmental research (Table 3.3). Scores are based on the quality of the study design and the 
number of all available published evidence concerning a given hypothesis. �e method has been applied to 
analyses of river flow alteration and effects on the biota from frequency, magnitude, and duration of flows 
(Greet et al., 2011; Webb et al., 2012). However, as in other evidence-based endeavors such as medicine, the 
need to integrate the results of such weighted evidence is “relentlessly situated and contextual” (Wieringa 
et al., 2017). Much the same argument could be made in regard to the spatiotemporally variable conditions 
of the GoM.

Physics-Based and Ecosystem Models

�ere are many physics-based and numerical models that can be useful in the development of a mod-
eling framework during restoration planning and implementation (Table 3.3). �is line of evidence can 
be expanded to include ecosystem models due to increasing development and use of model linkages across 
physical and biological regimes, such as understanding the potential for impacts from long-term environ-
mental trends, identifying possible synergistic and antagonistic stressors, quantifying cumulative effects, 
and facilitating cross-site comparative analysis. Linkages among natural resources are complex, even on 
small scales. Addressing these complex relationships is difficult, and even the most sophisticated modeling 
tools may need data that is not readily available in many areas. 

Physics-based models are mathematical representations of materials and energy flow through the 
ecosystem and are used to capture active physical processes within a large-scale domain (e.g., Jaiswal et 
al., 2020). Multiple parameters or variables are often involved, with interrelationships bounded by either 
empirical or mathematical submodels. Physical models such as hydrodynamic models (Hodges, 2014), sed-
iment and nutrient transport models (Flynn, 2001; Merritt et al., 2003), and water quality models (Moriasi 
et al., 2015) have been used to examine alternative coastal restoration project designs, sea level rise im-
pact on coastal ecosystems, water column characteristics, soil erosion potential and soil-water dynamics, 
movement of riverborne sediments, carbon flux dynamics in wetlands, and other hydrological and geo-
morphological processes (e.g., Burchard et al., 2006; Wassmann et al., 2006; Rogers et al., 2012; Passeri et 
al., 2015; Hiatt et al., 2018; Brown and Peavy, 2019; Leach et al., 2021). NOAA’s EcoFOCI (Ecosystems & 
Fisheries-Oceanography Coordinated Investigations) program is one example of a physical and biophys-
ical modeling effort that uses mathematical modeling to synthesize physical and biological data across an 
ecosystem (Dougherty et al., 2010). 
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Physics-based models can also be a useful tool for modeling active physical processes within a resto-
ration site at various stages of restoration activities, although they need a large amount of field or simulated 
data. Ecosystem models include complex interactions among ecosystem components (e.g., species, habitats), 
ecosystem processes (e.g., drivers, pressures, stressors), and ecosystem services (e.g., carbon sequestration, 
biomass, population) (see summary table 1 in O’Farrell et al., 2017; Geary et al., 2020). �e interrelation-
ships between various components and processes are either mathematically or empirically driven (Edwards, 
2001). A large amount of field and simulation data are needed to parametrize ecosystem models, which 
ultimately provide important clues regarding temporal trends in overall ecosystem conditions or services 
(Matear, 1995; Denman, 2003Peters and Okin, 2017). Integrated modeling can be used to bring together 
the potential elements of conceptual, physical, and population model results (U.S. EPA, 2008; Fulton, 2010; 
Laniak et al., 2013). 

�ese complex models are typically developed to help define and assess multiple impacts at larger 
spatial scales, including synergistic and antagonistic effects and background trends (Johnston et al., 2000, 
2017). As an example, community models that deal with spatiotemporal dynamics of biotic assemblies in re-
lation to underlying ecosystem or environmental processes are a combination of ecosystem and population 
models. �e Integrated Compartment Model mentioned previously is an example of a dynamic ecosystem 
model that simulates changes in wetland hydrology, species cover, and elevation along the Louisiana coast 
(de Mutsert et al., 2021). One of the challenges with ecosystem models is that scaling across the landscape 
can be problematic because of the amounts/variety of data needs of model parametrization. Without the 
availability of large amounts of field data, ecosystem modelers may have to spatially extrapolate the rela-
tionships established at a site, which can be prone to high uncertainty (Geary et al., 2020). 

Meta-Analysis of Restoration Action Effectiveness

In environmental sciences, many studies do not report the statistics needed for formal, quantitative 
meta-analysis (Table 3.3) of restoration efforts (Greet et al., 2011; Norris et al., 2012). In conducting a global 
meta-analysis of wetland restoration, researchers found only 70 studies in the scientific literature from 
1970 to 2010 with sufficient information, despite including estuarine, lacustrine, palustrine, and riverine 
wetlands (Meli et al., 2014). �e design of restoration experiments and hence the use of formal meta-anal-
ysis is further limited by the impossibility of finding true replicates in nature (Howe and Martínez-Garza, 
2014). 

Publication in scientific literature usually lags behind the timing needed to support ongoing deci-
sion-making in a given restoration program, which can prevent formal meta-analysis of published data 
from contributing when decisions are made (Diefenderfer et al., 2011). However, meta-analysis of interim 
reports produced by restoration projects has been done in other systems and was seen as valuable as a 
source of information for adaptive management and course correction (Diefenderfer et al., 2016). Hence, 
the term “meta-analysis” is used in this report to include the assessment of interim reports and data as well 
as for the traditional use of the published scientific literature. �e results of many GoM restoration projects 
to restore coastal nursery habitats such as oyster reefs, salt marshes, and seagrass meadows initiated after 
DWH are still underway or in the process of being analyzed, and in lieu of formal meta-analysis, a qualita-
tive meta-analysis of interim reports could be informative. 

As an example, reports developed during the initial phase of the multi-State/EPA Chesapeake Bay Pro-
gram (1978–1983), some of which were later transformed into peer-reviewed publications, played an im-
portant and timely role in designing portions of the current program. Reports by Heinle et al. (1980), for 
example, described some early water quality trends and made clear the need for a comprehensive and long-
term monitoring program and Stevenson et al. (1979) summarized knowledge concerning the causes and 
consequences of SAV declines in the bay and, again, indicated the need for long-term habitat monitoring 
and research. �us, gray literature—particularly rigorously reviewed federal reports—can be a very im-
portant resource for assessing restoration effectivness in the GoM. �e RESTORE Council funded Strategic 
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Conservation Assessment Tool (SCA)9 has developed a conservation planning inventory tool that could 
potentially serve as a repository for these types of assessments and reports. 

Analysis of Data and Modeling of Target Species

Often, habitat for threatened or endangered species are a focus of coastal restoration, and data on spe-
cies are collected accordingly, particularly intended to connect species recovery with habitat restoration. 
Depending on the target species, a wide variety of such data may be warranted, with associated analyses 
and modeling (Table 3.3). Population models, for example, are mechanistic models used to predict or sim-
ulate population dynamics of species within an ecosystem due to changes in habitat characteristics from a 
set of drivers and stressors. �ese models can also be used to analyze species vulnerability, movement, and 
individual traits. Since population dynamics are intricately linked to habitat characteristics, restoration 
projects can utilize population models to analyze improvement in ecosystem services in terms of species 
dynamics with a restored habitat. For example, a marsh restoration site can use a bird population model 
to examine the changes in species dynamics and individual traits before and after the restoration projects. 
Population models have been widely used in the GoM to project changes in plant or animal populations 
in response to types and severity of background trends, particularly in developing Gulf-wide or regional 
fisheries and endangered species management plans. Population models have also been used at smaller 
spatial scales to examine potential functional effects (such as changes in the level of primary and secondary 
productivity) associated with an oyster reef or seagrass bed restoration project.

�e accuracy and precision of population models depend on the quantity and quality of monitoring 
data collected on the species and understanding of critical factors driving population changes. NASEM 
(2017) linked the monitoring requirements for mobile species having large spatial ranges with monitoring 
requirements for cumulative effects beyond the project scale. �ey discussed inadvertent impacts of resto-
ration on wide-ranging species and how some types of restoration activities might produce harmful effects, 
and detailed monitoring methods to help restoration planners and wildlife managers minimize impacts and 
benefit these species.

Modeling Cumulative Net Ecosystem Improvement

As noted in Table 3.3, one line of evidence involves estimating whether and to what degree an eco-
system may or may not have improved due to an intervention like restoration. A brief overview of several 
models commonly used by agencies for habitat change is included in this section. �e calculation of cu-
mulative net ecosystem improvement (CNEI) is a recently introduced one such example. �is model was 
developed for ecosystems in the Pacific Northwest (Diefenderfer et al., 2016) and is based on the earlier Net 
Ecosystem Improvement Index (�om et al., 2005, 2011). Because this additive function considers multiple 
restoration efforts in a particular geographic area, it can be a useful tool for assessing the cumulative effects 
of multiple restoration projects relative to a specific target function. CNEI takes into account the project 
area, the number of restoration projects within that area, changes in ecological function, and the probabil-
ity of long-term restoration success. In this model, examples of changes in ecological function could be an 
outcome such as seagrass biomass or secondary production such as the density of juvenile invertebrates in 
a seagrass meadow. 

A strength of this model is that it can be used in any ecosystem (Diefenderfer et al., 2016). �e key de-
cisions are which metrics are most appropriate to use for assessing change in ecological function and the 
probability of success, based on known conditions and past responses to restoration actions. A suitable 
reference site and the ability to estimate success are also needed. �ere are techniques employing CNEI 
ideas that have been developed to objectively evaluate wetland functions in the northern GoM: the Wetland 
Value Assessment and the Hydrogeomorphic Approach, described below. For the most part, these are used 

9 See https://www.quest.fwrc.msstate.edu/sca-project.php.
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to evaluate the potential effects of restoration efforts, but could potentially be used as one “line of evidence” 
in an overall cumulative effects investigation.

Metrics that could be used include those already assessed for other restoration tools. For example, the 
Wetland Value Assessment was developed under the Coastal Wetlands Planning, Protection, and Resto-
ration program to determine the benefits of proposed wetland restoration projects. In this approach, hab-
itat quality and quantity are measured for baseline conditions. �en, “future without project” and “future 
with project” conditions are predicted, based on modeled data and/or the best professional judgement of 
the team. �is approach uses variables considered important to the suitability of a particular habitat type 
for supporting a diversity of fish and wildlife species. Each model consists of (1) a list of variables consid-
ered important for characterizing fish and wildlife habitat in a particular wetland type, (2) a suitability 
index graph for each variable, and (3) a mathematical formula that combines the suitability indices for each 
variable into a single value for wetland habitat quality. Modules exist for cypress-tupelo swamp, fresh/
intermediate marsh, brackish marsh, saline marsh barrier islands, barrier headlands, and coastal chenier/
ridge. �is methodology has been heavily used in Louisiana (Environmental Work Group, 2006).

Rather than focusing only on fish and wildlife functions of wetlands, the hydrogeomorphic approach 
seeks to evaluate the physical, chemical, and biological characteristics of wetlands. Model development be-
gins with the classification of the wetland system into regional wetland subclasses based on hydrogeomor-
phic factors (Brinson, 1993), followed by the creation of a functional profile that describes the characteris-
tics of the regional subclass, its functions, and the ecosystem and landscape attributes that influence each 
function. Reference wetlands are selected from a defined geographic area, assessment models are developed 
and the models are calibrated using the reference wetlands (Smith et al., 1995). Similar to the Wetland Value 
Assessment, the models produce a numerical value that is multiplied by area, though functions remain inde-
pendent, not summed. Although the hydrogeomorphic approach is not widely used due to its detail and data 
requirements, such models have been developed for several GoM wetland regional subclasses, including the 
Northwest GoM tidal fringe wetlands (Shafer et al., 2002) and tidal fringe wetlands along the Mississippi 
and Alabama Gulf Coast (Shafer et al., 2007), as well as numerous interim models for the wetlands in the 
vicinity of Galveston, Texas.

Both of these wetland evaluation techniques are designed for individual projects, not cumulative impact 
assessment, where the focus shifts from functions performed at the wetland scale to the larger watershed 
scale. However, the functional indices in the hydrogeomorphic models may be used in conjunction with oth-
er methods designed specifically to assess cumulative impacts, and its concepts have been used in other parts 
of the country, such as the assessment of several of the watersheds in southern California (Smith, 2003).

�e Biological Condition Gradient approach was developed by the U.S. Environmental Protection 
Agency (EPA) to define and communicate existing conditions of aquatic biological resources, in order to 
meet requirements of the U.S. Clean Water Act (Davies and Jackson, 2006; EPA, U.S., 2016), and has po-
tential for applications in estuarine, reef, and watershed restoration (Box 3.3). Originally applied to benthic 
stream organisms in the U.S. Northeast, the model estimates biological conditions at a site along a contin-
uum, from natural or undisturbed to severely altered by anthropogenic stress. Each level is defined by an 
empirically derived description that can be interpreted by experts and practitioners, regardless of location 
or habitat type (Cicchetti et al., 2017; ; Yee et al., 2020). Due to the consistent and structured steps defined 
in the model, this approach has been applied to different regions and ecosystems, including streams (Davies 
and Jackson, 2006), estuaries (Cicchetti et al., 2017), and coral reefs (Bradley et al., 2014).

Change Analysis on the Landscape Setting

Data-driven models, often referred to as machine learning (ML) or deep learning (DL) models, can be 
quite effective in teasing apart complex relationships among ecosystem drivers or stressors and response 
and identifying patterns among different datasets. However, their performance depends on the types and 
amounts of training data available from a site (Clark and Gelfand, 2006; Crisci et al., 2012; Goldstein and 
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Coco, 2015). Once these data-driven models are trained on a dataset comprising representative variables 
with a wide range and standard deviation, they can be used for long-term predictive modeling and mon-
itoring. �ey can also be scaled up to satellite data for large-scale mapping (Sejnowski, 2020; O’Connell et 
al., 2021). �ese types of data-centric, predictive models have become a valuable tool for the ecology and 
environmental science community in recent years (Hampton et al., 2013; Rammer and Seidl, 2019; O’Con-
nell et al., 2021). New refinement procedures are constantly being developed to improve their predictive 
ability and reduce overfitting problems, which is a common problem in these types of models when the 
model overperforms in the training phase and underperforms in the prediction phase (Willcock et al., 2018). 
One of them is ensemble modeling, for which several machine learning models are run, and their output is 
combined using a rule-based algorithm to produce the most accurate prediction (Sagi and Rokach, 2018). 

Machine learning models are predictive models based on computational algorithms that are trained 
with a large number of input variables (e.g., physical, chemical, biological, ecosystem data) to disentangle 
complex and nonlinear relationships (see reviews by Hampton et al., 2013; �essen, 2016). DL models often 
refer to a family of learning algorithms that use multiple hidden layers to build relationships for prediction, 
instead of using one established method to develop relationships among biophysical, biochemical, ecolog-
ical, and environmental datasets (�essen, 2016). Most ML/DL models are supervised learning algorithms 
that can use a variety of datasets from heterogeneous sources by compiling a large training dataset even 
without a set of hypotheses (Hampton et al., 2013; Rammer and Seidl, 2019). Similar to traditional or exist-
ing physics-based and ecosystem models (discussed above), ML/DL models need a large amount of training 
data, however, they allow a degree of heterogeneity in the way the data were collected and processed (Crisci 
et al., 2012; Vinuesa et al., 2020).�at brings a greater amount of flexibility to these new modeling tools 

BOX 3.3  
BIOLOGICAL CONDITION GRADIENT MODEL: EXAMPLES FROM TAMPA AND MOBILE BAYS

Applying the Biological Condition Gradient (BCG) model to estuarine and coastal areas relies on concepts 
that were originally developed for individual freshwater stream segments and necessitates a system-level view 
to address larger assessment scales. The BCG has been used to assess past and present conditions of coastal 
waterbodies and to develop numeric estuarine condition goals (Cicchetti et al., 2017). Examples of BCG use 
in the GoM include an estuary-wide habitat application in Tampa Bay (Cicchetti and Greening, 2011) and an 
ongoing effort in Mobile Bay to help guide the description of existing conditions of biological resources (Vittor, 
2014, 2019; MBNEP, 2019).

To test applicability at a regional scale, the BCG approach was applied to the mosaic of habitat types in Tampa 
Bay. Using 1900 as the minimally disturbed condition, a stressor–response relationship for intertidal and sub-
tidal biotopes was developed. The stressor was based on time as Tampa Bay became more developed, while 
response was characterized as estimated percentage change in habitat extent relative to 1900. This resulted in 
percent change from minimally disturbed areal extent for each habitat type and allowed translation into a BCG, 
thus supporting the use of the BCG approach to assist in developing restoration strategies in larger, more com-
plex systems (Cicchetti and Greening, 2011). 

The Mobile Bay National Estuary Program (MBNEP) underwent a multiyear process to develop environmental 
indicators to gauge progress toward meeting objectives and goals in its Comprehensive Conservation and Man-
agement Plan. As part of that effort, the MBNEP Science Advisory Committee developed a BCG framework that 
describes the existing biological condition of priority coastal habitats along a continuum of stress, as well as the 
ability of a habitat to provide ecosystem services. The conceptual framework for the BCG is based on the relative 
proportion of good, fair, and poor conditions for a watershed, sub-watershed, habitat type, or stream reach of 
interest. To test application of this approach, MBNEP is applying this BCG concept in the D’Olive Watershed 
Restoration program. MBNEP and partners intend to use the BCG for monitoring status and trends, communicat-
ing with the public, developing numeric criteria for condition, tracking management effectiveness, and informing 
coastal restoration efforts (MBNEP CCMP, 2018; Vittor, 2019).
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compared to the rest of the modeling tools discussed above, which utilize controlled datasets and extensive 
parametrization. �ese new-generation models are gradually being used and implemented across a variety 
of ecosystem assessment studies (Ryo et al., 2020). 

Data-driven modeling tools to assess cumulative effects of large-scale restoration projects need large 
amounts of data, whether field data, simulated data, climate data, other biophysical data, satellite-derived 
spatial or point data, or a combination of all data (Crisci et al., 2012; Goldstein and Coco, 2015; Vinuesa et 
al., 2020). Today’s world of big data, pervasive sensing, massive computing capacity, ML based on artificial 
intelligence (AI),, and DL create an opportunity to transform ecological modeling and large-scale ecosystem 
synthesis studies (Humphries et al., 2018). In recent years, there has also been a substantial expansion in 
federally funded ecological site network, which provide large heterogeneous datasets for such data-driv-
en models to be implemented. Some examples of such networks are AmeriFlux,10 Fluxnet,11 Long Term 
Ecological Research Network,12 National Ecological Observatory Network,13 Long-Term Agroecosystem 
Research network,14 Ecosystem Phenology Camera Network,15 and Global Lake Ecological Observatory 
Network.16 �ese data generation networks can support data-centric modeling at a larger scale—that is, 
watershed or estuary scale—however, their direct application to small restoration sites at a project scale 
could result in higher prediction uncertainty and entail new site-specific calibration and validation. In 
addition, many of these networks may not be currently available for Gulf sites, but these examples provide 
program managers with options for future data collection for their sites based on their program needs. For 
example, PhenoCam network provides system architecture, camera specifications, mounting instructions, 
and source code in an open-source manner for easy implementation at any site.15 

In addition, satellite remote sensing, drone-based remote sensing, and a wide array of environmental 
citizen science projects are generating tremendous amounts of spatial and point data at different scales 
(Corbane et al., 2015; Ridge et al., 2020). While some of these data types are available in an open-source 
manner, such as climate, biophysical, and satellite-derived datasets from federal agencies such as MERRA-2 
database from NASA’s Global Modeling and Assimilation Office17 or NASA Earth Data, others need to be 
collected at an appropriate spatiotemporal scale. In the GoM, big data sets for ocean and coastal waters are 
available from the Gulf of Mexico Coastal Observing Systems,18 which collects and archives thousands of 
data points from a variety of sensors each year. On a smaller scale, although it is still substantial relative to 
datasets for large-scale restoration across the United States, Louisiana has developed the Coastwide Refer-
ence Monitoring System,19 with 390 sites that collect data on the ecological condition of coastal wetlands. 

�ese data-driven models can be valuable to analyze cumulative effects across multiple restoration 
projects at a variety of scales, provided sufficient training data are available at the initial stages. Although 
these models have not yet been widely adapted by researchers and restoration managers for large-scale 
cumulative impact assessment in the GoM, they are increasingly popular for many types of ecosystem mon-
itoring and predictions in the past decade, including wetland biomass, primary production, species dynam-
ics, habitat suitability, and driver-response characterization studies (Michaels et al., 2019; Shiu et al., 2020; 
Ridge et al., 2020; Huang et al., 2021; O’Connell et al., 2021). 

�ere are some examples of ML- and DL-based ecosystem models that exist for the GoM for different 
types of ecosystems, physical parameters, and biota. One such example is the supervised machine learn-
ing by emergent self-organization map analysis model proposed by Engle and Brunner (2019) to analyze 

10 See https://ameriflux.lbl.gov/.
11 See https://fluxnet.org/.
12 See https://lternet.edu/.
13 See https://www.neonscience.org/.
14 See https://ltar.ars.usda.gov/.
15 See https://phenocam.sr.unh.edu/webcam/.
16 See https://gleon.org/.
17 See https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/.
18 See https://gcoos.org.
19 See https://lacoast.gov/crms/.
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geochemistry of water samples collected from oil and gas wells in the northern GoM. Shiu et al. (2020) 
proposed a deep neural network for automated detection of marine mammal species, which enhanced the 
accuracy of the detection by orders of magnitude when compared to other detection algorithms. Trifonova 
et al. (2019) tested a data-driven model, dynamic Bayesian network models, with different levels of structur-
al complexity and a varying number of hidden variables to predict ecosystem dynamics in GoM. �rough 
this model, they discovered meaningful interactions among ecosystem components and their environment 
and examined how climate perturbations affect these relationships. One caveat is that these AI-based ML/
DL models tend to indicate the correlation between ecosystem variables, not causation. One rapidly grow-
ing subfield in AI is explainable AI (xAI), which is used to decipher the complex output of ML models at 
various scales (Phillips et al., 2020; Ryo et al., 2021; Kakogeorgiou and Karantzalos, 2021). For example, Ryo 
et al. (2021) provide a summary of xAI tools available for ecologists for application in species distribution 
modeling at different scales. Explainable AI–based models using field datasets or remote sensing datasets is 
a rapidly growing field in ecosystem modeling and environmental monitoring.

 REFLECTIONS ON RESTORATION PLANNING AND ENDPOINTS

Ecosystem restoration is planned and carried out by various types of governmental, nongovernmental, 
and academic institutions which have differing constraints, and the focus has historically been on individual 
project sites, ecosystems, or species (Roman and Burdick, 2012; Clewell and Aronson, 2013). �e approach-
es to plan and evaluate large-scale restoration discussed above are not standard in the current restoration 
planning paradigm (Diefenderfer et al., 2021). Planning by the DWH funding entities required the invention 
of systems for both prioritizing restoration projects and evaluating their outcomes, with many projects 
proposed at ecoregional (e.g., Chenier Plain) or statewide coastal-zone scales—or focused on migratory 
or highly mobile species that also necessitate a broad view. Such post-DWH projects are implemented at 
a much larger scale than most restoration conducted anywhere previously and have the potential to be 
more cost-effective with good planning and management (Neeson et al., 2015). Landscape-scale restoration 
planning is the exception, not the rule, and in the continental United States is generally carried out by long-
term partnerships led by federal and state agencies at scales such as the Greater Florida Everglades, Mis-
souri River system, San Francisco Bay/Sacramento Delta, or Puget Sound (e.g., Fischenich et al., 2018). In 
contrast, DWH funds are available for a finite period with projects implemented in a decentralized manner 
across multiple administrative processes.

Applied Restoration Strategies for Landscape Stressor Constraints 

As discussed in Chapter 2, and seen in the acute and chronic inputs shown in Figure 3.1, stressors affect-
ing an ecosystem occur on a variety of spatial and temporal scales. �ese stressors (defined in Box 2.1) affect 
the physical and biological conditions that impact ecosystem structure and function (Groffman et al., 2004; 
Twilley et al., 2019). For example, changes in estuarine inflow can interfere with the sediment-trapping 
function of salt marsh plants, which in turn affects the physical condition, ecosystem structure, and function 
of the marsh. �e landscape processes affecting ecosystem structure and function can be estimated and then 
employed to approximate the relative degrees of stress and thereby prioritize areas for particularly benefi-
cial types of restoration actions (Diefenderfer et al., 2009; Roni et al., 2018). 

�e degree of stress in an ecosystem as well as the larger landscape in which it resides can be helpful for 
prioritizing of actions (NRC, 1992). Possible actions include, after �om et al. (2005):

•	 Restoration, which is the return of an ecosystem to a close approximation of its previously existing 
condition (NRC, 1992);

•	 Enhancement, which is any improvement of a structural or functional attribute (NRC, 1992);
•	 Preservation (or protection), which is the exclusion of activities that may negatively affect the system;
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•	 Conservation, which is the maintenance of biodiversity and natural ecosystem processes; and
•	 Creation, which is the development of an ecosystem that is historically not present in a given geo-

graphic area.

Depending on the degree of stress both at a site and in the landscape processes supporting ecosystem 
functions at the site, specific management actions can be recommended to maximize the probability of suc-
cess, as summarized in Table 3.4 (�om et al., 2005; Diefenderfer et al., 2009). For example, sites with low 
degrees of local (site-scale) and surrounding landscape stress are the best candidates for conservation and 
preservation. Restoration is suitable for sites with medium to high degrees of stress, provided that land-
scape-scale stressors are minimal or can be treated to minimize their impact on the recovering site. Sites 
with high degrees of local and landscape-scale stress are unlikely to benefit from full restoration and instead 
the prudent action would be to focus on enhancement or creation. 

Impairments at the landscape scale, which cannot be ameliorated, constrain restoration potential (NRC, 
1992) as well as the types of cumulative effects (Table 3.1) that may be seen post-restoration. Outcomes of 
the more active land- and water-management strategies (restore, enhance, and create) may interact with 
the conservation and preservation of resources in the vicinity. 

Constraints of Conventional Planning on Understanding Ecological Endpoints 

�e expectations for potential long-term and large-scale effects of restoration need to be tempered by 
real assessments. For example, since the passage of NEPA, environmental planning requires documenta-
tion including the no action alternative also known as the “future without project” or “without condition 
scenario” (see previous discussion). Specifically, this projected future baseline condition, accounting for the 
types of trends described in Chapter 2, allows for an assessment of the benefits specifically attributable to 
the project that are expected to accrue over the project lifespan and for completion of an incremental cost 
analysis comparing the cost of a project to the projected benefits (USACE, 2000). In the Gulf, however, due 

Landscape-Scale Stressors
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TABLE 3.4.  Ranking the Effectiveness of Restoration Approaches Based on Site-Scale and Landscape-Scale Stress 

SOURCES: Adapted from Diefenderfer et al., 2009; based on Thom et al., 2005.
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to the complexity of stressors such as relative sea level rise, freshwater inflows, hurricane frequency, and 
hurricane intensity (Chapter 2), this standard project planning traditional workflow may not achieve con-
ventionally useful outcomes.

In standard project planning, the future without project is often a relatively perfunctory part of the 
planning process, and this component is often not well-funded; nevertheless, Yoe (2012) points out that 
“the preparation of the without condition scenario [future without project] [is] the single-most critical ana-
lytical task in the planning process.” �e U.S. Army Corps of Engineers has developed guidance documents 
detailing some of the procedures and processes that are helpful to include in such an assessment (USACE, 
2014, 2018). In a changing environment like the Gulf, a complete future without project assessment may, in 
contrast to traditional approaches, needs to entail a large part of project planning to be useful. �e future 
conditions report in the Louisiana Coastal Master Plan, for example, considers multiple sea level rise pre-
dictions, a range of subsidence rates, and a range of hurricane impacts (CPRA, 2017).

Once a valid range of future conditions has been determined, an additional challenge to conventional 
restoration planning is presented by the rapidly changing ecological conditions in the GoM relative to res-
toration goals and objectives. Such predictions depend upon the collection and archiving of quality long-
term data sets (See Chapters 2). �e development and maintenance of this planning process has needed and 
will continue to need a significant capital investment, but it is essential to determining if a proposed project 
will perform as designed into the future.

Traditionally, a selected restoration project yields projected benefits, or net ecosystem improvement 
(�om et al., 2005) or net ecological gain (National Infrastructure Commission, 2021), often measured in 
habitat units or other “environmental currency,” per dollar spent (USACE, 2000). In contrast, in the rapidly 
changing Gulf, it is possible that there may not be a net increase of benefits over the project life span. �is 
poses a challenge to the traditional planning paradigm. Currently, there are no universally accepted guide-
lines for performing incremental cost analysis to compare projects that (1) maintain current conditions but 
yield no new benefits or (2) projects where the action merely slows the rate of degradation. �e outcome of 
many of the coastal land-building projects in Louisiana were designed with this second category in mind—
that is, to slow, not stop, the rate of land loss. Acknowledgement of the other social effects, community 
resilience, economic benefits of restoration projects, including avoided costs, could continue to be explored 
and addressed. Further work to determine restoration endpoints is a constraint for all restoration activities, 
and particularly those in the dynamic GoM. 

Importance of Detecting Mismatched Scales in Evaluating Restoration

�e total area of wetlands in the GoM is about 18,261 km2 (Turner and Rabalais, 2019). �e RESTORE 
Council 2020 Annual Report to Congress, which summarized the accomplishments for FY18–20 results 
from funding under the 2015 Initial Funding Funded Priorites List (FPL) and State Expenditure Plans 
(SEPs) awarded to date (RESTORE Council, 2021a), reported 8.5 km2 of wetland restoration. �is is about 
0.05 percent of the current wetland acreage in the Gulf. Still, as discussed relative to synergistic effects, 
coastal wetlands have a disproportionately high effect on fisheries production, carbon sequestration, and 
other beneficial functions (Bauer et al., 2013; Windham-Myers et al., 2018). Even combining the 8.5 km2 of 
wetland restoration with land acquisition, areas that are under contract to apply best management practic-
es, nonwetland habitat restoration, oyster habitat restored, and areas where invasive species were removed, 
the total was 157 km2 (RESTORE Council, 2021a, Table 12). �e DWH NRDA Trustees, in summaries of 
data pulled from the DIVER Portal, have created, restored, or enhanced 2,350 acres of marsh, beach and 
dune habitats (DIVER). NFWF GEBF project summary information indicates that approximately 170,000 
acres of wetlands and other coastal habitats have been protected, restored and/or enhanced. 

Of course, this is only the preliminary funding and granting effort, and much more will be completed in 
the future, but it does illustrate the difficulties of scale and points to the necessity of explicitly determining 
an appropriate scale for cumulative effects assessment and the need to scale restoration efforts to a size ap-
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propriate to address the ecosystem problem. Further, a lack of evidence of cumulative effects at the regional 
scales does not necessarily point to a failure of individual restoration effects, but rather may be due to an 
insufficient relative scale of change.

 CASE STUDY OF CUMULATIVE EFFECTS IN THE ANNUALLY  
RECURRING HYPOXIC ZONE IN THE GULF OF MEXICO

�e Mississippi Basin provides an example of the cross-boundary effects, time lags, antagonistic/syner-
gistic effects, and time crowding discussed in this chapter. Agricultural activities in the midwestern sections 
of the United States exert strong cross-boundary impacts on eutrophication more than 1,000 miles away 
in the GoM. �e concept of time lags is evident in the timing of nutrients that leave the midwestern fields 
during snow melt, spring rains and spring flood events, but cause hypoxia in the Gulf that generally peaks a 
couple of months later during the summer. As an example of an antagonistic effect, freshwater inflows from 
the Mississippi River can have a positive effect on adjacent swamps and bottomland hardwood forests, but 
too much freshwater entering the estuaries can be deadly to oysters. �e repeated openings of the Bonnet 
Carre’s spillway (six times in 10 years) in the 2010s, subjecting oysters in Mississippi Sound to multiple 
years of injury from excess freshwater, illustrates the idea of time crowding. And, perhaps most important-
ly, the Mississippi River Basin is instructive of the difficulties of scale that are involved when there are many 
restoration efforts, but, even cumulatively, their size is small relative to the overall area of concern.

�e Mississippi-Atchafalaya River Basin (Figure 3.3) is the world’s fourth largest; it drains portions of 
32 states and covers 41 percent of the contiguous United States. �e region is home to 57 percent of U.S. 
farmland, including about 180 million acres of corn and soybean fields, which contributes the majority of 
anthropogenic nutrient (nitrogen and phosphorus) contributions to the Gulf of Mexico. In turn, 60 percent 
of the nitrogen nutrient input to the GoM comes from agricultural input (farm fertilizer, agricultural inputs 
from legume crops, and confined animal manure).20 An annually occurring hypoxic zone forms during the 
summer months due to these excess nutrients (Roberson and Saad, 2021), which lead to algae growth and 
subsequent decomposition. As the decomposition process occurs, oxygen is depleted in the water resulting 
in stress or death to any life that cannot move out of the zone.

 Since 1985, a yearly snapshot of the size of the zone is available from a research cruise over a 2-week 
period each summer (Figure 3.4). �is single annual measurement of the hypoxic zone is an indicator of 
cumulative effects of human and natural systems on water quality and ecosystem health across large scales 
and time. �e annual hypoxic zone in the GoM illustrates a wide array of cumulative effects, which are 
illustrated in Table 3.5. 

In this example of the traditional assessment of the cumulative effects of stressors causing environ-
mental degradation, multiple synergistic and antagonistic effects of stressors can mask the ability to detect 
cumulative effects. While the quantity of nitrogen delivered to the Gulf is an important predictor of the size 
of the hypoxic zone, discharge rates in May of each year as well as the presence of hurricanes and ocean 
currents can generate antagonistic and/or synergistic cumulative effects (cross-boundary and compound-
ing; see Table 3.1), which can have enormous consequences for the observed zone size in any given year. 
Excess nutrients are anthropogenic in source and their delivery downstream depends on precipitation up-
stream. A drought year can cause the following year’s delivery of nutrients to be unusually small, even if the 
total nutrient usage was large. Likewise, years of flooding and extensive rainfall can result in large nutrient 
deliveries the following spring, despite little or no increase in the application of nitrogen and phosphorus 
upstream (Table 3.1, “Time Lag”). In addition to precipitation upstream, hurricanes and ocean currents can 
significantly impact the magnitude of the measured hypoxic zone. Given that precipitation is more variable 
and hurricanes are intensifying with climate change, it seems likely that these effects will continue and 
become more pronounced. Because of the presence of these significant confounding effects, rather than 
focusing on a single year measurement of the hypoxic zone, most analysts consider the 5-year running av-
erage in order to smooth out some of these effects. 

20 See https://www.usgs.gov/media/images/sources-nitrogen-delivered-gulf-mexico-0.
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Cumulative Effect (from Table 3.1)
Examples Relevant to Restoration Efforts to  
Reduce the Hypoxic Zone

Compounding Multiple wetland restoration projects upstream can generate additive nutrient 
reductions. 

Triggers and Thresholds Once the temperature is warm enough HABs grow and bloom.

Indirect, secondary effects Land use and agricultural practice changes that generate nutrient reductions have 
co-benefits in the form of carbon sequestration in soils, provision of habitat for 
pollinators, birds, and other wildlife. But some may have negative secondary effects 
too.

Landscape pattern Restoration of a wetland in ideal topographical locations can act to catch water 
flowing from many agricultural fields, allowing nutrient recycling of from a broad 
area.

Cross boundary One watershed flows into the other. Nitrogen, phosphorous, and sediment flow 
downstream, but at different rates and paths.

Space crowding Locations with multiple conservation practices in place, such as vegetative drainage 
ditches that feed into a retention pond, provides multiple opportunities for nutrients 
to settle or be cycled.

Time lags Phosphorus moves more slowly than nitrogen in some systems so while there are 
time lags associated with both nutrients, they should differ from each other.

Time crowding One large rainfall event followed soon by another will have nonlinear erosion effects.

TABLE 3.5.  Role of Cumulative Effects in the GoM Hypoxic Zone

FIGURE 3.4. Size of GoM hypoxic zone. The year-to-year variability is due to a variety of synergistic and antagonist effects. 
HTF refers to the hypoxia task force. SOURCE: https://www.noaa.gov/news-release/larger-than-average-gulf-of-mexico-dead-
zone-measured. 
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�e second key point of this example is that multiple modes and pathways of cumulative effects of 
restoration activities will often occur simultaneously and can reduce or augment the effects of individual 
restoration projects. In the context of the hypoxic zone, restoration activities are those that change land 
use, farming practices, and/or water delivery across the Mississippi River Basin with the goal of reducing 
nutrient inflows to the GoM; examples are provided in Table 3.5. 

�e third key point of this example is that, in the absence of sufficient scale of restoration activities, 
cumulative effects of restoration activities may not be measurable and/or will be easily obscured by back-
ground variability. In 1997, the national Mississippi River/ Gulf of Mexico Watershed Nutrient Task Force 
was created to coordinate activities, set targets for reductions in the size of the zone and support a variety 
of related actions. In 2001, an Action Plan was released and over the next two decades, a number of reas-
sessments and updates to the Action Plan appeared.21 

�e official goal for the 5-year average size of the zone is depicted in Figure 3.4 and lies at the line la-
belled “hypoxia task force (HTF) goal.” In this figure, the goal is not currently being met and has not been 
met in any single year. Further, every 5-year average far exceeds it. Is the failure to meet this goal evidence 
that individual restoration efforts were not effective? To answer this question, it is first necessary to de-
termine whether the set of restoration projects and activities that have been implemented since 1985 are 
of insufficient scale and/or duration to have had a measurable effect at the large-watershed scale. Second, 
it may be that adequate change in farming actions has occurred, but there may be significant lag times 
between changes in farming practices throughout the watershed and a clear, measurable signal that these 
changes are reducing the average size of the hypoxic zone, particularly considering the confounding effect 
of weather variability that contributes to high variability of the zone’s size.

Insight on this question comes from work done by the state of Iowa to document the extent of conserva-
tion actions that have been taken to address nutrient loss from the state to the Gulf.22 INRS (2017) estimated 
that over 90 percent of Iowa’s 22 million acres of row crop would need to be treated with conservation ac-
tions to reach the state’s goal of a 41 percent reduction in nitrogen and 29 percent reduction in phosphorus 
loads leaving the state. Currently, 3 percent of Iowa’s farmlands are treated. �ere is no evidence to suggest 
producers in other states have done more than Iowa farmers to address nitrogen losses from their fields.23 
With this context in mind, it is not surprising that there is not a measurable signal of these minor changes 
implemented to date in the annual size of the hypoxic zone. 

ADDITIONAL THOUGHTS

Traditional large-scale environmental management frameworks, derived from legal and regulatory 
requirements, were focused on remediating human activities with the capacity to impair whole regions. 
However, activities at this scale, such as restoration, may have positive effects on an ecosystem (Diefend-
erfer et al., 2011, 2016, 2021; Daoust et al., 2014). In light of the United Nations Decade on Ecosystem Res-
toration, which began in 2020, this type of widespread investment in restoration per se may become more 
commonplace (Aronson et al., 2020; Waltham et al., 2020). �e assessment of cumulative restoration effects 
at regional or other intermediate scales depends upon the ability to match the scale of improvements with 
the scale of detection methods.

�e effort to maximize successful large-scale restoration efforts is a daunting task because of the nor-
mal complexities of these coastal ecosystems, but also because of trends in important chronic and acute 
influences on these ecosystems. As shown in the case studies, these complexities are present in the long-
term and on-going Chesapeake Bay program and in the development of hypoxia in the GoM. Likewise, 
these complexities are present and pose formidable challenges for the collective restoration investments 

21 See https://www.epa.gov/ms-htf/history-hypoxia-task-force; https://www.epa.gov/ms-htf/looking-forward-strategy-feder-
al-members-hypoxia-task-force.
22 See https://store.extension.iastate.edu/Product/15915.
23 See https://www.epa.gov/ms-htf/report-nonpoint-source-progress-hypoxia-task-force-states.
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across the Gulf Coast since the DWH. Approaches to meet these challenges detailed in this chapter included 
a framework of the modes of cumulative effects in ecosystems, causal criteria used in judgment, and the 
evaluation of analyses representing multiple lines of evidence. Currently, the comprehensive restoration 
framework on the Gulf Coast subsequent to DWH represents a unique and crucial opportunity to experi-
ment with, develop, and demonstrate measurable restoration outcomes at a regional scale.
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Chapter 4

Applications of Synthesis and Cumulative  
Effects Assessment in the Gulf of Mexico

INTRODUCTION

�e projects funded by the legal settlements of the 2010 Deepwater Horizon (DWH) oil spill (Gulf Coast 
Ecosystem Restoration Council, 2016) represent an opportunity and a challenge for assessment and learn-
ing, due to the unprecedented number and diversity of projects and the 5- to 30-year timeframe of pay-
ments from the settlements. Individual project monitoring can inform efforts to ensure that what is learned 
from early projects benefits successive projects. �e large-scale, long-term restoration ongoing in the Gulf 
of Mexico (GoM) is also an opportunity to assess cumulative effects of multiple projects on a landscape/
seascape scale and to lay a foundation for future restoration efforts that will extend beyond the DWH fund-
ing timeframe.

Common methodologies and guidance for monitoring individual GoM restoration projects have been 
established, first by the DWH NRDA Trustees (DWH NRDA Trustees, 2016; NASEM, 2017) and more 
recently by the RESTORE Council (RESTORE Council, 2021). Shared protocols, when implemented, al-
low for project comparisons and facilitate adaptive management. A common methodological approach also 
allows for assessment of cumulative effects at broader spatial scales. However, uncertainty remains about 
the aggregate benefits or effects of the unprecedentedly large number of restoration projects being concur-
rently implemented through settlement funds and how to assess them. 

�e RESTORE Council and NRDA Trustees recognize the need for assessing cumulative effects of mul-
tiple restoration projects1 and have signaled that this task will be addressed in future versions of program 
guidance documents (DWH NRDA Trustees, 2019). NFWF has not made a decision on whether a global 
synthesis of the Gulf Environmental Restoration Fund will be done (written response from Jon Porthouse, 
NFWF, September 16, 2021). 

Some of the major challenges and barriers to assessing cumulative progress in restoration activities 
have been noted previously (NASEM, 2017) and include:

•	 inadequate funding and incentives at the project scale for short- and long-term monitoring of ap-
propriate data and lack of human resources support to archive and document collected data,

•	 the lack of consistent protocols across projects to assure that monitoring and data collected are com-
parable and useful for cumulative effects assessments,

•	 the absence of a single freely accessible data repository that receives and archives all types of data 
from restoration projects in the Gulf, and

1 See https://www.gulfspillrestoration.noaa.gov/sites/default/files/wp-content/uploads/Final-Phase-III-ERP-PEIS-Record-of-
Decision_FINAL.pdf.
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•	 the lack of a single entity/authority tasked with designing and undertaking a cumulative effects 
assessment to provide information needed for long term planning at multiple spatial scales and the 
implementation of adaptive management.

In addition, the lack of standardized methods for assessing cumulative effects (as discussed in Chapter 
3) hinders progress in evaluating restoration efficacy at larger scales, as summarized in the DWH NRDA 
Programmatic Damage Assessment and Restoration Plan/Programmatic Environmental Impact Statement 
(DWH Trustees PDARP, 2016, page 5-370): 

Even for restoration approaches and/or techniques that are relatively well established (e.g., coastal habitat res-
toration), uncertainties about the aggregate benefits and/or impacts of restoration projects will be higher as the 
total number of projects implemented, size of individual projects, and extent to which projects are concentrated 
in particular geographic areas increases. As restoration scale (i.e., number and size of restoration projects, both 
independently and within a particular geographic area) increases, it will be more important to ensure that the 
information about aggregate restoration benefits and potential unintended consequences are incorporated into 
the monitoring and adaptive management framework.

�e challenges identified highlight the need for projects to initiate consistent monitoring for enough time 
following construction to enable future cumulative effects of multiple projects or large-scale assessments 
(NASEM, 2017). 

�is chapter discusses the scales at which cumulative effects of multiple restoration projects have been 
observed in the GoM, considers cumulative effects assessment methods suitable for different spatial and 
temporal scales, and identifies elements of a process that could be used to assess the effects of multiple resto-
ration efforts given the potential confounding effects of environmental background trends. In addition, this 
chapter examines how long-term, larger-scale restoration efforts are suited for analysis by multiple lines 
of evidence, and demonstrates on-the ground results and techniques that support management decisions.

KEY CONSIDERATIONS AND INFORMATION FOR GULF COAST  
CUMULATIVE EFFECTS ASSESSMENT

To accurately assess cumulative effects beyond the project scale in the GoM, a deep knowledge of Gulf 
ecosystems and restoration goals is needed. �e challenge of undertaking cumulative effects assessment has 
been tackled in other locations, where beneficial cumulative effects of multiple restoration projects have 
been observed at different spatial and temporal scales. Well-documented restoration examples illustrate 
methods for evaluating large-scale water quality, seagrass, and marsh habitat restoration—the types of 
projects now being funded in the GoM. �ese include reductions in nutrient inputs from peak loads in the 
Baltic Sea, leading to improvements in ecosystem condition (Reusch et al., 2018); nutrient reduction projects 
that led to submerged aquatic vegetation recovery in northern Chesapeake Bay (Gurbisz and Kemp, 2014; 
Lefchek et al., 2018); dam removals throughout the United States, which catalyze sedimentary changes in 
coastal landform, habitats, and biota (Foley et al., 2017); and the reconnection of floodplains to deliver food 
resources that support juvenile salmon in the Columbia River (Diefenderfer et al., 2016). Other evaluations 
are currently being initiated, such as the cumulative effects of two decades of habitat restoration on Chi-
nook salmon recovery in Puget Sound’s Whidbey Basin (Trujillo et al., 2021). A 2021 special session2 at the 
National Conference on Ecosystem Restoration, which featured talks from across the United States, indi-
cates the strengthening of a national community around this topic.

2 “Applying a Beneficial Cumulative Effects Paradigm to Advance Large-Scale Ecosystem Restoration,” held on July 28, 2021, see 
https://conference.ifas.ufl.edu/ncer2021/detailed-agenda.html.
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As noted throughout this report, detecting the effects of restoration efforts at any spatial scale will like-
ly be hampered by background environmental variation and trends, such as those associated with climate 
change, as well as anthropogenic impacts such as overfishing, pollution, and habitat damage. �e degree to 
which background trends prevent detection of restoration benefits will depend on the assessment methods 
used; the magnitude of the trend relative to combined characteristics of the restoration efforts themselves 
(the number, areal extent, and location of projects); the average effectiveness of those projects in achieving 
their goals; and the possibility of experiencing antagonistic and synergistic effects from other restoration 
activities. 

�e spatial scales at which beneficial cumulative effects from multiple GoM restoration efforts could 
potentially be observed range from project level (hectares) to the estuary, watershed, or greater scales. De-
tecting cumulative effects necessitates predictions about the improvements expected at the desired scale, 
often based on conceptual modeling (Figure 3.1), and sufficient data to accurately determine whether those 
improvements have been achieved. Key considerations and information needed to perform an assessment of 
cumulative effects of restoration efforts include an understanding of the following broadly defined factors: 

•	 current conditions and status of the watershed, waterbody, habitats, and/or animal populations
•	 type and severity of background trends (such as climate change effects) and stressors (such as water 

quality degradation) affecting the ecosystem, and relevant future predictions based on these factors
•	 a conceptual or other type of model that predicts how cumulative effects of restoration efforts can 

be expected to influence ecosystem form, function, or condition 
•	 restoration efforts (including types, proximity to other restoration projects, potential synergy and 

antagonistic effects, and spatial and temporal scales of implementation)
•	 results of the restoration efforts that can be accessed for analysis

PRIOR ASSESSMENTS OF THE CUMULATIVE EFFECTS OF 
ECOSYSTEM RESTORATION AND MANAGEMENT IN THE GULF OF MEXICO 

Restoration efforts associated with some of the examples discussed below were initiated before DWH 
restoration efforts began and provide insight into how assessments of the cumulative effects from multiple 
projects have occurred to date. 

Meta-Analysis and Synthesis of Restoration Projects by Habitat Type 

Quantitative analysis and synthesis3 of the effectiveness of different types of restoration, such as the ef-
fects of seagrass or oyster reef restoration on a local bay or statewide basis, remain uncommon in the GoM. 
Several syntheses determined whether restored areas, such as revegetated seagrass plots, remained present 
at varying numbers of years after initial revegetation. van Katwijk et al. (2016), in a synthesis of seagrass 
restoration worldwide, found survival rates of only 22 percent for smaller-scale seagrass restoration sites 
and 42 percent of larger sites 2 years after planting. In a meta-analysis of Florida seagrass restoration proj-
ects, however, Rezek et al. (2019) found that if a restoration site was still in existence 3 years after installa-
tion, almost 90 percent of restored sites contained seagrass but average densities were 37 percent lower than 
reference areas. In an assessment of seagrass coverage from 2007 to 2017, Handley and Lockwood (2020) 
compared seagrass gains and losses for each of the Gulf states and found that, for areas where data are 
being collected, the five Gulf states experienced an overall cumulative gain in seagrass extent of almost 24 
percent (127,910 ha) during the 10-year period (Table 2.1). However, the degree to which seagrass meadows 
are providing ecosystems services at the Gulf scale remains unknown. 

3 Synthesis in ecology aims to discover new knowledge by bringing information together and has been defined for estuarine 
and coastal science as “the inferential process whereby new models are developed from analysis of multiple data sets to explain 
observed patterns across a range of time and space scales” (Kemp and Boynton, 2012).
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Challenges to the validity of these trends in seagrass gains and losses include the lack of a Gulf-wide 
monitoring strategy, with each state currently using its own methods, as well as the lack of an identified 
entity charged to regularly analyze and report trends. Remote sensing data and models have been success-
fully used at many U.S. coastal sites to map spatial coverage, density, and biomass of submerged vegetation 
(Moore et al., 2008; Meyer and Pu, 2012; Pu et al., 2014; Hestir et al., 2016). Remotely sensed datasets have 
not been used to assess the condition of seagrass on a Gulf-wide scale because of the complexities in assess-
ment and modeling that arise from site-specific heterogeneity in water quality and geomorphic settings. 
Emerging sensing technologies and advanced data analytics and classification methods capable of ingesting 
heterogenous spatial datasets (further discussed in Chapter 5), could make reliable, comprehensive Gulf-
wide seagrass monitoring feasible in the future (Wang and Furrer, 2021).

Increasingly, assessments of restoration projects include a comparison of whether restored habitats 
are providing similar functions, and at the same level, as reference areas (i.e., have demonstrated functional 
equivalency). Simenstad and �om (1996) explored functional equivalency trajectories (the time it takes for 
restored wetlands to equate to natural references using appropriate parameters). �ey evaluated 16 attri-
butes, finding most inconclusive, and recommended approaches to improve such assessments. �ey further 
noted that understanding the source and extent of natural variability of reference sites is key to under-
standing constructed sites. Kentula (2000) expanded consideration of functional success to landscape scale 
restoration, focusing on the contribution to ecological integrity (e.g., Wurtzebach and Schultz, 2016; Karr et 
al., 2021; Rohwer and Marris, 2021) of a region or landscape in maintaining biodiversity.

Kuhn et al. (1999) showed that some marsh management methods impaired function relative to refer-
ence sites in coastal Louisiana. Dillon et al. (2015) compared restored and natural oyster reefs in Grand Bay 
Mississippi over 2 years, finding that constructed reefs performed better in several metrics. A recent me-
ta-analysis of nekton (e.g., shrimp, crabs, and fish) abundance in restored versus reference salt marsh areas 
in the northern Gulf used a functional type of comparison and found that nearly 13 years were needed for 
the densities of nektonic organisms in restored marshes to approximate those in reference marshes (Hol-
lweg et al., 2020). Suir et al. (2020) found that restored wetlands reached structural and functional equiv-
alency to reference wetlands 3–10 years after construction. �ey also found that with maturity, restored 
wetlands outperformed reference wetlands in metrics such as land aggregation, vegetative productivity, 
and floristic quality. 

DWH-funded restoration projects have programmatic guidance available for identifying restoration 
objectives, monitoring certain performance-based metrics throughout the project, and assessing whether 
restoration objectives have been achieved by the end of the project. Table 4.1 illustrates the main DWH 
funding entities and their data reporting requirements. Specific guidance regarding project monitoring and 
performance assessment can be found in the Cross TIG MAM Manual for NRDA (DWH NRDA Trustees, 
2019) and the Observational Data Plan Guidelines for the RESTORE Council (RESTORE Council, 2021). 

Synthesis of changes in project-level metrics for multiple restoration efforts within a defined geograph-
ic area theoretically could provide evidence of cumulative effects (as discussed in Chapter 3), though this 
effort could be complicated because similar project types could conduct post-implementation monitoring 
for varying lengths of time, depending on the project sponsor. Synthesis of analytical results within lines 
of evidence has been identified as an important step in assessing the cumulative effects of large-scale res-
toration for at least a decade (Diefenderfer et al., 2011, 2016). To examine the feasibility of synthesizing 
DWH-funded project-level monitoring data and information regarding attainment of restoration objec-
tives, the committee attempted to obtain relevant data online or through direct contacts for a cumulative 
effects assessment. It was not successful in obtaining adequate information to do an analysis, due to the 
inability to access data without extensive outreach to individual project contacts.

Despite the repeated calls for consistent and transparent monitoring and assessment (summarized in 
NASEM, 2017), barriers continue to exist for accurate collation of monitoring and assessment of successes 
or failures in meeting restoration objectives. Funding streams have varied monitoring specifications, for 
inconsistent durations, and not all funding sources post final reports or have readily accessible monitoring 
data. Many of the records in both the CMAP and GOMA Project Tracker databases lack links to posted 
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results or points of contact. �e Trustee Council recognizes these barriers4 and has made recent progress 
toward reporting on restoration projects implemented to date, include publication of their 2021 Program-
matic Review (DWH NRDA Trustees, 2021). Future MAM Manuals are anticipated to include larger-than-
project-scale guidance (DWH NRDA Trustees, 2019), and the Louisiana TIG issued MAM guidance for 
Louisiana in 2021 (DWH NRDA LATIG, 2021).

Once more data are made available, it may be possible to “roll-up” project-level information into an 
assessment of potential cumulative effects (as defined in Box 3.1) within a geographic area or for specific 
outcomes of interest, ecosystem types, or restoration methods. �e lines of evidence used by a program 
manager to assess cumulative effects will depend on the type and number of projects being implemented, 
the scale and relative impact of the projects, the proximity of projects to each other, the geographic extent 
of the program area being assessed, and the type and extent of data available to support the assessment. 
Examples of syntheses in the GoM that have attempted to detect beneficial cumulative effects of multiple 

4 See https://www.gulfspillrestoration.noaa.gov/sites/default/files/wp-content/uploads/Final-Phase-III-ERP-PEIS-Record-of-
Decision_FINAL.pdf.

DWH Funding 
Entities

Project-Level 
Monitoring Guidance

Project Monitoring  
Data Location

Program-Level 
Monitoring Guidance

NFWF GEBF Not publicly available.a Project monitoring data is not 
publicly available based on 
searches. NFWF encourages, but 
does not require, recipients to 
make their data public in some 
way. a

Not publicly available.a

DWH NRDA �e Monitoring and Adaptive 
Management Manual (2017)b 
provide “the TIGs with detailed 
information on recommended 
MAM procedures and guidelines, 
as well as additional guidance for 
the development of MAM Plans 
and the implementation of MAM 
at the project, [r]estoration [t]ype, 
and programmatic levels” (p. 2). 

DIVER Repositoryc contains 
MAM parameters. Additional 
project data may also be available 
in some cases.

DWH NRDA Trustees indicate 
in the Monitoring and Adaptive 
Management Manual (2019)b that 
“further [r]estoration [t]ype and 
program-level guidance will be 
developed in future versions of 
the MAM Manual” (p. 2).

RESTORE Council Observational Data Plan 
Guidance:c “Data should be 
submitted to a publicly available 
repository within two years of 
data collection, unless otherwise 
specified in the ODP Plan. Annual 
reporting on data collection is 
required during the Council’s 
annual performance reporting 
period” (p. 26).

Council requires annual 
reporting and project closeout 
reporting as well.

Council MERLINe site contains 
metadata for Bucket 2 projects 
as well as links and downloads 
to project-specific monitoring 
data that may be housed in other 
locations.

None at this time. �e Council 
2016 Comprehensive Plan 
Updatef notes. “�e Council 
will utilize its staff, CMAWG, 
CoP, and coordination with 
other entities as a means to 
develop common standards and 
monitoring protocols for Council 
projects and programs; indicators 
and metrics of restoration and 
conservation success (including 
ecological function, benefits, and 
services) by project, region and/
or watershed; identify data gaps 
in the assessment of the success 
of Gulf-wide restoration; and 
evaluate tools to measure Gulf-
wide benefits” (pg. 28).

a J.Porthouse, personal communication, March 25, 2022.
b See https://www.gulfspillrestoration.noaa.gov/sites/default/files/2019-08%20MAM_Manual_FULL_Updated%202019.pdf.
c See https://www.diver.orr.noaa.gov/web/guest/diverexplorer?sqid=642&subtitle=DWH+Restoration+Project+Data.
d See https://restorethegulf.gov/sites/default/files/20210520_Council_Observational_Data_Plan_Guidelines_ Version%202.0_508.pdf.
e See https://restorethegulf.gov/merlin/srv/eng/catalog.search#/home.
f See https://www.restorethegulf.gov/sites/default/files/CO-PL_20161208_CompPlanUpdate_English.pdf.

TABLE 4.1.  Main DWH Funding Entities Responsible for Providing Data Reporting Guidance at the Project and Programmatic Scales
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restoration efforts at the estuary/watershed and Gulf-wide scale, though limited, are provided in this sec-
tion as references for future assessments.

Estuary and Watershed-Scale Program Assessment Examples 

Existing examples of cumulative effects of restoration at the estuary and watershed scales share the 
characteristic of an intermediate geographic scale between the individual restoration project and the Gulf 
Coast and are hydrogeomorphic units with high internal connectivity. �is connectivity of hydrological and 
sedimentary processes that are foundations of and controlling factors on ecological processes and species’ 
habitats (cf. Groffman et al., 2004) makes them a natural unit of management and assessment (Li et al., 
2020a). 

At the estuary/watershed scale, several long-term science-based resource management programs locat-
ed in the GoM offer examples of the application of multiple lines of evidence (MLOE) to assess cumulative 
effects of the many restoration actions implemented in each estuary over the last 3 decades. Although not 
designed to assess cumulative effects, the Tampa Bay Estuary Program, Florida (TBEP) and its partners; the 
Galveston Bay National Estuary Program, Texas in partnership with the Galveston Bay Foundation; and 
the Comprehensive Everglades Restoration Plan each utilized tools and techniques similar to the theoreti-
cal approaches outlined in Chapter 3. Each program developed and now applies site-specific approaches to 
assessing cumulative effect of restoration efforts within their study areas, as outlined below. 

In addition, each of these examples (initiated decades ago) did not originally incorporate considerations 
of long-term environmental trends explicitly into their conceptual models and restoration designs. Howev-
er, as these trends (especially those associated with climate change) have become obvious, each program has 
used an adaptive management approach to revise restoration plans, goals, and project designs. For example, 
TBEP has recently updated their Habitat Masterplan with a new conceptual approach, which accounts for 
future stressors (including sea level rise, climate change, and watershed development) in the target setting 
process (Robison et al., 2020). 

Tampa Bay Estuary Program

Located on the west coast of Florida, Tampa Bay is a shallow, 1035 km2 estuary, with a population of 3 
million residing in the 6,735 km2 watershed.5 In the 1970s, Tampa Bay was significantly impacted by nutri-
ent overenrichment and eutrophic conditions, including degraded water quality, persistent algal and mac-
roalgal blooms, depleted oxygen levels and fish kills, and an estimated 50 percent loss of seagrass between 
1950 and the mid-1970s (Greening et al., 2014). 

In response to local citizens’ call for action, state regulatory restrictions on wastewater treatments 
plants located within the Tampa Bay watershed were put in place in 1978. �is was the beginning of Tam-
pa Bay’s restoration and recovery. Nearly 900 projects to improve water quality have since been completed 
by the public/private Tampa Bay Nitrogen Management Consortium (TBNMC), representing regulatory 
compliance-driven activities (e.g., water treatment upgrades, stormwater retrofits, power plant scrubber 
updates, industrial discharge reductions, residential fertilizer use ordinances) (Raulerson et al., 2019) and 
voluntary actions (e.g., habitat acquisition and restoration, education and social marketing campaigns) 
(Beck et al., 2019). �e cumulative effects of nutrient reductions from these actions—implemented by local 
governments, industries, utilities, and homeowners—have reduced total nitrogen loads to half of that esti-
mated ca. 1976, and water clarity conditions similar to those observed in 1950, when human population in 
the watershed was less than 20 percent of what it is today.�In 2018, 164.4 km2 of seagrasses were reported 
bay-wide, exceeding the 1950 areal extent target established by TBEP partners in 1995 by about 10.6 km2 
(Beck et al., 2020). Between 2018 and 2020, however, mapped seagrass extent was reduced by almost 16 
percent, possibly associated with recent seasonal algal blooms6 (Beck, 2022). 

5 See https://tbep.org/estuary/.
6 See https://tampabay.wateratlas.usf.edu/seagrass-monitoring/.
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Key elements of TBEP’s assessment of cumulative effects associated with these multiple restoration 
efforts include:

•	 annual synthesis, analysis, and reporting of ambient water quality monitoring data collected by the 
three counties surrounding the bay

•	 seagrass extent estimated every 2 years by the Southwest Florida Water Management District 
•	 comparison to numerical targets for both water quality metrics and seagrass extent (Beck et al., 2022)

A publicly accessible database of restoration projects7 is maintained by TBEP, updated by the TBNMC 
partners, and used to synthesize the types, locations, and estimated nutrient reductions from projects im-
plemented within the bay and watershed every five years as part of demonstration of attainment of water 
quality regulatory thresholds. If thresholds are not met, the TBNMC has developed a decision matrix to 
identify and address potential factors impacting water quality and/or seagrass extent (TBNMC, 2017). 

A timeline of the Tampa Bay nutrient management strategy demonstrates the use of lines of evidence, 
including those described in Chapter 3 and those developed by TBEP and its partners (Table 4.2). Fur-
thermore, a recent paper (Beck et al., 2019) applied a cumulative effects approach to an empirical model-
ing-based reassessment of data on the interactions between water quality improvement projects and sea-
grass recovery projects in Tampa Bay. 

Galveston Bay National Estuary Program

Galveston Bay is the seventh largest estuary in the United States, encompassing ~1,600 km2, with a 
62,200 km2 watershed and a population of 5.4 million.8 It is a subtropical estuary with an average depth of 
2.1 m, fed primarily by the San Jacinto and Trinity Rivers. Houston, the United States’ fifth largest city, sits 
at the northwest end of the bay. �e port of Houston ranks second nationally by tonnage and first in foreign 
traffic, primarily petroleum based. �e Houston area produces about 44 percent of U.S. petrochemicals 
(42.6 million tons per year) and 14 percent of U.S refining capacity.

Galveston Bay has faced many challenges due to coastal development. Approximately 182 km2 of wet-
lands were lost over 60 years (Texas Environment, 2011), and seagrass beds have mostly disappeared over 
that same period. Seafood consumption advisories were issued for the bay starting in 1990, and approxi-
mately half of the bay’s wetlands have been lost due to relative sea level rise, diminished sediment supply, 
and human activities (GBEP, 2018). Freshwater diversions for municipal, industrial, and agricultural uses, 
particularly in the Trinity watershed, have negatively impacted the Bay (GBNEP, 1995). Loss of freshwater 
has altered salinities, diminished sediments, and negatively affected water quality. 

�e formation of the Galveston Bay Council in 1995 brought together a 42-member group of federal 
and state agencies, local government, nongovernmental organizations, businesses and industry, and private 
citizens to guide plan implementation and future strategies (GBC, 2020). Several tools were developed to 
monitor environmental trends and the progress of the plan’s implementation, including the Galveston Bay 
Report Card.9

Since 2015, the Galveston Bay Report Card has generated an annual analysis of the bay’s environmen-
tal health. Led by the Galveston Bay Foundation and Houston Advanced Research Center, the report card 
assesses six different metrics of bay health: water quality, pollution events and sources, wildlife, habitat, hu-
man health risks, and coastal change. Data sources include hydrologic monitoring (TWDB, 2020) and var-
ious state and federal agency data sources compiled into a regional monitoring portal.10 Table 4.2 outlines 
the process used in Galveston Bay including lines of evidence described in Chapter 3 and those developed 
by the Galveston Bay partners.

7 See https://apdb.tbeptech.org/.
8 See https://gbep.texas.gov/galveston-bay-101/.
9 See https://www.galvbaygrade.org/.
10 See https://www.waterdatafortexas.org/coastal and https://gbep.texas.gov/regional-monitoring-portal/.
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�e Galveston Bay Report Card has proven an effective tool for guiding restoration efforts, as a com-
munication tool, and as an implicit assessment of the cumulative effects of restoration within the Bay and 
its watershed (GBRC, 2020). Since 2000, 117 km2 of coastal and watershed habitat have been protected, re-
stored, or enhanced (GBEP, 2018). Water quality monitoring data collected between 1970 and 2017 (HARC, 
2020) indicate that, despite a declining trend in bay waters, dissolved oxygen levels appear healthy and 
remain above 6 mg/L. Total phosphorus and ammonia concentrations have declined as well. However, 
after the sharp decline in chlorophyll-a concentrations in the 1980s and 1990s, peaks were seen in 2003, 
2007, and 2009. Since then, concentrations have remained elevated. Changes in freshwater inflows have 
the greatest effect on parameters like chlorophyll a (Pinckney et al., 2017), but the complex interaction of 
multiple stressors within the bay system preclude a current understanding of why the chlorophyll-a levels 
are elevated. 

Key characteristics of the methods and processes used by estuary-scale efforts have been associated 
with the attainment of goals and ecosystem improvements (Greening et al., 2014, 2016; Gross and Hagy, 
2017; Tomasko et al., 2018), thus providing an indication of the cumulative effects of multiple restoration 
efforts. �ese characteristics include: 

•	 targeting resources identified by both public and scientists as “worthy” metrics,
•	 community members willing to work together toward common goals,
•	 science-based numeric goals and targets,
•	 multiple tools such as regulation, public/private collaborative actions, citizen actions,
•	 long-term monitoring, synthesis, and reporting,
•	 a recognized convener to track, facilitate, and report progress,
•	 program assessment and adjustment (an adaptive management approach),
•	 link to the economic value of a healthy ecosystem, and large (size) or large number of projects tar-

geted to address common stressors.

Comprehensive Everglades Restoration Plan 

�e Comprehensive Everglades Restoration Plan (CERP) is a watershed approach for restoring, pro-
tecting, and preserving the greater Florida Everglades ecosystem. �e plan aims to restore the hydrology, 
improve water quality, restore natural habitats, and protect native species.11 Monitoring the numbers of 
nesting birds over 3 decades indicated that the cumulative effects of extensive water management efforts 
and restoration projects within the Everglades system have contributed to restoring contiguous aquatic 
habitat and prey populations, as well as supporting increased nesting success of several wading bird popu-
lations (Beerans et al., 2015; Pearlstine et al., 2020). Another metric of cumulative effects of multiple resto-
ration efforts in the greater Everglades ecosystem is water quality. Over the last 20 years, $1.8�billion has 
been invested in�phosphorus control programs that have significantly improved Everglades water quality, 
with average phosphorus concentrations reduced from 24 to 9 ppb; at least 90 percent of the Everglades 
now meets water quality standards of 10 ppb or less for phosphorus concentration.12 Similar improvements 
were noted by NASEM (2018b), which found that completed CERP components were beginning to show 
benefits, including creating hydrologic conditions increasingly similar to pre-drainage flows in some areas. 
However, as noted in Progress Toward Restoring the Everglades: The Eighth Biennial Review (NASEM, 2021), the 
ability to detect restoration progress is limited by monitoring, analysis, and results communication. 

Despite multiple water management projects and observed improvements within the Everglades sys-
tem, widespread downstream effects in the receiving waters of Florida Bay have not yet been realized. A 
major CERP objective is to manage the volume, distribution, and timing of freshwater inflow to Florida 
Bay, thereby returning the bay to historical ecological conditions (Cole et al., 2018). Changes in water usage 
in the Everglades have caused a 60 percent decline in freshwater inflow into the Florida Bay, with resultant 

11 See https://www.sfwmd.gov/our-work/cerp-project-planning.
12 See https://www.sfwmd.gov/our-work/cerp-project-planning; and https://www.sfwmd.gov/our-work/wq-stas.
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increases in hypersalinity (Herbert et al., 2011). Cole et al. (2018) examined year-to-year and basin scale 
interactions between water quality and seagrass across 15 transects in Florida Bay between 2006 and 2013. 
�ey noted that, although restoration actions related to increasing freshwater inflow have been initiated by 
CERP, this intervention has, at this point, not led to significant decreases in salinity in parts of Florida Bay. 
�ey concluded that without further efforts to release fresh water during droughts, seagrass die-off events 
may recur.

Over the past few decades, the three estuary/watershed-scale examples highlighted above implicitly 
incorporated key elements of ecosystem restoration (Gann et al., 2019), including a basis in conceptual eco-
system models from which hypotheses and questions about ecosystem functions and the steps necessary to 
achieve them were derived. �ese questions were addressed and refined through long-term (multidecadal) 
monitoring and research, and adaptive management approaches to consider effects of long-term trends 
continue to be used to refine restoration plans. 

Gulf-wide or Nationwide Scale 

National programs have contributed to significant improvements in U.S. waterbodies, including those 
in the GoM. For example, significant improvements in many U.S. waterbodies are the result of projects im-
plemented to meet Clean Water Act provisions, which are aimed at reducing pollution from industry, sew-
age treatment plants, and other point sources. Between 1962 and 2001, many metrics of water pollution, 
such as biochemical oxygen demand, fecal coliform counts, total suspended solids, and water bodies con-
sidered “not swimmable,” collected at 240,000 monitoring sites nationwide showed improvement (Keiser 
et al., 2018, 2019). Federal CWA grants to install nutrient reduction technology from wastewater treatment 
plant discharges made rivers significantly cleaner for up to 25 miles downstream (Keiser et al., 2018, 2019). 

Similarly, from 1970 to 2017, implementation of the national Clean Air Act resulted in a reduction of 
73 percent of the six common air quality pollutants nationally.13 In the GoM watershed, trends in atmo-
spheric wet nitrogen deposition (from National Atmospheric Deposition Program data) from four sites in 
the Mississippi River watershed show decreasing or relatively steady nitrogen deposition since the early 
1980s. As noted by Whitall (2008), these modest improvements may be related to the Clean Air Act Amend-
ments of 1990. �e Clean Air Act may have resulted in a reduction in the amount of nutrients deposited 
via atmospheric deposition to the GoM watershed and directly to the Gulf’s surface waters (Whitall, 2008). 

�e scale of effort to improve clean air and clean water through the programs of the Clean Air Act14 
and Clean Water Act was significant and sustained (Keiser et al., 2018). In each case, adequate monitoring 
and data collection to measure progress and assess the performance of the programs occurred over a long 
period of time. It is notable, however, that while some datasets are tightly quality-controlled, data on water 
quality have been collected under the auspices of federal agencies, states, nongovernmental organizations, 
and academic researchers, and these collection methods and measurements are not all consistent. In addi-
tion, data accessibility remains inadequate, so it has been difficult for analysts to use these data in a rigorous 
and consistent manner (Keiser et al., 2019). 

Despite significant reductions in pollutant sources from national water quality programs and demon-
strated improvements in upstream reaches, Gulf-wide water quality assessments from EPA’s National 
Coastal Condition Assessment showed increases in the percent of areas rated “poor” for the eutrophication 
index from three periods between 2005 and 2015 (U.S. EPA, 2021). Several factors have likely contributed to 
the lack of observed water quality improvements at the Gulf-wide scale. Most experts agree that nonpoint 
source pollution, which the Clean Water Act does not directly address, is the most pressing and challenging 
water quality problem in the Northern Gulf of Mexico (NRC, 2012). Robertson and Saad (2013) estimated 
that 60 percent of nitrogen and 49 percent of phosphorus entering the GoM are from agricultural sources 
(e.g., cropland, fertilizers, manure, nitrogen fixation). Although management of agricultural practices has 

13 See https://www.epa.gov/clean-air-act-overview.
14 See https://www.epa.gov/sites/default/files/2015-07/documents/summaryreport.pdf.
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resulted in nutrient reduction from individual fields throughout the Mississippi River basin, (reviewed in 
Daniels et al., 2018) collectively these reductions contribute only a very small percentage to the overall nu-
trient budget of the Mississippi River basin.

In addition, lag times between field-scale management and response of water quality metrics in streams 
often mask any immediate gains in reduction and may take years of in-stream monitoring to detect (Shar-
pley et al., 2009). Variability in rainfall and rainfall patterns result in large differences in nutrient delivery 
and transport at both annual and larger time scales, increasing the difficulty in detecting changes in the 
receiving waters (streams, river, or Gulf) associated with nutrient management practices on land and other 
long-term environmental trends. 

�e five Gulf states had large-scale water-quality improvement proposals awarded in 2020–2021 
through the RESTORE Council.15 �ese included Louisiana’s River Reintroduction into the Maurepas 
Swamp, Alabama’s Perdido River Land Conservation and Habitat Enhancements, the Coastal Alabama 
Regional Water Quality Program and Perdido Watershed Water Quality Improvements and Restoration 
Assessment Program, the Florida Water Quality Improvement Program and Florida Gulf Coast Tribu-
taries Hydrologic Restoration Program, the Water Quality Improvement Program for Coastal Mississippi 
Waters, and the Texas Coastal Water Quality Program. With water quality projects being implemented at 
the multistate scale, cumulative beneficial effects may occur, some of which may cross state lines through 
aquatic connectivity (such as Mississippi/Alabama and Alabama/Florida). �is may also be an opportunity 
for states to collaborate on sampling methods and designs to capture larger-scale responses to collective 
restoration efforts and assess effects of background trends. 

Living Resources: Oysters, Fisheries, Turtles, and Marine Mammals

Gulf-wide assessments of coastal living resources and target species, including oysters, nearshore fish-
eries stocks, turtles, and marine mammals, can produce quality data that may be able to detect cumulative 
effects Gulf-wide in the future. 

Currently, and as identified in Chapter 2, there are no accurate Gulf-wide assessments of oyster abun-
dance. However, although landings data cannot provide accurate estimates of population size, they provide 
some indication of a resource’s distribution (GSMFC, 2012). Annual combined commercial oyster landing 
statistics for the five Gulf states show yearly fluctuations over the period 1950–2019, with a possible decline 
from a peak in the mid-1980s.16 

Significant funds and effort have been dedicated to restoring oyster abundance and habitat in the 
GoM. An inventory of oyster restoration projects by the DWH funding entities identified a total of 67 ap-
proved oyster-related projects (for a total of ~$175M) distributed throughout the states over the last decade 
(Brooke, 2021). Project types include research, aquaculture, decision support, shell recycling, planning, and 
30 projects focused on restoration or enhancement of oyster reefs. As of January 2021, completed resto-
ration and enhancement projects have resulted in a total of 2,522 acres of oyster reefs, with a goal of an 
additional ~2,000 acres from active and awarded projects (Brooke, 2021). 

Stock assessments for a limited number of inshore and nearshore fish species, such as Gulf menhaden, 
are prepared by the Southeast Data, Assessment, and Review process (SEDAR).17 SEDAR is a cooperative 
program between state and federal resource managers to improve the quality and reliability of fishery 
stock assessments. �eir procedures and experiences can inform efforts in monitoring and assessment 
efforts related to restoration assessments across disciplines and political boundaries. SEDAR cooperators 
include the South Atlantic Fishery Management Council and NOAA Fisheries Southeast Fisheries Science 
Center and Southeast Regional Office, the Gulf of Mexico and Caribbean Fishery Management Councils, 
the Atlantic States and Gulf States Marine Fisheries Commissions, and NOAA Fisheries Highly Migratory 

15 See https://www.restorethegulf.gov/funded-priorities-list-3b.
16 See https://www.fisheries.noaa.gov/national/sustainable-fisheries/commercial-fisheries-landings.
17 See http://sedarweb.org/.



An Approach for Assessing U.S. Gulf Coast Ecosystem Restoration: A Gulf Research Program Environmental Monitoring Report

Copyright National Academy of Sciences. All rights reserved.

101

Prepublication Version - Subject to further editorial revision

Species Division. Advantages of SEDAR stock assessments include the use of consistent methodology, the 
likelihood that SEDAR will continue to be supported by the cooperators over time, and the accessibility of 
data and analyses. 

�ere have been recent efforts to develop more holistic ecosystem-based approaches to fisheries man-
agement—for example, transitioning from single to multispecies assessments in the GoM. Dell’Apa et al. 
(2020) suggest that tools conducive to the effective integration of ecosystem considerations into fisheries 
management are needed. �ese tools could inform and guide the work of regional managers, decision mak-
ers, and stakeholders in the GoM by allowing them to include the effects of other fisheries sectors, as well as 
environmental and ecological background trends. Development and applications of ecosystem-based meth-
ods could assist in separating background variation from the cumulative effects of restoration on fisheries 
in the GoM. Comprehensive data on Gulf of Mexico additional fish stocks other than those tracked by SE-
DAR and bird rookeries were not collected in regular intervals before DWH, and thus it would be difficult 
to assess longitudinal impacts as a result of DWH. 

Sea turtles and marine mammals move among many locations in the GoM and are affected by a variety 
of environmental stressors (Kucklick et al., 2011; Carmichael et al., 2012; Kellar et al., 2017; Fraiser et al., 
2020), making it difficult to assess stressors that can lead to declines in individual and population health. 
Focused restoration efforts for marine mammals were developed by the trustees (Strategic Frameworks 
for Marine Mammals and Sea Turtle Restoration, 2017) and considered the long timeframes needed for 
these populations to be restored. For example, Barataria Bay dolphins were estimated to need 39 years and 
offshore cetaceans 10–105 years for their communities to be restored from DWH oiling effects without 
targeted restoration.18 

As demonstrated by the examples included in this chapter, the successful detection of cumulative effects 
of GoM restoration projects have to include consideration of a number of factors throughout the program’s 
duration (Figure 4.1). Key factors include availability of adequate baseline monitoring to assess the effects 
of background trends, the scale of restoration projects, collection of consistent project-level data for suffi-
cient time to allow cumulative effects assessment, and the use of multiple lines of evidence and models to 
synthesize results. 

MEETING THE CHALLENGES OF GULF COAST–SCALE ASSESSMENT

Programmatic Goals of the DWH Funding Entities

�ere is a wide array of restoration programs within the GoM, but all are working toward beneficial 
effects on the Gulf Coast. DWH-settlement funded programs have developed complementary goals relat-
ed to ecosystem restoration, generally addressing four focus areas: habitat, water quality, living coastal 
and marine resources, and resilience (Table 4.3). �e DWH NRDA Trustees goals are to understand the 
GoM ecosystem and the injuries sustained from the DWH oil spill, developed through a scoping process 
that included public involvement (DWH NRDA Trustees, 2016). �e RESTORE Council updated its overall 
goals in 2016 (Gulf Coast Ecosystem Restoration Council, 2016). �e National Fish and Wildlife Founda-
tion goals are consistent with the terms of the plea agreements and support projects that remedy harm to 
habitats and species where there has been injury resulting from DWH.19 �e U.S. Fish and Wildlife Service 
North American Wetlands Conservation Fund, with their focus on wetland conservation and bird habitat, 
also has similar aims. �ese four focus areas provide the foundation for a general hypothesis framework for 
the synthesis of programmatic outcomes (Table 4.3).

18 See https://www.fisheries.noaa.gov/national/marine-life-distress/sea-turtles-dolphins-and-whales-10-years-after-deepwater-
horizon-oil.
19 See https://www.nfwf.org/gulf-environmental-benefit-fund/priorities.
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Assessing Potential Nonlinear (Synergistic and Antagonistic) Cumulative Effects of 
DWH Program Approaches

 Chapter 3 introduced the potential for nonlinear effects, either synergistic or antagonistic, to occur in 
multiple restoration activities being conducted to improve the condition of ecosystems, water bodies, and 
species. Table 3.1 presents examples of practical methods for predicting, measuring, and evaluating certain 
nonlinear effects in several Gulf Coast subregions. �is section further specifies the ecosystem pressures 
and stressors, potential synergies and antagonisms, and measurement and modeling methods associated 
with these restoration types.

Understanding the linkages between ecosystems is essential for predicting and designing appropri-
ate measurement methods for nonlinear effects. �e potential for synergistic effects on secondary pro-
duction to be achieved through the restoration of primary production (as depicted in Figure 3.2) has been 
understood for decades (Peterson and Lipcius, 2003), yet verification of this relationship still necessitates a 
time-consuming suite of field and laboratory procedures (Sather et al., 2015; Sobocinski and Latour, 2015). 
Understanding the drivers, pressures, and stressors on ecosystems (defined in Box 2.1) is a primary step that 
facilitates the ability to predict nonlinear effects and design methods to detect them.

Examples of pressures and stressors on six primary GoM restoration types are shown in Table 4.4. 
�e interactions between pressures and stressors are evident throughout the table. Connectivity among 
aquatic habitats, for example, stands out as a primary mechanism for interactions with nonlinear effects 
having to do with water quantity, quality, plant detritus, and biota. For instance, oyster reefs help mitigate 
the negative effects of nitrogen (Arfken et al., 2017) that over-fertilizes coastal waters (see case study in 

FIGURE 4.1. Key factors supporting cumulative effects assessments for large-scale and/or multiple restoration projects in the 
Gulf of Mexico. 
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Chapter 3; Boynton and Kemp, 2008), thus having the potential for synergistic effects with DWH-funded 
projects aimed at water quality (Table 4.4). Furthermore, intensifying trends in both chronic and acute 
stressors affecting submerged aquatic vegetation, emergent marshes, and mangroves (see Chapter 2) en-
hance the urgency for determining which restoration actions—or suites of actions—will have positive or 
negative effects.

Scaling Data and Information to the Gulf Coast 

�e challenge of evaluating cumulative effects of restoration at the Gulf-wide scale necessitates scaling 
up data from both representative restoration projects and intermediate-scale hydrogeomorphic units like 

Restoration Focus Areas

Habitat Water Quality
Living Coastal and 
Marine Resources

Resilience

Hypothesis: �rough 
restoration, coastal 
habitats will maintain or 
increase areal coverage, 
function, and ecosystem 
diversity 

Hypothesis: �rough 
restoration, water quality 
will be restored or 
protected in coastal and 
marine areas 

Hypothesis: �rough 
restoration, species 
populations will be 
maintained or replenished

Hypothesis: �rough 
restoration, coastal 
ecosystems and 
communities will be 
resilient to changing 
conditions

Entities Controlling 
DWH Ecosystem 

Restoration Funds
Habitat Water Quality

Living Coastal and 
Marine Resources

Resilience

NFWF ($2.544B)
Source: https://www.nfwf.
org/gulf-environmental-
benefit-fund/priorities 

Restore and maintain the 
ecological functions of 
landscape-scale coastal 
habitats, including 
barrier islands, beaches 
and coastal marshes, and 
ensure their viability and 
resilience against existing 
and future threats, such as 
sea level rise.

Restore and maintain 
the ecological integrity of 
priority coastal bays and 
estuaries.

Replenish and protect 
living resources including 
oysters, red snapper 
and other reef fish, Gulf 
Coast bird populations, 
sea turtles and marine 
mammals.

NRDA ($8.1B)
Source: DWH NRDA 
Trustees 2016. pp. 5-15 to 
5-17, Figure 5.4-1

Restore and conserve 
habitat (includes 
wetlands, coastal and 
nearshore habitats)

Restore water quality 
(includes nutrient 
reduction and water 
quality)

Replenish and protect 
living coastal and marine 
resources (includes 
fish and water column 
invertebrates, sturgeon, 
sea turtles, submerged 
aquatic vegetation, 
marine mammals, birds, 
mesophotic and deep 
benthic communities, 
oysters)

RESTORE Council 
($1.56B)
Source: Gulf Coast 
Ecosystem Restoration 
Council, 2016

Restore and conserve 
the health, diversity, and 
resilience of key coastal, 
estuarine, and marine 
habitats

Restore and protect the 
water quality and quantity 
of the Gulf Coast region’s 
fresh, estuarine, and 
marine waters

Restore and protect 
healthy, diverse, and 
sustainable living coastal 
and marine resources

Build upon and sustain 
communities with capacity 
to adapt to short- and 
long-term changes

TABLE 4.3.  Restoration Focus Areas and Hypotheses to Support Synthesis of Programmatic Outcomes and Corresponding 
Goals and Objectives of the DWH Settlement–Funded Programs
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estuaries or watersheds. As discussed in Chapter 3, avoiding scale mismatch is necessary for defensible 
assessment of environmental change. When scaled-up information is evaluated against monitoring and 
analysis of long-term trends and acute events (Chapter 2), for restoration trajectories are likely to be better 
understood and future conditions predicted with a reasonable level of certainty.

�e results of intermediate-scale assessments—whether qualitative, quantitative, and/or using lines of 
evidence—can be evaluated Gulf-wide through comparative cross-system analyses. �is is one of five cat-
egories of methods used in coastal synthesis studies, as discussed in Kemp and Boynton (2012). �e others 
are analysis of time series data, balance of cross-boundary fluxes, system-specific simulation modeling, 
and general systems simulation modeling. In the past, multiple methods of analysis have been applied to 
strengthen the conclusions drawn about the factors controlling the behavior of coastal systems. �ese ana-
lytical and simulation methods are categorized under lines of evidence in the cumulative effects approach 
(Table 3.3). Each of these methods could conceptually be applied in the GoM. �e use of comparative 
cross-system analysis (e.g., Boynton and Kemp, 2008) among the 34 U.S. GoM estuaries could provide an 
initial step to bridge the spatial gap between existing estuary-scale assessments of cumulative effects and 
Gulf-wide-scale assessment. 

As Kemp and Boynton (2012) noted, many factors influence selection of types of analysis and simula-
tion to effectively address hypotheses about controls of ecological processes. Different forms of synthesis 
need different types of data and some types (routine monitoring variables such as temperature, salinity, 
nutrient concentrations) are more available than others (process and rate measurements such as primary 
production, respiration, and various nutrient fluxes). Because every synthesis effort will be constrained by 
the data available, ensuring that appropriate monitoring efforts are in place will determine the basis for 
synthesis ultimately carried out. It is for this reason that this report emphasizes the importance of monitor-
ing efforts. �e unavailability of adequate monitoring data prevented the committee from carrying out a 
rigorous evaluation of the effectiveness of GoM restoration efforts (see Chapter 1). 

More specifically, cross-system comparison analysis involves the development of a quantitative statis-
tical model (often structured as a linear regression) using similar data from different systems to examine 
how key properties or processes vary with inputs from external drivers or other internal properties of an 
ecosystem (Kemp and Boynton, 2012). Within the GoM, limited examples of cross-system comparison anal-
ysis include seagrass areal extent response to hurricane disturbance across three estuaries in southeast Flor-
ida (Tomasko et al., 2020), the influence of tidal and non-tidal wetlands on nitrogen export from estuaries 
to coastal waters (White et al., 2019), decapod crustacean assemblages associated with northern GoM oyster 
reefs (La Peyre et al., 2019), ecosystem response to climate variability (Trifonova et al., 2019), and DWH 
impacts on nearshore and coastal living marine resources (Murawski et al., 2021). McKinney et al. (2019) 
used cross-systems analysis and analysis of time-series data and general systems modeling to compare liv-
ing resources, water quality, and habitat across regional estuaries.

A number of estuaries within the GoM have established programs that maintain extensive water quali-
ty, freshwater inflow and nutrient loading, high-frequency water quality monitoring, and coastal habitat ex-
tent databases. Primary among these are the five NOAA-supported National Estuarine Research Reserves, 
the seven EPA-supported National Estuary Programs, and state-supported monitoring programs. �ese 
databases could be used to develop and test hypotheses using cross-system comparison analyses among 
estuaries across the GoM. Because each of these long-term programs and their partners have implemented 
a variety of restoration projects and efforts within their respective study areas, an opportunity exists to use 
cross-system analysis to ask questions addressing cumulative effects of implemented projects. For example, 
these questions could include:

•	 What lessons have been learned from previous projects? 
•	 When beneficial environmental effects been observed following restoration efforts, what are the 

characteristics of those estuaries?
•	 What types, extent, and/or frequency of restoration efforts are associated with various observed 

beneficial effects?
•	 Has any restoration project adversely affected another project?
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•	 What is the lag time between restoration projects’ implementation and observable, detectable ef-
fects, especially due to effects of background environmental trends?

USING AN ADAPTIVE MANAGEMENT APPROACH  
TO ASSESS CUMULATIVE EFFECTS

Adaptive management (AM) is a structured process that considers uncertainties and allows for flex-
ibility in management activities to address these uncertainties (Holling, 1978; Pastorok et al., 1997; Wil-
liams, 2011). When applied to environmental restoration efforts, monitoring and evaluation throughout 
the planning, implementation, and tracking stages are integrated, so that knowledge gained at each step 
can be considered to improve the chance of successful restoration in the following phases. AM has been 
implemented in various ways, but generally includes assessment and setting restoration goals, planning 
restoration efforts (including identifying critical uncertainties that may affect restoration success), imple-
mentation, monitoring, evaluation of progress toward restoration goals, and adjustments throughout the 
process (summarized in NRC, 2004). 

�e DWH NRDA Trustees recognized that, due to the large temporal, spatial, and funding scales associ-
ated with the DWH oil spill, the restoration effort warranted a robust framework to support restoration de-
cisions. In 2016 an adaptive management approach (Monitoring and Adaptive Management [MAM] Plan) 
to guide DWH restoration efforts was identified (Figure 4.2), as an element of the Final Programmatic Dam-
age Assessment and Restoration Plan and Final Programmatic Environmental Impact Statement (DWH 
NRDA Trustees, 2016). In 2018, the trustees developed a MAM manual, which included a commitment to 
monitor and evaluate restoration outcomes and provide feedback to inform decision-making for current 
projects and refine the selection, design, and implementation of future restoration actions (DWH NRDA 
Trustees, 2017, 2019). �e trustees note that the MAM framework “may be more robust for some elements of 
the restoration effort with higher degrees of uncertainty, or where large amounts of restoration are planned within 
a given geographic area and/or for the benefit of a particular resource” (DWH Open Ocean Trustee Implemen-
tation Group, 2020, p. 4; DWH NRDA Trustees, 2016). Importantly, the AM feedback loop provides the 
trustees with the opportunity to adjust restoration actions, as needed, based on monitoring and evaluation 
of restoration outcomes (DWH NRDA Trustees, 2016; DWH Trustee Implementation Group, 2018, 2019, 

FIGURE 4.2. Monitoring and adaptive management framework guiding Deepwater Horizon restoration. SOURCE: DWH NRDA 
Trustees, 2016. 
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2020). Data from completed projects can inform future restoration efforts. �e AM approach developed 
by the trustees provides the ability to make refinements to wetland restoration projects and programs as 
more information becomes available over time. �e approach supports using the latest scientific data to 
inform how to improve future wetland restoration decision-making processes, including predicting and/or 
measuring the influence of external factors (e.g., sea level rise, tropical storms or hurricanes) on restoration 
outcomes, characterizing interactions among restoration actions, and collecting additional data needed to 
support regional-scale restoration (Steyer et al., 2003; Hijuelos and Hemmerling, 2015). 

Key considerations in an effective AM approach when assessing the cumulative effects of multiple 
restoration efforts include monitoring that is sufficient to detect environmental change associated with 
the restoration effort (Westgate et al., 2013) and to assess the potential effects of long-term environmental 
trends; evaluation and synthesis of monitoring data from multiple projects and background environmental 
trends to assess impacts on cumulative effects; feedback and learning by which the information obtained 
through the synthesis of the monitoring data is used to adapt future project plans; and implementation to 
determine and administer an appropriate remedial action or course correction. �e cycle is then repeated 
as needed. 

When applied to individual restoration projects such as those associated with DWH, use of an AM 
monitoring framework allows restoration to proceed in the face of uncertainty. Earlier sections of this re-
port highlight the many uncertainties restoration efforts face within the GoM, such as effects from climate 
change, relative sea level rise, long-term environmental trends, and variability of freshwater discharges. 
AM provides a critical framework in which these uncertainties are integrated into assessment of resto-
ration success within the Gulf and provides for adjustment in restoration approaches if the initial plan does 
not make progress in attaining restoration objectives. NASEM (2017) found that adaptive management is 
most suited for situations where environmental conditions may respond to management actions (resto-
ration projects meet this qualification), where there is considerable uncertainty regarding the response, 
where reducing that uncertainty could improve decisions regarding the project, or where stakeholders are 
committed and have the capacity to sustain an adaptive management approach. 

To date, guidance for individual restoration projects supported by DWH recovery funds include moni-
toring plans that incorporate adaptive management as part of their approved project plans and monitoring 
to be conducted in accordance with those plans. However, as noted above, data and results from the proj-
ects completed to date are sparse or not currently accessible, and the evaluation step of the cycle does not 
appear to have been implemented or disseminated beyond the individual project scale.�

�At the project scale, the use of adaptive management for DWH-funded projects has been infrequent-
ly documented. In one example,�when evaluating the progress of a seagrass planting restoration project 
in�Santa Rosa Sound, Florida,�project scientists determined that it was necessary to erect temporary fenc-
ing to exclude rays�and blue crabs that were uprooting newly planted seagrass as a result of their feeding 
on benthic infauna. Crabs are known to disrupt seagrass plantings through foraging and burying, from 
studies in other regions (�om et al., 2005). �e fencing allowed the plants to become established, although 
disturbance by tropical storm activity also hindered the overall success of the project (Heck and Byron, 
unpublished report). �e potential for applying an adaptive management approach to larger spatial scales 
(including Gulf-wide) is discussed in Chapter 5. 

AN EXAMPLE GULF-WIDE SYNTHESIS 

During information-gathering sessions for this report, GoM stakeholders and project managers not-
ed that while there is a need for Gulf-wide cumulative assessments of restoration efforts, incentives and 
resources are not currently in place to achieve this goal (G. Grandy, J. Henkel, A. Hunter, G. Leonard, P. 
Mickle, J. Porthouse, B. Sutter, presentations to committee, August 12, 2020). Gulf-wide synthesis activities 
have been recommended since at least 2017 (NASEM, 2017).

A recent assessment of meta-analyses of lag times between restoration implementation and the devel-
opment of associated benefits (summarized by Carle et al., 2020) provides an example of how synthesis can 
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inform future restoration and monitoring efforts. �e duration of the monitoring period needed to evaluate 
the effectiveness of a restoration project varies depending on the habitat type(s) involved, the restoration 
outcomes that are being evaluated, and factors specific to each location. Table 4.5 presents representative 
time periods that have been reported by literature reviews and meta-analyses of restoration projects in the 
GoM (e.g., Rezek et al., 2019; Baumann et al., 2020; Carle et al., 2020; Ebbets et al., 2020; Hollweig et al., 
2020; Armitage, 2021). 

In restored coastal marshes, attributes such as plant cover and use by fauna as spawning and nursery 
habitat can become well-established within 1 to 5 years following restoration, while other features such as 
below-ground biomass, soil organic content, and trophic functions such as benthic infauna densities may 
need a decade or more to approach levels typically observed in natural marshes (Baumann et al., 2020; Carle 
et al., 2020; Ebbets et al., 2020). In contrast, restored oyster reefs “tend to demonstrate rapid development of 
both ecosystem structure and function, as long as they are located in environmental settings with suitable 
salinity, water quality, and oyster larval transport” (Carle et al., 2020, p. 1682). 

In the case of SAV restoration, time lags and outcomes can vary depending on the scale of the resto-
ration effort. At the project scale, where the goal is to establish individual SAV beds using transplanting or 
seeding techniques, outcomes tend to be somewhat binary, either failing rapidly at sites where water clarity 
or other environmental factors do not support SAV survival or showing long-term persistence and growth 
at sites where SAV needs are adequately met (e.g., Rezek et al., 2019). In successful project sites, nekton and 
epifauna can colonize quickly and reach abundances and species composition that resemble natural SAV 
beds in 1 to 2 years (Carle et al., 2020). At larger sub-estuary or estuary scales, SAV restoration has typically 
been achieved by improving water quality and water clarity to levels that meet SAV needs, resulting in nat-
ural SAV recruitment or expansion from existing beds (see Table 4.5 for examples). In such cases there can 
be multiyear time lags between the initial implementation of water quality improvement projects, typically 
focused on nutrient load reductions, and the establishment of water quality conditions adequate for SAV 
restoration. Once the necessary water quality conditions are met, there can be additional multiyear lags 
before seagrass cover and habitat function increase to target levels (e.g., Greening et al., 2014; Tomasko et 
al., 2018).

Following project implementation, long-term monitoring and assessment will be needed to track and 
(if possible) correct for impacts due to climate change, RSLR, and changes in hydrologic, sediment and 
nutrient loads. �e information and references summarized in Table 4.5 can be used to inform long-term 
monitoring protocols needed to track restoration progress, cumulative effects of multiple projects, and as-
sess impacts of background environmental trends. 

Living shorelines are designed to provide shoreline stabilization and typically incorporate native 
materials such as marsh vegetation, oyster, or mussel beds, or submerged aquatic vegetation�alone or in 
combination with some type of harder shoreline structure for added stability (NOAA, 2015; Smith et al., 
2020). After construction, living shoreline projects can reach ecological equivalency with reference marshes 
for habitat use by snails and herons within 2 years (Chambers, 2021; Guthrie et al., 2022) and can establish 
nekton within 3 years (Gittman et al., 2016). However, soil composition equivalency with natural marsh 
organic matter lag several to many years behind those associated with habitat use (Chambers, 2021; Isdell 
et al., 2021).

INTEGRATING CUMULATIVE EFFECTS AND ADAPTIVE  
MANAGEMENT INTO RESTORATION: NEXT STEPS

As noted above, cumulative effects at the estuary and sub-estuary scale have been observed in the GoM, 
but extensive and prolonged monitoring efforts were necessary for detection. Additionally, the strength of 
large external environmental drivers, pressures, or stressors (such as seal level rise or hurricanes) and the 
relatively small amount of area restored may have prevented the detection of beneficial effects of cumula-
tive restoration at the Gulf-wide, regional, or state level.
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To better ensure detection of cumulative effects in restoration, the following steps could be taken. At the 
project level, this could include identifying project-level metrics that could support assessment of effects on 
a broader scale, utilizing consistent methodologies for collection and reporting of project-level metrics and 
ensuring that data are freely accessible and that metrics are available to facilitate assessment. Beyond the 
project level, this could include identifying other metrics or data sets that could support cumulative effects 
assessments, but may not be readily collected at the project scale. �ese include non-DWH restoration pro-
grams that are collecting data across large spatial and temporal scales. 

Figure 4.3 outlines an approach for planning, implementing, assessing, and synthesizing cumulative ef-
fects of multiple restoration efforts in a defined geographic area. �e use of an AM strategy allows progress 
on implementation of restoration efforts to continue, even if all necessary information is not immediately 
known. For example, Step 2 asks whether adequate baseline environmental conditions are sufficiently 
known to assess change, and if not, provides for the development of preliminary baseline estimates using 
existing data sources (Step 2a) that can be used to continue toward implementation. �e AM feedback loop 
allows re-evaluation and adjustment of the restoration strategy as additional data and information are col-
lected on environmental conditions, performance metrics, and comparison with baseline conditions.

Key elements of the multiple lines of evidence discussed in Chapter 3 are used throughout this approach. 
In Step 1, the conceptual model incorporates potential synergistic and antagonistic effects, hot spots and hot 
moments, and background trends, and develops restoration hypotheses. Step 2a uses historic data sources 
and literature review to help fill information gaps and allows progress to continue. Development of the 
restoration strategy in Step 3 can take into account one or more lines of evidence. Synthesis of changes 
in landscape-scale monitoring data to test restoration hypotheses and the use of data-driven models (see 
Chapter 3) are key elements in Step 4. Step 5 assesses the adequacy of existing lines of evidence and data to 
make restoration strategy decisions. �e cycle is then repeated if necessary, starting with revising the orig-
inal conceptual model with new information. 

FIGURE 4.3. A �ow chart approach for environmental restoration to assess cumulative effects of multiple restoration projects, 
using multiple lines of evidence (MLOEs) (see Table 3.3) and an iterative adaptive management approach. The large arrow 
between MLOE examples and Step 3 indicates that one or more lines of evidence can be used to develop the restoration and 
monitoring strategy. The steps in this approach may not be applicable for all existing and planned large-scale or multiproject 
restoration in the GoM, and other information and lines of evidence could be included at each step.
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Chapter 5

Moving Forward

INTRODUCTION

Calls for providing the scientific efforts (monitoring, modeling, and research) needed to support an 
adaptive management process for Deepwater Horizon (DWH)–funded restoration efforts are not new. In 2011, 
the Gulf Coast Region Ecosystem Task Force developed a shared vision for the Gulf Coast, to “achieve a 
resilient, healthy Gulf of Mexico ecosystem that supports the diverse economies, communities and cultures 
of the region” (Gulf Coast Ecosystem Restoration Task Force, 2011, p. 10). �e authors note that achieving 
this vision would has to include alignment of activities among the federal government and states, as well 
as collaboration in order to create realistic goals for restoration. In 2012, the Gulf Coast Ecosystem Resto-
ration Task Force (GCERTF) Science Coordination Team developed a Science Plan (Walker et al., 2012) for 
cross-cutting monitoring, modeling, and research efforts needed to provide the basic science infrastructure 
to support the overall vision for the Gulf of Mexico (GoM) restoration program. A specific objective of the 
Task Force Science Plan called for the development of an iterative and flexible approach to allow adaptive 
management and decision-making. In addition, Brown et al. (2011) recognized that, because the GoM eco-
system contains many political boundaries, coordination across geographic and organizational lines would 
be needed, and recommended that strategies be implemented at the greatest scale possible. 

As outlined in earlier chapters, significant progress has been made since 2012 in advancing monitoring 
and modeling capabilities1 (DWH NRDA Trustees, 2017; NOAA and USGS, 2019). Still, new technologies 
(such as sensor networks) and involvement of nontraditional partners (such as citizen/community scien-
tists) offer opportunities for further advancement. Long-term environmental trends for some environmen-
tal parameters and species are now available at local and regional scales, but data collection, analysis, and 
reporting are often inconsistent and existing efforts are not adequate to detect all important Gulf-wide 
trends.

Significant challenges remain in the development of the critical analysis and synthesis of the cumulative 
effects of DWH projects. Assessment of cumulative impacts—additive, synergistic, and possibly antagonistic 
effects—of multiple restoration projects of similar or diverse nature over spatial and temporal scales be-
yond that of an individual project are uncommon in the GoM. Development of synthesis capacity that can 
support an adaptive management process to integrate diverse restoration projects over significant spatial 
scales is recognized as a need by the DWH funding entities,2 but has not yet been widely initiated.

1 See https://www.gulfspillrestoration.noaa.gov/sites/default/files/2019-08%20MAM_Manual_Attachment_ E_07_Marine%20
Coastal%20Estuarine%20Riparian_Habitats_%20Monitoring_Guidance%202019.pdf.
2 As described in Chapter 1, when used in this report, the “DWH funding entities” are defined as the following: the RESTORE 



An Approach for Assessing U.S. Gulf Coast Ecosystem Restoration: A Gulf Research Program Environmental Monitoring Report

Copyright National Academy of Sciences. All rights reserved.

An Approach for Assessing U.S. Gulf Coast Ecosystem Restoration114

Prepublication Version - Subject to further editorial revision

�is chapter discusses critical aspects that underpin progress in moving forward: (1) data needed to 
assess long-term environmental trends and their impact on restoration activities, (2) emerging monitoring 
strategies for large-scale multi-project restoration efforts, (3) how cumulative effects analyses and adap-
tive management approaches can be utilized in planning, implementing, and assessing future restoration 
efforts in the GoM, and (4) barriers and opportunities for synthesizing the large amount of data and 
information already collected from DWH projects to maximize the probability of successful ecosystem 
restoration in the GoM. 

DATA RESOURCES FOR ASSESSING LONG-TERM ENVIRONMENTAL TRENDS

Possessing baseline and trend data for important environmental variables when evaluating restoration 
efforts provides fundamental support for the synthesis activities needed to inform adaptive management 
actions (�om, 1997; LoSchiavo et al., 2013; Ellison et al., 2020). �e committee’s assessment of the lack of 
data availability for monitoring background environmental indicators and trends is similar to that summa-
rized previously by Love et al. (2015) and more recently by Carle et al. (2020). For example, Love et al. (2015) 
identified gaps in long-term monitoring3 that can be summarized in three overarching findings:

1.	 �ere are many existing monitoring efforts that restoration decision-makers can use to track the 
recovery of injured natural resources. Building on these existing efforts will improve consistency, 
efficiency, and coordination. 

2.	 �ere are gaps in monitoring and in the understanding of natural resources in the Gulf that need to 
be filled to effectively evaluate recovery and success of restoration programs in the Gulf ecosystem. 

3.	Addressing the currently disjointed monitoring system and moving toward a Gulf-wide ecosystem 
monitoring network will provide a more efficient, integrated, and accessible tool for ecosystem in-
formation.

A collection of papers focused on the GoM, introduced by Carle et al. (2020), found that monitoring of res-
toration projects was often limited to a few years and focused on meeting specific construction targets (e.g., 
acres of marsh) or features (e.g., percent vegetation cover). In a specific example, they stated that “without 
more long-term monitoring data, natural variability makes it difficult to accurately predict restoration 
trajectories for some characteristics of restored marshes, particularly the extent to which slower developing 
functions might emerge over time.” (Carle et al., 2020; see Table 4.5).

Although several national programs do provide consistent and accessible data, most environmental in-
dicators are not monitored consistently and data sets are fragmented spatially and/or temporally (GOMA 
Water Quality Team, 2013; Love et al., 2015). State and federal resource agencies collect long-term envi-
ronmental monitoring data specific to their agency and state missions, and this information could be useful 
for assessing cumulative impact of multiple restoration projects at estuarine or larger scales. �e RESTORE 
Council Monitoring and Assessment Program (CMAP) developed an inventory of existing habitat and wa-
ter quality monitoring, and mapping metadata for the GoM programs, which includes links to electronically 
available datasets (NOAA and USGS, 2019). However, efforts to access and synthesize data are hampered 
by the lack of unifying GoM analysis and synthesis activities for many key stressors (e.g., ocean and coastal 
acidification, hypoxia, tropicalization). No entity that the committee could identify had the resources and 
the explicit responsibility to synthesize data from multiple sources. �is type of analysis and synthesis activ-

Council state and federal members (States of Alabama, Florida, Louisiana, Mississippi, and Texas; U.S. Department of Commerce; 
U.S. Department of the Interior; U.S. Environmental Protection Agency; U.S. Department of Agriculture; U.S. Coast Guard; and 
U.S. Department of the Army); the DWH NRDA Trustees (National Oceanic and Atmospheric Administration, U.S. Environmen-
tal Protection Agency, U.S. Department of the Interior, U.S. Department of Agriculture, and the five Gulf states); the National Fish 
and Wildlife Foundation Gulf Environmental Benefit Fund; the U.S. Fish and Wildlife Service North American Wetlands Conser-
vation Fund; the Centers of Excellence; the NOAA RESTORE Science Program; and the Gulf Research Program. 
3 See https://oceanconservancy.org/restoring-the-gulf-of-mexico/take-deep-dive/charting-the-gulf/.
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ity, so essential for accurate assessments of cumulative effects of large-scale restoration activities, remains 
to be undertaken.

Monitoring Challenges Faced by Program Managers

In Chapters 3 and 4, a detailed framework with case studies on cumulative effect assessment of multi-
ple GoM restoration projects is discussed. Such a framework, a foundation for Gulf-wide synthesis stud-
ies, is built on the assumption that comprehensive monitoring datasets are acquired regularly during and 
after restoration, and data are freely available and accessible. However, establishing a comprehensive 
monitoring program is not easy, and can face logistical, technical, and economic challenges (e.g., Biber, 
2013). Increasingly intense hurricane seasons (e.g., Holland and Bruyère, 2014) can disrupt established 
monitoring programs, destroy expensive field equipment (see example in Figure 5.1), deny access to field 
sites, and distract program managers with other urgent priorities (Kozlov, 2021). After a hurricane, pro-
gram managers have to partially or entirely resurrect the monitoring effort with new locations, equip-
ment, and sampling protocols (e.g., Burke, 2018; G. Steyer, personal communications, October 11, 2021). 
For example, in 2018, the National Academies’ Gulf Research Program funded 22 small grants to help 
with repair, replacement, or recovery of equipment, data, and research material incurred from Hurricanes 
Harvey and Irma (NASEM, 2019).

As documented in Chapter 2, access to long-term monitoring data is not readily available and is of-
ten dispersed among many agencies, states, and local entities. CMAP compiled an inventory of 544 water 
quality monitoring, habitat monitoring, and mapping programs operating in the GoM (NOAA and USGS, 
2019). �e authors found that accessible metadata was commonly missing from monitoring programs and 
recommended monitoring programs invest in making metadata web accessible (NOAA and USGS, 2020).

In the following sections, emerging technologies are examined as a potential solution to avoid data 
discontinuities and several technological solutions are outlined (in addition to traditional field-based data 
collection discussed in Chapter 2). �ese technologies do not replace well-established field-based monitor-
ing programs developed through decades of research, but complement them. Some of these technologies 
are already being used in the GoM. Many of the proposed sensing frameworks and sensor devices, towers, 
and networks are also prone to technical and communication failure, miscalibration issues, and damages by 

FIGURE 5.1. The Eddy Flux Tower at the Grand Bay, Mississippi, National Estuarine Research Reserve. (A) shows the tower in 
2019. (B) and (C) show the tower after the 2020 GoM hurricane season. The solar panels and the underlying structures were not 
found. The tower itself was broken off from the base. SOURCES: (A) Peter Hawman, University of Georgia; (B) and (C) Hailong 
Huang, Gulf Coast Research Laboratory, University of Southern Mississippi. 
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natural disasters, but repairing, replacing, and reestablishing these monitoring devices may be easier, faster, 
and economically viable compared to field-based sampling programs (Biber, 2013). 

Emerging and Novel Monitoring Strategies and Techniques 

Recent advancements in data-driven techniques such as artificial intelligence (AI), machine learning 
(ML), deep learning (DL) as well as cloud and edge computing are expected to fundamentally transform 
many domains of human endeavor, including post-restoration monitoring.4 Traditional remote sensing 
combined with new sensing technologies and AI-driven techniques can generate high-quality long-term 
monitoring data across terrestrial and coastal ecosystems5 (Corbane et al., 2015; Ridge et al., 2020). Although 
some large-scale remote sensing studies to monitor GoM-wide water quality and wetland habitats have 
been conducted in the past (Hu et al., 2011; Ghosh et al., 2016; O’Connor et al., 2016; Chen and Hu, 2017), 
there are few examples of integrated remote sensing and emerging technology-driven (e.g., AI or ML/DL) 
monitoring studies being adopted for Gulf restoration efforts (e.g., the CMAP inventory assessment found 
only 7 percent of oyster restoration efforts used AI/ML) (NOAA and USGS, 2020). 

It is clear that transformational changes in capturing, recording, transmitting, synthesizing, archiving, 
and extracting meaningful physical/chemical/biological/ecological data and information about restoration 
projects across GoM are needed from multiple sources, users, and scales. As environmental monitoring data 
generated using these techniques will most likely be heterogeneous—textual, numerical, or spatial—models 
or synthesis tools will need to be capable of ingesting a variety of data for predicting ecosystem response 
due to restoration activities (Peters et al., 2014; Peters-Lidard et al., 2017; Zhong et al., 2021).  �ese new-
er data-driven frameworks are not expected to replace traditional restoration science-driven ecosystem 
monitoring, but complement and strengthen them. �e ecosystem restoration and monitoring community 
could benefit from using a hybrid method, combining traditional approaches with new advanced tools, tech-
niques, and partners. Such changes will likely apply to all aspects of the long-term trend monitoring frame-
work, including data collection, modeling (making predictions, analyzing trends, and detecting anomalies), 
and synthesizing and disseminating information. 

Field-based monitoring and sensing technologies have grown substantially in the past decade, driven 
by advancements in cloud computing, crowdsourcing or crowdsensing, AI, plug-and-play sensors, low-cost 
computer boards, drones, and small satellites.6 Use of these advanced multiplatform sensing technologies 
and data analytics and visualization methods can make the post-restoration monitoring targeted, effective, 
inexpensive, and sustainable over long timeframes (Rundel et al., 2009; Corbellini et al., 2017; Mayton et al., 
2017). To effectively employ these methods of data acquisition, a comprehensive, multifaceted approach, 
such as those that already exist and are being increasingly implemented in ecosystem monitoring studies, 
will need to be adopted. For example, the GoM restoration science and practitioner community could adopt 
the National Science Foundation’s AI-integrated Cyber-physical Systems (CPS) framework to develop in-
novative ways to acquire, process, visualize and share data for long-term monitoring of restoration sites 
and cumulative impact of projects. CPS is defined as “engineered systems that are built from, and depend 
upon, the seamless integration of computation and physical components.”7 �e physical component in CPS 
could be a restored site, such as a salt marsh, a bay, a seagrass meadow, or oyster reef or include a larger 
area such as multiple restored sites across a landscape. �e three components of long-term monitoring and 
assessment would involve acquiring multiple heterogeneous environmental data from the site; transmitting 
and processing these datasets; and modeling, visualizing, and disseminating map products to end-user or 
data contributors (in the case of crowdsensing) (e.g., Nundloll et al., 2019; Mishra et al., 2020). Once set up, 
a CPS system can be automated to save time and reduce cost.

4 See https://www.microsoft.com/en-us/ai/ai-for-earth.
5 See https://coastalresilience.org/project/ai-conservation/; https://salo.ai/.
6 See https://www.nsf.gov/cise/harnessingdata/.
7 See https://www.nsf.gov/pubs/2017/nsf17529/nsf17529.htm.
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Implementing such a framework across restoration sites and states will be predicated on a willingness 
to adhere to the Open Data concept (e.g., White House’s Climate Data Initiative;8 NOAA Open Data Portal)9 
(Peters, 2010; Schmidt et al., 2016), which means data are accessible and available to be repeatedly used in 
modeling and analysis. Another integral part of such a framework is the use of AI-based data-centric envi-
ronmental models such as ML/DL (LeCun et al., 2015; Zhong et al., 2021). As noted in the Executive Order 
on maintaining American leadership in AI,10 ML/DL has the potential to drive growth and innovation in 
many fields, including coastal ecosystem science. However, to date, the coastal environmental restoration 
field has experienced a minimal integration or real-world adoption of ML/DL in modeling and data syn-
thesis activities, due to challenges such as large training datasets, data labeling, and computation needs 
(Lamba et al., 2019). AI-based models capable of highlighting the complex nonlinear relationships between 
restoration activities and ecosystem response (structure and function) need to be at the forefront of tool 
creation because they can isolate the cumulative impacts of long-term restoration projects and can be used 
for large-scale synthesis across sites in the GoM that are under the constant influence of broad-scale natural 
and anthropogenic drivers, pressures, and stressors. AI-based modeling using existing monitoring data has 
been increasingly used in the past few years but primarily for smaller-scale projects (Beijbom et al., 2015; 
Norouzzadeh et al., 2018; Weinstein, 2018; Williams et al., 2019; Parashar et al., 2021). Its use in large-scale, 
long-term monitoring projects has been scarce. 

 �e sections below describe the types of data, ecosystem variables, models, and visualization tools that 
could be helpful in advancing a cost-effective, easily implementable, easily adoptable monitoring frame-
work in the GoM.

Multisource Monitoring Data 

Remote Sensing Satellites

Monitoring coastal environments using point-based field data can be time-consuming, expensive, and 
spatially unrepresentative or inadequate to characterize long-term trends. To overcome these difficulties 
and conduct site- and regional-scale monitoring and mapping, remote sensing satellite data are often used 
(NASEM, 2015, 2018c). Depending on the environmental variables being monitored, restoration prac-
titioners have access to open-source satellite data ranging from 10 m to tens of km in resolution. Very 
high-resolution11 multispectral image data (1 m to 3 m) from commercial satellites such as PlanetScope (3–5 
m), IKONOS (4 m), QuickBird (2.4 m), and WorldView 2-4 (1.24–4 m) have been available since the 2000s. 
However, they are expensive and often cost-prohibitive for long-term time-series analysis, and the highest 
resolution is not always best suited to the research question (Ghosh et al., 2016). National Aeronautics and 
Space Administration (NASA)12 and European Space Agency (ESA)13 satellite imageries are available in an 
open-source form and represent a wide range of data from passive and active sensors, including multispec-
tral sensors (e.g., Landsat, MODIS, Sentinel 2 and 3), Light Detection and Ranging (LiDAR) sensors (e.g., 
ICESat-2), and Interferometric Synthetic Aperture Radar (InSAR) sensors (e.g., Envisat). �ey are typically 
considered as moderate resolution (10 m to 1 km) satellites useful for various local and regional analyses. 

In the past few years, there has been a substantial growth in the number of small satellites or CubeSats 
launched to the lower earth orbits that provide remote sensing images at various resolutions14 (NASEM, 2016; 

8 See https://www.data.gov/climate/.
9 See https://odimpact.org/files/case-studies-noaa.pdf.
10 Executive Order 13859 (February 11, 2019): https://www.federalregister.gov/documents/2019/02/14/2019 -02544/maintain-
ing-american-leadership-in-artificial-intelligence.
11 See https://www.satimagingcorp.com/satellite-sensors/. 
12 See https://eospso.nasa.gov. 
13 See https://earth.esa.int/eogateway.
14 See https://www.jpl.nasa.gov/cubesat/.
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Stephens et al., 2020). CubeSats are small-sized satellites used for targeted monitoring from lower earth or-
bit.15 One of the prominent examples is the Planet Lab’s CubeSat constellations consisting of roughly 150 
CubeSats with the goal to image the whole Earth daily at a spatial resolution of 3 m.16 �ese kinds of high 
temporal frequency data have the potential to be valuable in monitoring the impact of acute disturbance 
events, such as hot spots and hot moments, on restoration sites in the GoM. �ere are now numerous satel-
lite options to acquire imaging data from a specific restoration site or for multiple restoration projects, and 
the choice of satellite sensor and data depends upon the nature of the investigation, type of data needs (e.g., 
spatial resolution or pixel size, optical imagery vs. thermal imagery vs. elevation or height data), frequency 
of acquisition (daily, weekly, monthly), and environmental constraints (e.g., cloud cover, tide height). When 
multiple datasets from different satellite sensors are available, cross-calibrated models can be developed 
(Page et al., 2018;  Liu et al., 2021b), which means the general model will work for multiple satellite datasets 
without requiring satellite-specific calibration. �ese cross-calibration techniques can help maintain long-
term trend monitoring, even if a specific satellite used in the analysis gets decommissioned. 

Uncrewed Aerial Systems

In the past few years, uncrewed aerial systems (UASs) have become ubiquitous in environmental data 
collection (NASEM, 2020). �e most common types of UASs for remote sensing observations are multispec-
tral (tens of bands) imaging and thermal imaging UASs.17 Although hyperspectral (hundreds of bands) UASs 
exist, they tend to be expensive and are not commonly used at present, though applications for post-res-
toration monitoring of habitat and fisheries are in development (Roegner et al., 2019). UASs offer several 
advantages that satellites currently do not, such as the flexibility of when and how to fly, which is essential to 
control the data quality in terms of scale, resolution, or environmental constraints. UASs can fill in the tem-
poral gaps created by satellite-based monitoring, offering very detailed mapping of ecosystem structures 
that satellites often miss (Evans Ogden, 2020; Emilien et al., 2021). �ey are often used to scale-up ground-
based models to an intermediate scale before implementing them on satellite data (Emilien et al., 2021). �e 
use of UASs in environmental monitoring has increased in the past few years, but standardization in data 
processing and analysis has not caught up. 

Autonomous Underwater Vehicles

�e use of autonomous underwater vehicles (AUVs) has increased dramatically in the past decade to 
collect essential ocean variables such as temperature, salinity, oxygen, nutrient, pressure or depth, and ben-
thic cover or topography at a fine spatiotemporal scale (Barrett et al., 2010; Joint Nature Conservation 
Committee, 2018; Whitt et al., 2020). Advancement in technologies in communication and operation au-
tonomy has made it possible for these AUVs to acquire comprehensive environmental datasets, which can 
be ingested by existing marine observation systems such as the Global Ocean Observing System (GOOS)18 

and the Gulf of Mexico Coastal Observation System.19 ML/DL and intelligent remote sensing systems are 
now commonly embedded into AUVs, enhancing their environmental perception (e.g., DeeperSense Proj-
ect20) and allowing them to optimize their path to collect data from areas with environmental anomalies 
(e.g., algae blooms, thermal hotspots, hypoxic zones, coral die-off areas) (Paull et al., 2013; Wynn et al., 2014; 
Whitt et al., 2020). However, operations in nearshore coastal waters are affected by factors such as shallow 
depths, turbidity, tides, submerged and emergent vegetation. AUVs have not necessarily been engineered or 
widely adopted for these applications (e.g., Watson et al., 2020). 

15 See https://www.nasa.gov/mission_pages/cubesats/overview.
16 See https://www.planet.com/.
17 See https://conservationdrones.org.
18 See https://www.goosocean.org/.
19 See https://www.deepersense.eu/www/.
20 See https://www.deepersense.eu/www/.
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Ground Sensor Networks

Ground or field-based imaging and nonimaging sensors can be an accurate source of field monitoring 
data, which can be integrated and matched up with drone and satellite data (Babaeian et al., 2019; Mishra 
et al., 2020). �e field sensors are becoming increasingly cheaper and versatile (Mao et al., 2019). �ey can be 
seamlessly integrated into inexpensive computer boards such as Raspberry Pi or Arduino (Ojha et al. 2015; ., 
2015; Prasad,Mao et al., 2019) and solar panels to automate data collection, storage, and transmission (Bod-
dula et al., 2017). �e imaging or optical or wireless sensors can provide multi- and hyperspectral remote 
sensing reflectance data, which can be used to monitor wetlands’ biophysical characteristics, soil organic 
matter, water quality, seagrass status, and several other coastal habitats or ecosystem indicators (Rundel 
et al., 2009; Quinn et al., 2010; Ojha et al. 2015; Prasad, 2015; Boddula et al., 2017; Geller et al., 2017; Sa-
dinski et al., 2018; Babaeian et al., 2019; Mishra et al., 2020). Field-based cameras such as the PhenoCam or 
wildlife cameras can be valuable tools to provide geocoded image data from a site21 (O’Connell and Alber, 
2016; Richardson et al., 2018). Other sensors—such as CO2 sensors mounted on Eddy Flux towers, nutrient 
sensors, soil sensors, floating water quality sensors (for conductivity, temperature, depth) and other buoy-
based sensors, as well as temperature and water level sensors—can also be useful in monitoring coastal 
estuarine ecosystem properties (Yan et al., 2008; Moore et al., 2009a; Jones et al., 2019; Nehir et al., 2021). 

Crowdsourcing or Crowdsensing

Crowdsourcing/crowdsensing22 has been an increasingly effective tool used in many types of environ-
mental monitoring (Ghermandi and Sinclair, 2019). Inviting members of the public to contribute meaning-
ful environmental data and disseminating the spatial or map products generated from those datasets right 
back to people as information create meaningful incentivization and keep community scientists motivated 
to sustain the data collection and sharing feedback loop (McKinley et al., 2017). In recent years, many 
projects have successfully utilized crowdsourced data and online social media for targeted and effective 
environmental monitoring—for example, the Enviro-Net project from the University of Alberta and IBM, 
the Aqueduct Project from the World Resources Institute, 23 the Secchi Disk Project (Seafarers et al., 2017), 
CyanoTracker Project (Mishra et al., 2020), and Australian Fishes Project.24 �ere is considerable interest 
in leveraging community scientists or the general public at large, including residents, tourists, and environ-
mental advocates, by enabling and encouraging them to contribute observational data (de Sherbinin et al., 
2021). �e proliferation of smart mobile devices, online social media, and cloud computing has significantly 
lowered the barrier for nonscientists to participate in environmental monitoring (LeCun et al., 2015). Since 
the advent of social media platforms and microblogs, crowdsourcing/community-science activities have 
been revolutionized, and researchers have used the crowd sensed data for detecting all sorts of ecological, 
environmental, and geological phenomena such as vegetation health, coastal flooding, plant and animal 
identification, reporting earthquake and landslide damages, and monitoring of urban temperature (e.g., 
Earle et al., 2012; Scott et al., 2016; Mishra et al., 2020). Community science/crowdsourced data could be 
valuable in providing firsthand information about coastal habitats, species, or disturbance impacts if there 
is proper infrastructure in place, such as reporting mobile apps, information about participation on- and 
off-site, and incentivizing participation (Cigliano et al., 2015; Kelly et al., 2020). 

21 See https://phenocam.sr.unh.edu/webcam/.
22 Crowdsourcing is data that is collected by nonprofessionals such as community members and stakeholders instead of scientists 
and government agencies (e.g., Conrad and Hilchey, 2011) while crowsdsensing uses devices to collect field data.
23 See https://www.wri.org/aqueduct.
24 See https://australian.museum/get-involved/citizen-science/fishes/.
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Automated Data Collection and Transmission 

New avenues for environmental data collection discussed above can create an opportunity to sup-
plement traditional approaches to environmental monitoring. Once set up, these systems can be relatively 
autonomous and inexpensive to operate and eliminate the need for frequent field travel or physical sam-
ple collection. Automated data collection from remote restoration sites by remotely operating the sensors 
from the laboratory using AI technologies and guaranteeing reliable transmission of monitoring data from 
these environments (e.g., coastal marshes) is one of the most important features of the NSF CPS infrastruc-
ture. Restoration project managers could further explore automated data collection using feasibility studies 
with QA/QC procedures in place for cross-validation with occasional field data, as recommended in the 
2015 Louisiana’s System-Wide Assessment and Monitoring Program (SWAMP) report (Hijuelos and Hem-
merling, 2015) and currently underway in the Columbia River estuary restoration (Roegner et al., 2019). 
It can ultimately be a cost-effective way to address post-restoration monitoring challenges. Various data 
transmission approaches are available, such as data hopping via WiFi, 4G/5G mobile networks–based data 
transfer, and transmission via low earth orbit satellite communication datalinks such as Iridium satellite 
constellation25 (Hart and Martinez, 2015; Alpert et al., 2016; Zhang et al., 2019). 

Data-Driven Modeling to Ingest Heterogenous Monitoring Output 

Environmental models, in the form of conceptual or physical or ecosystem, population, or mechanistic 
models, and landscape or rule-based models (discussed in Chapter 3) have been traditionally used to mod-
el cumulative impact assessment in terms of environmental biophysical and biochemical characteristics 
and ecosystem responses. �ey can be effective when accurately parametrized with high-quality field data 
derived from field sample analysis or controlled monitoring. However, with the new technology-driven 
sensing and monitoring techniques discussed in previous sections, the available data will be heterogeneous 
and inherently noisy (e.g., multisource sensing data, spatial and remote sensing data, and numerical and 
contextual data) (Clark and Gelfand, 2006; Peters et al., 2014; Goldstein and Coco, 2015; Peters-Lidard 
et al., 2017; Zhong et al., 2021). Using these new datasets, modeling the complex and nonlinear relation-
ships between ecological variables and post-restoration ecosystem responses over space and time within 
the traditional modeling approaches can produce large uncertainties (Clark and Gelfand, 2006; Zhong et 
al., 2021). ML/DL-based models (e.g., convolutional neural network or recurrent neural network) are in-
creasingly widely used alternatives that can handle heterogeneous monitoring imaging and non-imaging 
data for model training and tuning (Lamba et al., 2019; Zhong et al., 2021). �ey can be highly effective in 
teasing apart the complex relationships between ecosystem drivers, pressures, and stressors and response 
and patterns between different datasets and environments, although their performance depends on the 
types and amounts of training data available from a site (Goldstein and Coco, 2015; Lamba et al., 2019). 
Once trained for a site across a wide range of variables, they can be used for a long time without needing 
frequent training (Sejnowski, 2020). �ey can also be scaled up to airborne and satellite sensors for large-
scale and long-term monitoring and modeling (Lapenna and Soldovieri, 2021). �e data-driven models will 
not replace traditional environmental models, such as physical or mathematical or simulation models, but 
will strengthen them when used in a hybrid framework (Clark and Gelfand, 2006). 

Ensemble ML is a modeling framework where several ML models or coupled physical, ecosystem, and 
ML models are run using environmental input variables either obtained from monitoring processes de-
scribed above or estimated using traditional environmental modeling, and their output is combined using a 
rule-based algorithm (e.g., stacking or voting; sometimes referred to as meta-learning) to generate the most 
accurate prediction (Finn et al., 2017; Sagi and Rokach, 2018). �ese types of data-centric models are pro-
gressively becoming a go-to modeling tool for the ecology and environmental science community for build-
ing assessment and predictive models (Peters et al., 2014; Beijbom et al., 2015; Norouzzadeh et al., 2018; 

25 See https://www.iridium.com/. 



An Approach for Assessing U.S. Gulf Coast Ecosystem Restoration: A Gulf Research Program Environmental Monitoring Report

Copyright National Academy of Sciences. All rights reserved.

121

Prepublication Version - Subject to further editorial revision

Weinstein, 2018; Williams et al., 2019; Parashar et al., 2021). New refinement procedures to improve the pre-
dictive ability of these models are available in an increasingly open-source manner (Ghannam and Techt-
mann, 2021). �is modeling framework can contribute to assessment of the long-term cumulative effects 
of large-scale GoM restoration projects, along with other methods that support synthesis such as literature 
review and simulation modeling (Chapter 3) and comparative analysis and time-series analysis (Chapter 4). 

Open-Source Data for Visualization and Sharing 

Accessibility to data, maps, and information is at the heart of the open science concept.26 Access to data 
can be the biggest bottleneck for large-scale synthesis studies or comparative studies across restoration 
sites (e.g., de Groot et al., 2010; Farley et al., 2018; Palomo et al., 2018). Data transparency (such as types, 
collection and analysis procedure, uncertainty) and access/sharing mechanisms (e.g., open-source archive 
or web mapping tools) have to be determined in the early stages of each restoration project to facilitate fu-
ture modeling and synthesis studies. An open science framework adopted by the restoration practitioners 
and government agencies across the GoM in the form of openly accessible and comprehensive monitoring 
databases could help transform the post-restoration monitoring process to study long-term cumulative 
impacts. �e primary objective would be to create a centralized online location where any user can visu-
alize and download relevant data and products (e.g., imaging, nonimaging, community science). A diverse 
set of end users (such as environmental managers, researchers, NGOs, policymakers, and commercial and 
recreational users) could visit the site to explore the available products and write custom code, if needed, 
to use these products in further analysis. �ere are several efforts underway across the Gulf states to ei-
ther enhance existing open-source databases and online mapping interfaces or establish new ones capable 
of synthesizing monitoring data. Some examples include GoMRI’s Gulf of Mexico Research Initiative In-
formation & Data Cooperative (GRIIDC),27 NOAA’s Gulf of Mexico Data Atlas,28 Gulf of Mexico Coastal 
Ocean Observing System (GCOOS),29 U.S. Army Corps of Engineers’ Institute for Water Resources Gulf of 
Mexico Regional Assessment for the National Shoreline Management Study,30 EPA and USGS’s Hydrologic 
and Environmental databases, and the Tampa Bay Estuary Program’s reporting and assessment methods.31 
�ese databases are important sources of input data, but they lack the ability to integrate models to syn-
thesize, process, and display outputs about restoration projects across GoM. Recent growth in cloud-based 
platforms such as Google Earth Engine,32 which is open to anyone with an Internet connection, can be an 
interface for users to model, visualize data, and carry out further processing (e.g., Vos et al., 2019; Boothroyd 
et al., 2020; Campbell and Wang, 2020; Mishra et al., 2020). �e Google Earth Engine platform does not 
need local computing resources or specialized software, and users can perform several analyses, which may 
include empirical or data-driven modeling, mapping, and time-series trend analysis of multiple restoration 
sites, at once. �ese analyses are important components contributing to the lines of evidence and synthesis 
used for post-restoration cumulative effects (Table 3.3). 

Data Repositories

It is important that all data and information regarding restoration be available to all users, regardless 
of where data are deposited. FAIR principles33 (Findability, Accessibility, Interoperability, and Reuse of 
digital assets) are widely accepted and provide guidance for data management and stewardship (Wilkinson 

26 See https://en.unesco.org/science-sustainable-future/open-science.
27 See https://data.gulfresearchinitiative.org/. 
28 See https://gulfatlas.noaa.gov/.
29 See https://gisdata.gcoos.org/. 
30 See https://www.iwr.usace.army.mil/Missions/Coasts/National-Shoreline-Management/. 
31 See https://tbep.org/our-work/data-visualization/.
32 See https://earthengine.google.com/. 
33 See https://www.go-fair.org/fair-principles/.
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et al., 2016). In addition, many interim products and gray literature reports are scientifically peer-reviewed 
and often contain more extensive datasets than those in published scientific journals. Including these prod-
ucts in data repositories allows them to be available to the greater community. To ensure that data and 
information generated by DWH-funded restoration projects are not lost or become unavailable over time, 
data repositories need to ensure the following:

•	 FAIR principles are followed,
•	 multiple data formats and types (including video and audio formats) are accepted,
•	 data and metadata submissions are reviewed for completeness,
•	 an easy-to-use submission process is available,
•	 training and assistance for data providers (including planning, organizing, documenting, and sub-

mitting datasets) is provided,
•	 detailed geographic data are available to enable spatial searches,
•	 Digital Object Identifiers (DOIs) are assigned to datasets so they can be cited in literature,
•	 datasets linked to publications are easily identified,
•	 data are freely available and downloadable,
•	 data are retained permanently in the archiving database,
•	 metadata is discoverable through common search engines, and
•	 data reporting formats are machine readable. 

�e broad set of restoration efforts envisioned by DWH funding entities and others, both coastal and ocean-
ic, will generate significant quantities of data over the coming years. �e amount of data that already exists 
is not insignificant, but it can be difficult to find and access and may need curation to meet the standards 
listed above. Much of the data is in diverse formats, which need to be stored appropriately. As ML/DL and 
AI (discussed above) advance problem-solving approaches across both research and industry (e.g., Kersting, 
2018), it is important to ensure that all restoration data are accessible to innovative approaches and con-
tribute to adaptive management needs.

Table 5.1 summarizes example project-level parameters that could be useful for cumulative effects 
assessment for key restoration types being implemented since DWH (including oysters, submerged aquatic 
vegetation, salt marshes and mangroves, water quality and nutrient reduction, and birds). Both traditional 
parameters (discussed in Chapter 2) and novel techniques and emerging technology (discussed in this chap-
ter) are included, as well as examples of cumulative effects assessment tools (discussed in Chapter 3). Key 
considerations regarding scale that might be important when designing and assessing project-level resto-
ration efforts are also noted, for use by restoration managers. 

KEY METRICS NECESSARY FOR ASSESSMENT BEYOND THE PROJECT LEVEL

Better understanding of the cumulative effects of multiple restoration projects is needed to ensure ef-
fective use of funding, sustainable restoration results, and demonstrable ecosystem benefits, along with 
other desirable societal goals. Assessing cumulative restoration is a focus of growing concern and analysis 
by the restoration community (Cooke et al., 2018, 2019; Ladouceur and Shackelford, 2021) as well as by 
funders and practitioners looking to advance restoration beyond project-level goals. Drivers and pressures 
(discussed in Chapter 2) affect restoration at both project and larger scales. Climate change generates pres-
sures that, along with acute events such as hurricanes, affect all scales of restoration.

In the GoM, as with other developed coasts, anthropogenic drivers generate pressures (e.g., land use 
change, water management strategies) that can negatively affect restoration at all levels, further confound-
ing synthesis activities (Magliocca et al., 2015). Monitoring the landscape-scale changes that are generated 
by these diverse drivers and pressures needs to be a priority moving forward, as those observations will 
support synthesis activities that inform adaptive management. �is will include creating the metrics needed 
to assess restoration, the data needed to develop the metrics, and ensuring that data are compiled and made 
available to restoration planners in a useable form.
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Key Indicators of Long-Term Trends Needed to Assess Restoration Ef�cacy 

�ere are numerous approaches and techniques available for assessing the efficacy of GoM restoration 
activities, and clear and useful examples of synthesis have been completed or are underway in the Gulf re-
gion (e.g., Fennel and Laurent, 2018; G. Steyer, presentation to committee, November 9, 2020). Specific ap-
proaches and examples of synthesis activities completed in coastal and estuarine areas have been described 
in Chapters 3 and 4. �e available approaches noted in Chapters 3 and 4 include mass balances (often called 
budgets), comparative analyses (use of data from many sites), time series analysis (use of data collected over 
time at a site), and several types of simulation models (site specific models and more general/conceptual 
models). �ese and other data-intensive approaches discussed earlier in Chapter 5 can readily be applied to 
the challenging issues of assessing restoration successes in the diverse habitats of the GoM when appropri-
ate data sets can be accessed. 

Metrics and data availability for tracking long-term environmental background trends in the GoM 
have been discussed in Chapter 2. Of those, several are also key to assessing restoration efficacy at larger 
spatial scales, including: 

•	 Freshwater inflow (USGS flow gages) and water quality parameters, including nutrient concentra-
tions (federal, state, or local water quality monitoring programs), which are used to generate loading 
estimates to estuarine and coastal waters. Changes in nutrient loadings can be used to gage effective-
ness of multiple nutrient reduction efforts within a watershed. 

•	 Land use/land cover (LANDSAT, MODIS, Sentinel 2 and 3 or other satellite imagery), which are 
used to track changes in coastal habitat areal extent; transformation of rural to urban land uses (for 
example); and connectivity between habitat types within watersheds and their receiving waterbod-
ies. Changes in the areal extent of habitat types can be used to assess net changes from multiple and 
large-scale land conservation efforts.

•	 Tide gage data and subsidence measurements, which are used to estimate local, relative sea level rise.
•	 Ocean and coastal acidification indicators such as pH, which are essential for successful restoration 

and maintenance of commercially important shellfish.
•	 Ambient water quality measurements, which are used to track light levels for key habitats, including 

submerged aquatic vegetation. Methods to assess chlorophyll-a and total suspended solids using 
multi and hyperspectral data have improved (Dou et al., 2018), allowing for their use in assessing 
stages of restoration in water quality condition (Boyer et al., 2009; Millette et al., 2019). Tracking 
chlorophyll-a concentrations in estuarine and coastal waters over time has also been an effective 
method for assessing light availability for submerged aquatic and other benthic communities (Luo 
et al., 2020), and is associated with implementation of multiple nutrient reduction projects within 
larger watersheds (see Chapter 4). 

•	 Using satellite data and models to assess wetland change (Klemas, 2013; Taddeo et al., 2019; Cou-
villion, 2021), which may be a useful tool for assessing restoration over significant spatial scales. 
Examples include mangroves (Lee and Yeh., 2009) and constructed wetlands (Li et al., 2020b). 

•	 Status and trends data for fish, birds, and marine mammals collected for treaty, regulatory, and 
management purposes in the GoM, which represent some of the most readily available long-term 
data and encompasses significant spatial scales. �ese data can be useful metrics for integrating 
across broad political and ecological spatial-temporal scales when assessing ecosystem health and 
function beyond project scale (fish [Jordan et al., 2010; Schrandt et al., 2021]; birds34; water birds 
[Ogden et al., 2014; Rajpar et al., 2018]; marine mammals [Wells et al., 2004; Bossart, 2010]). �ese 
data, collected for multiple diverse objectives, can contribute to the development of various lines of 
evidence efforts to assess cumulative impacts of restoration across spatial scales. 

34 See https://gomamn.org/.
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Blue Carbon and Primary Production as Integrative Assessment Metrics

In addition to the metrics and trends discussion in Chapter 2, coastal primary production and blue 
carbon storage are important indicators of ecosystem response and function (Mcleod et al., 2011; Sigman 
and Hain, 2012; Macreadie et al., 2019), and have the potential to be effective integrative metrics to evaluate 
the cumulative effect of restoration projects. Primary production in marine environments refers to organic 
carbon production by phytoplankton (Chassot et al., 2010; Sigman and Hain, 2012), while coastal blue car-
bon refers to the carbon produced and stored in coastal habitats such as mangroves, marshes, or seagrasses 
as biomass and as soil organic carbon (Chmura et al., 2003; Laffoley and Grimsditch, 2009; Mcleod et al., 
2011). Tropicalization (discussed in Chapter 2) affects blue carbon through the continuum of plant commu-
nities and replacement through climate change effects (Osland et al., 2022).

Primary production and blue carbon assimilation are considered integrative metrics because of their 
linkage to multiple ecosystem services; thus, they have been used as proxies for evaluating outcomes of 
coastal restoration projects (summarized in Windham-Myers et al., 2018). Some of these linkages are shown 
in Chapter 3 (Tables 3.1 and 3.2). Both metrics are positively linked to nutrient cycling, healthy and pro-
ductive coastal wetland and submerged vegetation, and enhanced biodiversity. For example, sediment and 
nutrient supplied via river runoff to the wetland improve wetland productivity and elevation, making them 
more resilient against relative sea level rise, and reducing the rate of habitat fragmentation. Nutrient up-
take by submerged aquatic communities enhances their productivity and helps improve water clarity and 
fisheries (unless nutrient concentrations are too high, in which case algal blooms and eutrophication may 
occur). Healthy and productive coastal wetlands enhance bird counts, fisheries, tourism, and economic 
growth. �erefore, these metrics are integrative and can be effective toward cumulative effect assessment, 
with a caveat that the rate of change has to be evaluated along with the time-integrated production budget. 
Newly restored ecosystems will need time to produce the desired production budget due to the temporal lag 
(many years; summarized in Table 4.5) between ecosystem restoration activities and restoration of opti-
mum ecosystem functions (Osland et al., 2012; Greiner et al., 2013; Burden et al., 2019). �erefore, budgets 
alone may not represent the effectiveness of restoration projects. 

Both primary production and blue carbon have been measured in the field or can be estimated using 
models for a wide variety of ecosystems. �ey can be measured at a point scale using analysis of field-col-
lected physical samples, moored sensors, or chamber-based data collection (Marra, 2002; UNESCO-IOC, 
2012; Järveoja et al., 2018); at an area scale using tower-based (Eddy Flux tower) data collection and anal-
ysis (Forbrich and Giblin, 2015; Knox et al., 2018; Tokoto and Kuwae, 2018; Koopmans et al., 2020); or at 
a landscape scale using observations from satellites or airborne sensors (Platt and Sathyendranath, 1993; 
Behrenfeld et al., 2005, 2006; Yan et al., 2008). Recent advances in sensors and sending devices, airborne 
platforms, and increases in spatiotemporal coverage by earth observation satellites create new opportuni-
ties for restoration managers to deploy a combination of these techniques to estimate primary production 
and blue carbon and use them as integrative metrics for assessing the cumulative effect of multiple resto-
ration projects.

Assessing Functionality 

With the increasing availability of satellite derived assessments of the areal extent of coastal habitats, 
it is possible to total most of the areas of restored salt marsh in the Gulf, although more difficult to sum the 
areal extent of restored oyster reef and seagrass meadows. However, to the extent that satellite data are not 
readily available for oyster reefs and seagrasses, an estimate of the total area restored by DWH-associated 
restoration activities can be obtained by gathering information from all DWH funding entities on the size 
of areas restored and then summing them by habitat type. �e Trustee Council is in the process of devel-
oping their 5-year programmatic review (due by early 2022), which is expected to include an aggregate of 
information (e.g., areal extent of marsh restoration, linear miles of living shoreline) from NRDA projects 
underway to date. 
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Once the spatial extent of the areas restored is estimated, metrics that measure their functioning can be 
employed to compare their productivity to reference areas containing healthy examples of a similar coastal 
nursery habitat. One way of doing this is to calculate secondary production, a metric that estimates the 
accumulation of habitat-associated animal biomass through time and can serve as a valuable tool for mea-
suring and assessing the outcome of restoration activities (Sobocinski and Latour, 2015; Layman and Rypel, 
2020). �is approach is an example of a line of evidence, also called cumulative net ecosystem improvement 
modeling (Diefenderfer et al., 2016, 2021), and was discussed in Chapter 3.

Because habitat-specific estimates of secondary production exist for reference areas of the major types 
of restored coastal habitats, a first order assessment of the benefit a restored area could provide can be 
obtained by multiplying the area restored by literature-derived estimates of secondary production from 
nearby reference locations. However, this value will likely be a substantial overestimate of the true value of 
the restored area because there is much evidence that it often takes many years before secondary produc-
tion in restored habitats approaches that of reference areas (see Table 4.5) (Gray et al., 2002; Hering, 2009), 
and in some cases restored function is not equivalent even decades after restoration (Chellew, 2017). In 
addition, the potential synergistic and/or antagonistic effects of the proximity of restored nursery habitats 
(as discussed in Chapter 3) and effects of long-term environmental trends (as discussed in Chapter 2) could 
result in either positive or negative effects on their functioning. Despite these caveats, first order estimates 
of restoration benefits could provide a baseline for further refinements as the project matures. 

PROGRAM LEVEL ADAPTIVE MANAGEMENT STRATEGIES

As highlighted throughout this report, environmental background trends, especially those associat-
ed with climate change, are exhibiting higher variability over time. Restoration practices that have been 
successful in the past may no longer be adequate to compensate for the effects of anticipated changes in 
background trends. Adaptive management techniques can provide restoration program managers with the 
ability to revisit and update large-scale restoration strategies, based on periodic review of monitoring data 
and progress toward programmatic goals. 

New Advances in Adaptive Management 

As noted in Chapter 4, successful implementation of adaptive management (AM) in Gulf restoration 
has been limited; applying AM across multiple projects and large spatial scales presents many challenges. 
However, lack of success is not isolated to the GoM (Nagarkar and Raulund-Rasmussen, 2016; Zedler, 
2017), despite successes in other coastal and estuarine restoration programs (Littles et al., 2022). Numerous 
authors have noted that AM has not delivered its desired results (Westgate et al., 2013; Williams and Brown, 
2014; Nel and Roux, 2018) and recommended ways to improve the efficacy of the process. McLoughlin et 
al. (2020) identified specific reasons for this: (1) AM has been inserted into restoration policy without fully 
understanding what is needed to make it effective; (2) the theory of AM is ahead of both practice and ca-
pabilities to support it; (3) a deficit of trust exists across institutions and organizations in structuring AM; 
and (4) AM remains an evolving process where uncertainty is complicated by interactions between its social 
and ecological components. In addition, as noted by Westgate et al. (2013), “A central tenet of the [adaptive 
management]35 An essential aspect of adaptive management is that “monitoring has to be adequate to de-
tect change resulting from management experiments” (Westgate et al., 2012, p. 129), although the ability to 
initiate and sustain long-term investigations is difficult (Lindenmayer and Likens, 2010). Like cumulative 
effects assessment and ecological synthesis in general (Kemp and Boynton, 2012), AM cannot take place 
without good quality, accessible data that evaluate the causes of success or failure of the constructed proj-
ects, all of which are limited in the GoM as documented in this report.

35 See introductory discussion in Chapter 4.
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Several new recently developed ideas about employing AM at large scales may have utility in the Gulf. 
For example, multiple authors have noted that adaptive feedback learning loops may be more appropriately 
defined as double or triple loops involving multiple levels of decision-making rather than a single loop of 
simply adjusting existing routines (Pahl-Wostl, 2009; McLoughlin et al., 2020). A spiral framework that 
recognizes a temporal element (Montambault et al., 2015; Fernández-Giménez et al., 2019) may more ac-
curately capture long-term environmental trends that act on the Gulf and on projects attempting to restore 
parts of it, and may also represent the time-lags, especially at large scales, in availability of key data. �e AM 
process in the Gulf may therefore be represented in the form of a spiral moving forward in time, rather than 
as a static circle, as is more commonly depicted for AM. 

Enhanced Recognition of the Need for Larger-Scale Adaptive Management 

As described in Chapter 2, many external stressors impact GoM restoration. �ree examples from that 
chapter are highlighted below to elevate the need for effective adaptive management:

1.	Where relative sea level rise is greater than 3 mm/yr, recent research suggests that marsh drowning 
will likely occur within a few centuries, and that relative sea level rise in the range of 6–9 mm/yr will 
likely convert marshes into open water within a 50-year timeframe (Törnqvist et al., 2020) without 
additional inputs of sediment. �is means that even the relatively small sea level rise in Florida is 
above the 3 mm/yr threshold that eventually causes adverse impacts on restored wetlands, while in 
some coastal areas of Texas and Louisiana, where rates are already in the 5–8 mm/yr range (Argus 
et al., 2018), marsh drowning has been and will be common and hugely important.

2.	Ocean acidification will become an increasing concern, specifically in relation to oyster reef forma-
tion and persistence. Based on NOAA data, subsurface waters in the northwestern Gulf of Mexico 
are acidifying at a rate greater than the global surface ocean rate, with the majority (59–70 percent) 
of the acidification being respiration driven (Hu et at., 2018).

3.	Based upon a global literature review (He and Silliman, 2019), the effects of climate change and land 
use/cover change on wetland ecosystem health could include impacts on species’ range shifts and 
extinction rates, nutrient deposition, and habitat fragmentation.

Of relevance to this discussion of AM, the 2016 consent decree36 with BP establishes provisions for addi-
tional payment of funds for unknown conditions and adaptive management, which can be used to “(1) to 
address injuries and/or losses to Natural Resources (including services provided by Natural Resources) 
resulting from the Deepwater Horizon Incident that are unknown to the Trustees as of July 2, 2015, including 
for any associated Natural Resource Damage assessment and planning activities, or (2) to adapt, enhance, 
supplement, or replace restoration projects or approaches initially selected by the Trustees.” �ese funds 
may be requested from BP beginning January 1, 2026. In order to maximize the use of these funds, and 
to prepare for the potential adaptation or enhancement of the restoration program, DWH funding enti-
ties�have the opportunity to set up the infrastructure necessary to facilitate the evaluation of the restoration 
program and make adjustments now, if warranted, while preparing for the future. As stated previously, the 
DWH Monitoring and Adaptive Management Implementation (MAM) Manual outlines guidance for the 
implementation of project-level monitoring and adaptive management, with a recognition that future ver-
sions will address program level MAM. �is work may be less effective if Trustees wait until 2026 and the 
establishment of the Unknown Conditions and Adaptive Management TIG, as billions of dollars will have 
already been expended by this date and large-scale adjustments, if needed, may become cost prohibitive as 
restoration funds are depleted. 

Increased recognition of the need for AM beyond the project scale is becoming apparent. For ex-
ample, in 2021, the Louisiana Trustee Implementation Group defined their MAM strategy to address 

36 See https://www.justice.gov/enrd/file/838066/download, p. 23, paragraph 21. 
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larger-than-project scales and identifies possible activities to address elements of the strategy. While all ele-
ments of this strategy may not be applicable for implementation in other states, they could provide an initial 
template when considering programmatic adaptive management guidance. �eir objectives include that: 

•	 DWH NRDA lessons learned are systematically captured and incorporated into future project selec-
tion, design, implementation, and evaluation,

•	 relative effectiveness of different restoration approaches are identified,	
•	 the influence that DWH NRDA restoration has on ecosystem condition is understood at present and 

for comparison at 5-year intervals,
•	 access to and availability of collected data, monitoring, project documents, and lessons learned is 

increased, and
•	 communications about MAM within and across agencies, stakeholders, and the public are increased 

to support effective adaptive management of coastal restoration.

Synergistic and Antagonistic Considerations 

Chapter 3 discussed synergistic and antagonistic effects of multiple stressors and restoration projects 
at watershed scales and beyond. Managers and restoration funders could enhance the efficacy of multiple 
restoration projects implemented over large spatial scales if they better understood how restoration proj-
ects may interact with one another in either positive or negative ways (Roy et al., 2016; Moreno-Mateos et 
al., 2020) and the potential for positive interactions among restoration projects going forward (Neeson et 
al., 2016; Fitzsimons et al., 2020; Ridlon et al., 2021; Wiesenburg et al., 2021). �e prevalence of interactions 
among causal factors within ecosystems make ecosystem science, and the evaluation and management of 
ecosystem restoration, challenging because single explanations for causality are rare (Odum, 1971; Kemp 
and Boynton, 2012).

Including the implications of these synergistic or antagonistic interactions into an adaptive management 
process that involves multiple and diverse restoration projects across large spatial scales can be dauntingly 
complex (Walters, 1997; Maxwell et al., 2016; Diefenderfer et al., 2021), but not doing so can mean missed 
opportunities, or worse—negative interactions of multiple projects with the potential to negate anticipated 
ecosystem benefits. Although adaptive management has been more commonly applied to single projects, the 
complexity and large scale of restoration in the Gulf will need a more comprehensive approach that assesses 
both synergistic and antagonism among projects. 

THE IMPORTANCE OF SYNTHESIS FOR ADAPTIVE MANAGEMENT  
AND CUMULATIVE EFFECTS ASSESSMENTS

Synthesis efforts are needed to determine how much the many localized restoration efforts, when taken 
together, have resulted in measurably improved coastal and estuarine ecosystems across the GoM region. In 
addition, such analyses provide a mechanism for adjusting efforts to produce better restoration outcomes.

To date, more than 30 percent of the DWH environmental restoration funds have been spent or com-
mitted, and a very substantial and diverse set of observations and measurements has been collected. Syn-
thesis efforts, whether in the form of simulation modeling (Chapter 3), comparative analysis (Chapter 4), or 
other techniques described herein, provide a quantitative framework for the analysis of these diverse data 
sets. A synthesis framework makes it possible to address difficult and exceedingly complex environmental 
questions and provide answers that lead to increased understanding of coastal and estuarine system dy-
namics and, ultimately, better management decisions. 

In addition, synthesis work is often performed at spatial and temporal scales that can lead to action-
able management. For example, measurements of denitrification rates in coastal sediments are of interest 
to biogeochemists but by themselves are of little use in helping to make management decisions. However, 
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when used in a synthesis tool, such as a water quality model, the relative importance of nitrogen loss via 
denitrification becomes clear, as do the needs for management actions aimed at nutrient load reduction 
that will in turn help reduce the extent of deep water hypoxia. Synthesis at scales relevant to management 
groups is also particularly needed in the Gulf because of strong and concerning trends in both chronic (e.g., 
SLR, tropicalization) and acute (e.g., hurricanes, floods) stressors that can directly and indirectly influence 
the success of restoration projects at all scales.

Existing synthesis efforts in the GoM (including the Texas Coast Ecosystem Health Report Card37 [Har-
well et al., 2019; McKinney et al., 2019], Galveston Bay Report Card,38 the Mississippi River Watershed 
Report Card,39 and the Everglades Health Report Card40) provide a variety of models that make use of 
existing data and metrics to assess ecosystem health and inform resource management. A synthesis activity 
that assesses and informs GoM restoration at scales up to and including the entire Gulf region could benefit 
from lessons learned in these efforts, especially regarding how to work across different state and federal 
agencies and political boundaries.

Risks of Not Considering Large-Scale Restoration  
from a Cumulative Effects Approach

�e scale of restoration investments (size and number of projects) will affect the ability to assess cu-
mulative effects (G. Steyer, presentation to committee, November 9, 2020). As the scale of restoration has 
grown to include multiple and diverse projects over broader geographies, so have the observations that pos-
itive interactions can be enhanced through careful planning, analysis, and adaptive management (Diefend-
erfer et al., 2021). While the scientific literature about positive cumulative effects in large-scale restoration 
is sparse, examples like the restoration of the multi-state Chesapeake Bay demonstrate that such benefits 
can occur (Gurbisz and Kemp, 2014; Testa et al., 2017). 

Every restoration site has a particular hydrological and geomorphological context as well as a set of 
biogeochemical processes that play important roles in sustaining ecological functions at both ecosystem 
and landscape scales (Gosselink and Lee, 1989; National Research Council, 1992; Brinson et al., 1993; Toth, 
1995). Decisions made at the planning stage regarding the scale of modeling and evaluation may have crit-
ically important implications for success or failure to meet restoration objectives after implementation 
(Diefenderfer et al., 2005). �e ability to enact changes to restoration approaches during implementation 
and to adaptively manage restoration sites when the context changes in unanticipated ways is also neces-
sary to achieve project performance objectives (LoSchiavo et al., 2013). 

Why Is Synthesis Often Recommended but Rarely Implemented? 

�ere are a number of factors that appear to inhibit or discourage synthesis activities even in cases 
where synthesis is sorely needed to support management and assessment needs. Some of these factors have 
been discussed by Kemp and Boynton (2012) and Testa et al. (2017). First, synthesis is difficult. One part of 
this difficulty is the challenge of generating synthesis questions for which sufficient evidence exists so that 
they can be successfully addressed. An additional difficulty is that many scientists are more comfortable 
and skilled at traditional experimental hypothesis testing than the inductive approach mainly associated 
with synthesis (Kemp and Boynton, 2012). Additionally, synthesis is not a fast process; instead, it takes time 
to develop useful products. Finally, synthesis generally does not happen, especially at large spatial scales, 
without directed financial and institutional support. Such dedicated support is necessary because the issues 

37 See https://www.harte.org/project/texas-coast-ecosystem-health-report-card.
38 See https://www.galvbaygrade.org/.
39 See https://americaswatershed.org/reportcard/.
40 See https://www.saj.usace.army.mil/Missions/Environmental/Ecosystem-Restoration/RECOVER/2019-Ever-
glades-Health-Report-Card/.
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being addressed often involve multiple states, and necessitates funding support that extends beyond normal 
project timelines and across jurisdictional boundaries.

The Importance of Coordination 

Because most estuary/watershed scale programs in the GoM cross jurisdictional boundaries and in-
clude multiple federal, state, and local partners, effective and consistent cooperation is needed to assess 
cumulative effects of restoration efforts. For example, in the Chesapeake Bay, states and agencies respon-
sible for implementing the bay recovery effort found that one entity that represented all of the interested 
parties was necessary to coordinate the restoration effort and the assessment of the cumulative effects of 
the many restoration projects.41 Similarly, Gross and Hagy (2017) evaluated 16 successful lake and estuary 
nutrient management programs, and found that the attributes most associated with achieving restoration 
goals included leadership and coordination by a dedicated watershed management agency and governance 
through a bottom-up collaborative process. Examples of successful GoM estuary/watershed scale resto-
ration efforts (discussed in Chapter 4) include coordination of restoration efforts by a dedicated watershed 
management entity. 

Common Barriers to and Opportunities for Successful Synthesis

A comprehensive monitoring database or clearinghouse is an obvious need for synthesis activities. As 
indicated earlier in the section, current data collection in the GoM is often thought to be inadequate for 
regional or GoM-wide synthesis.42 �ere are also considerable inconsistencies in the types of variables and 
techniques used in monitoring programs across the Gulf (NASEM, 2017). 

However, because there are 34 U.S. GoM estuaries, opportunities exist for preliminary, but potentially 
very useful, comparative analyses of both pre-DWH and contemporary data (see Box 5.1). Such compara-
tive analyses could be aimed at assessing similarities and outliers among GoM estuaries on issues related to 
their sensitivity to watershed inputs, fisheries yields, and changes in water quality conditions (see Chapter 
4 for details on comparative analyses). Comparative analyses could help managers assess aspects of land-
scape scale processes that constrain possibilities for restoration of individual sites (as shown in Table 3.4). 
Furthermore, comparative analyses could inform the design of sampling and analysis at the watershed 
scale—which can differ based on watershed condition. 

�ere is a lack of centralized data management, storage, and access across the many restoration proj-
ects. While there are several freely accessible data repositories operating in the Gulf region (e.g., Gulf of 
Mexico Coastal Ocean Observing System, GCOOS; NOAA’s National Centers for Environmental Informa-
tion and DIVER), these need to be expanded to include data from the many new project level restoration 
programs. Such an improved data system could provide incentive for larger-scale GoM synthesis efforts by 
researchers across academic, governmental, and nongovernmental institutions.

 Funding for long-term monitoring efforts is often difficult to obtain. Commitment to long-term mon-
itoring is especially important because Gulf restoration efforts are taking place in the context of changing 
long-term environmental trends (Chapter 2), which are likely to have significant influences on the success 
or failure of restoration projects. For example, long-term commitments to both monitoring and applied 
research are the central features of restoration success in Tampa Bay (Greening et al., 2014, 2016). 

Finally, most monitoring indicators collected are “slice in time” measurements. Alone, they tell scientists 
and practitioners little about the underlying processes that control the state of these variables. Rate mea-
surements, which capture changes in a variable as a function of time, are rare in monitoring programs for 

41 See https://www.chesapeakebay.net/who/bay_program_history.
42 See, for example, the August 4, 2020, Gulf Research Program webinar “Restoring the Gulf after Deepwater Horizon: Perspective 
from the Front Lines”; https://www.nationalacademies.org/event/08-04-2020/webinar-restoring-the-gulf-after-deepwater-hori-
zon-perspective-from-the-front-lines.
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several reasons, including the increased cost per measurement and the greater time and expertise needed 
to make them. �is is a challenge for ecological modeling of ecosystem restoration and species recovery, 
which relies on rate data (Buenau et al., 2014). Nevertheless, inclusion of rate measurements is warranted 
both as useful monitoring metrics, but also, importantly, for their value in the calibration and verification 
of models and for advancing basic understanding of ecosystem performance. Without rate measurements, 
models cannot adequately predict rates of future change, a critically important tool for restoration manag-
ers. New sensors and methods discussed previously provide opportunities for reducing the cost of gathering 
rate measurements and expanding the geographic area to scales such as estuaries and watersheds, at which 
syntheses useful for cumulative effects assessment may be conducted.

�ere is an opportunity for research coupled to monitoring programs in areas related to threshold 
responses, tropicalization, and other “ecosystem unknowns,” all of which could improve the understand-
ing of restoration projects and their interactions, and thus, overall GoM restoration success43 (K. Rogers, 

43 See https://www.nationalacademies.org/event/08-04-2020/webinar-restoring-the-gulf-after-deepwater-horizon-perspective-
from-the-front-lines.

BOX 5.1  
Comparative Analysis—A GoM-wide Example

In preceding chapters of this report, environmental histories and restoration progress were summarized for 
several estuarine systems in the GoM, including the major approaches (e.g., monitoring, modeling, leadership) 
used in restoration efforts. While these efforts are extremely valuable, they fall short of approaching a GoM-wide 
assessment of environmental conditions and possible responses to restoration efforts. 

One approach to starting GoM-wide assessments of environmental conditions and changes in those conditions 
is to use a comparative analysis approach. Kemp and Boynton (2012) note that comparative analysis involves 
using similar data from many different systems to develop a model, which quanti�es how one or more key prop-
erties or processes vary in relation to differences in external drivers or other internal properties. Comparative 
analysis involves assembling data from diverse ecosystems (e.g., estuaries, watersheds, rivers) or studies (e.g., 
nutrient reduction projects, marsh restoration sites) and applying these data to develop statistical approaches 
that can be used for comparison (Megrey et al., 2009; Cloern and Jassby, 2010; Kemp and Bayton, 2012). 
This method has been used effectively to address a range of questions, including how nutrient loading to coastal 
systems in�uences phytoplankton growth (Monbet, 1992; Cloern and Jassby, 2010; Moorman et al., 2014; 
Detenbeck et al., 2019) or benthic invertebrate biomass and �sheries harvest (Deegan et al., 1986; Dewitt et 
al., 2011; MacKenzie et al., 2015). 

There are several compelling reasons to consider a comparative analysis approach in the GoM. There are a sub-
stantial number of “estuarine replicates” to use in such analyses, many of the important features of these systems 
have been summarized, and data are readily available (e.g., Bianchi et al., 1998), although they likely need to 
be compiled and synthesized. As an example of possible analyses, the ratio of watershed area to estuarine sur-
face area could be readily developed for these 34 estuarine systems. This simple ratio could provide a �rst cut 
at suggesting system sensitivity to inputs from drainage basins. To further improve this simple analysis, the water 
residence time could be added to the analysis, as limnologists have successfully done for decades in lake studies 
(e.g., Vollenweider, 1976). These data also appear to be available for many of the GoM estuaries (e.g., Bianchi 
et al., 1999). Other data, such as river �ow rates, SAV coverage, and �sheries harvests could also be used in 
a comparative analysis format. Outcomes from these analyses might suggest commonalities among estuaries, 
identify outliers, and suggest reasons for such divergences. By using both pre-DWH and contemporary data, 
practitioners may start to see where and by how much restoration efforts are having an effect. A similar concept 
was employed by (Allan et al., 2013) in the Great Lakes. This project produced a visual depiction of the entire 
Great Lakes system and demonstrated that joint spatial analysis of stressors and ecosystem services can provide 
a foundation to maximize bene�ts from restoration. These types of analyses, particularly those that are simple 
and largely descriptive, could be started now and serve as an initial effort at GoM-wide analyses, allowing 
practitioners to begin to see the GoM “as a whole.” 
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presentation to committee, September 29, 2020; B. Keim, presentation to committee, September 29, 2020; 
M. Osland, presentation to committee, November 9, 2020; and G. Steyer, presentation to committee, No-
vember 10, 2020). New technology-driven monitoring, modeling, and visualization techniques represent 
opportunities that, coupled with traditional field-based monitoring, could generate a comprehensive long-
term database for GoM, facilitating current and future GoM synthesis activities. 

Lack of Entity(ies) Charged with Synthesizing, Assessing, and  
Reporting Progress on Larger Scales 

Synthesis efforts have not been a common or high priority activity in the Gulf region, for several rea-
sons. In many cases, data are just becoming available and thus synthesis has been limited by data availabil-
ity (J. Porthouse, presentation to committee, August 12, 2020; B. Sutter, presentation to committee, August 
12, 2020). Additionally, there is little incentive for synthesis by investigators working at the single project 
level. Finally, cumulative effects evaluations for the entire near-shore Gulf system would involve multistate 
cooperation and funding support. Without concerted synthesis efforts, it seems unlikely that the degree 
to which Gulf habitats and ecosystems will be in better condition after very large amounts of restoration 
funding can be quantitatively determined. In the words of one presenter to the committee, states need to 
show that the Gulf-wide “restoration success needle” has moved in a positive direction (P. Mickle, presen-
tation to committee, August 12, 2020). 

Effective Monitoring to Evaluate Ecological Restoration in the Gulf of Mexico (NASEM, 2017) notes that there 
is a clear need to create a collaborative multidisciplinary synthesis effort dedicated to Gulf-wide resto-
ration issues involving cumulative effects quantification of restoration efforts, impacts of large-scale trends 
in system stressors on restoration projects, and better understanding the effects of both chronic and acute 
stressors on restoration success. �e GoM is not without examples of synthesis activities that go far toward 
meeting some of the above goals. �e water quality modeling work by Fennel and Laurent (2018) synthe-
sized an enormous amount of hydrodynamic, nutrient loading, water quality, and other data to forecast the 
likely spatial response of the hypoxic zone in the northern Gulf to various nutrient load reduction schemes. 
USGS work with Mississippi River diversions aimed at wetland restoration is at large spatial scales and has 
shown cumulative effects gains in Louisiana (G. Steyer, presentation to committee, November 10, 2020). 
Additional synthesis work as part of these studies could examine changes in food web and sediment nutri-
ent dynamics as hypoxia is reduced or increased carbon sequestration and biogeochemical buffering of nu-
trient loads as waters flood over newly created wetland habitats. Estimation of a diverse set of cumulative 
effects is therefore possible and desirable at Gulf-wide scales. 

Creation of a Gulf-wide synthesis effort and network for evaluation/forecasting and evaluating resto-
ration scenarios has, to date, been a difficult task. One possible route to creating such an effort could in-
volve a federal presence. For example, EPA plays a central role in the large-scale, multistate Chesapeake Bay 
Program, which has increased coordination among states with air, land, and water monitoring, research, 
regulations, and synthesis efforts toward reaching restoration goals. In another effort, NSF has funded 
several synthesis centers that bring together and support working groups devoted to solving complex en-
vironmental problems, often using and analyzing diverse monitoring data sets. �e creation of a synthesis 
center in the GoM would need to include incentives to initiate such an effort, and would need to include 
existing Gulf-wide entities (e.g., USGS, NOAA, EPA, RESTORE Centers of Excellence, GOMA, GRP). A 
diagram showing components needed to support data collation and synthesis at larger-than-project scales 
while utilizing an AM approach is shown in Figure 5.2. 

FINAL THOUGHTS

Significant funds have been expended or committed to date on DWH-funded projects. Progress has 
been made in advancing monitoring and modeling capabilities over the last 10 years (DWH NRDA Trustees 
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2017, 2019; NOAA and USGS, 2019), and offer opportunities for further advancement. �e emergence of 
new technologies that enhance monitoring and enable collection and processing of substantially greater 
amounts of data are occurring across disciplines, but have not yet typically been incorporated into resto-
ration projects. Long-term environmental trends for some parameters and species are now available at 
local and regional scales, but data collection, analysis, and reporting are often inconsistent and existing 
efforts are not adequate to potentially detect Gulf-wide trends, and mechanisms to continue these efforts 
beyond the eventual sunset of DWH restoration programs have not been identified. Application of multi-
ple lines of evidence to assess cumulative effects has been implemented in some long-term science-based 
management programs initiated prior to the DWH oil spill, but challenges remain in the development of the 
critical analysis and synthesis of the cumulative effects of DWH projects to date. Assessment of cumulative 
impacts—additive, synergistic, and possibly antagonistic effects—of multiple restoration projects of similar 
or diverse nature over spatial and temporal scales beyond that of an individual project is generally lacking. 
Development of synthesis capacity that can support an adaptive management process to integrate diverse 
restoration projects over significant spatial scales is recognized as needed by the DWH funding entities, but 
has not yet been initiated to a large degree. An underlying theme of this report is the need for integration of 
science and management of restoration activities. It is envisioned that each DWH funding entity, within its 
programmatic authority, can work cooperatively with others to realize this integration. 

FIGURE 5.2. A schematic diagram of the components needed to “scale up” project-level restoration activities to regional and 
Gulf-wide spatial scales using an adaptive management approach. The boxes shown in red highlight key components that are 
currently weak or missing from the GoM, including: an accessible data repository—several exist, but data need to be added or 
linked; establishment of a GoM-wide restoration analysis/synthesis unit working at larger spatial scales to develop cumulative 
effects estimates and understanding; and better integration of county, state, federal, nongovernmental, non-traditional (including 
community scientists and crowdsourcing), and other monitoring/research program datasets with new remote sensing monitoring 
capabilities. 
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�e committee recognizes the challenges faced by the Gulf Coast environmental restoration communi-
ty, including recovery from the DWH oil spill, as well as the continued impacts of multiple hurricanes and 
other climatic events, and it applauds the progress made to date on recovery and restoration efforts. �e 
assessment of the largest ecological restoration investment in history is an unprecedented challenge and 
opportunity. Learning achieved through the remainder of the settlement period will be the foundation for 
the next generation of managers, who inherit the responsibility for GoM ecosystems and communities. �e 
following report conclusions and recommendations are provided to assist in supporting successful resto-
ration efforts now and in the future. 

CONCLUSIONS AND RECOMMENDATIONS

Conclusion 1: Adequate scientific evidence needed to evaluate cumulative effects of restoration on a re-
gional scale in the Gulf of Mexico is currently not available and, to date, no entity has been tasked to develop 
and implement a strategy to assess cumulative effects of environmental restoration efforts. Environmental 
benefits associated with multiple restoration projects have been observed within some Gulf of Mexico es-
tuaries and watersheds, although not at larger scales. Without a focused effort and strategy, rigorous syn-
thesis of the effects of multiple restoration projects at a regional or Gulf-wide scale cannot be conducted. 

Conclusion 2: Because environmental changes can influence the success or failure of restoration efforts 
and can hinder the ability to detect potential cumulative effects of multiple restoration efforts, a thorough 
understanding of long-term environmental trends is essential for decision makers and restoration practi-
tioners. Advanced monitoring techniques and approaches, including satellite remote sensing, connected 
sensor networks, and automation, can greatly assist in determining long-term environmental trends and 
assessing acute events. In addition, long-term environmental trends derived from targeted monitoring ef-
forts can inform a range of analytical tools. �e output from these tools can support the development of 
adaptive management actions that will subsequently improve restoration success and protect existing in-
vestments. Significant spatial and temporal gaps in monitoring GoM-wide environmental indicators and 
data collection and dissemination efforts limit development of this important and valuable capability. Spe-
cifically,

•	 Long-term environmental trends across the Gulf Coast states are monitored by a patchwork of 
agencies, nonprofits, and industries for a variety of reasons (e.g., regulatory, environmental tracking, 
performance evaluation). Study designs, data collection methods, analyses and data availability 
vary and are often not comparable, making synthesis very difficult.

•	 One-time Gulf-wide monitoring studies are useful, but without periodic updates, do not generate 
enough information to determine long-term background trends needed for cumulative effects as-
sessments.

•	 Key metrics to assess landscape-scale changes and support adaptive management include those nec-
essary to estimate environmental trends associated with climate change; freshwater, nutrient, and 
sediment loading to coastal waters; land use/land cover; ambient water quality; status and trends of 
finfish and shellfish species, marine mammals, turtles, and birds; and primary and secondary pro-
duction. For example, enhanced efforts and standardization of methods are needed for: 

•	 Ambient water quality, the measurement of which can be enhanced by using high spatio-
temporal resolution satellite data on chlorophyll a, suspended sediments, colored organic 
matter, and harmful algae

•	 Tide gage data and subsidence measurements to estimate local, relative sea level rise
•	 Estimating the extent and effects of ocean and coastal acidification, information essential 

for successful restoration and maintenance of commercially important shellfish and in the 
selection of materials for restoration efforts (e.g., oyster shells, limestone)
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•	 Tracking, targeting needed research, and managing the effects of tropicalization on fishery 
species, other species, and habitats

•	 Estimating the ecological functioning of restored habitats, something not often measured 
even though the spatial extent of restored habitats is usually monitored and reported 

Recommendation A: Enhanced, consistent, and sustained long-term monitoring, analysis, 
synthesis, and reporting of environmental trends and indicators are urgently needed to enable 
the detection and tracking of cumulative effects of multiple restoration projects. Monitoring 
efforts should focus on developing the lines of evidence to support the assessment of cumula-
tive effects at estuarine, regional, and larger scales.�The DWH funding entities should imme-
diately evaluate methods, identify funding mechanisms, and charge an entity to lead efforts to 
coordinate and enhance long-term priority monitoring efforts and promote consistent data 
collection, analysis, synthesis, and reporting between programs; support periodic assessments 
of collected data; assess the use of advanced techniques; and ensure data availability, with the 
goal of implementing these changes within 3–5 years. 

Conclusion 3: �e Gulf Coast environmental restoration community (federal agencies, states, nongovern-
mental organizations, and local public and private entities) has an opportunity to incorporate what has 
been learned from past and ongoing ecosystem restoration to inform future projects and programs sup-
ported by the remaining DWH funds. However, unless data and information from existing projects are 
made accessible and identification of information needed to assess cumulative effects of restoration efforts 
is undertaken more expeditiously, opportunities to improve the likelihood of success in the many projects 
remaining to be implemented will be greatly reduced or even permanently lost. Although it may be too early 
to fully assess cumulative effects of DWH-funded restoration efforts due to lag times between implementa-
tion and detection of effects, applying “lessons learned” from existing restoration efforts can help mitigate 
future risks of failure and ensure that DWH funds are invested wisely to increase the likelihood of mean-
ingful and long-term Gulf of Mexico recovery and resilience.

Recommendation B: Restoration funding entities should adopt guidance to ensure that, as 
soon as they are available, all data, reports, and other project-specific information are depos-
ited into freely accessible repositories that follow FAIR (Findable, Accessible, Interoperable, 
Reusable) principles. The DWH funding entities should identify and allocate resources to en-
sure that these data repositories remain functional throughout the life of each program, and 
additional support (as needed) should be sought to maintain data access in the future. 

Recommendation C: The DWH funding entities should expedite the issuance of guidance 
for adaptive management and cumulative effects assessment at the programmatic scale for 
DWH-funded large-scale and multiple restoration efforts. Guidance should include consisten-
cy in monitoring criteria that facilitate cumulative effects assessments. 

Recommendation D: The DWH funding entities should immediately initiate a synthesis of 
available information from DWH-funded projects to assess characteristics of successful and 
unsuccessful restoration efforts. Results should be utilized in designing and implementing 
effective large-scale restoration projects within geographic areas of concern, and/or adjusting 
restoration approaches and techniques with the remaining funds from the DWH settlement. 

Conclusion 4: Natural and anthropogenic drivers create multiple ecosystem pressures and stressors that 
act on restoration efforts over broad spatial scales, ranging from individual projects to entire ecosystems. 
�e cumulative impacts of these pressures and stressors are often complex, resulting in synergistic and 
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antagonistic effects of ecological significance. However, synergistic and antagonistic effects of large-scale 
restoration efforts in the Gulf of Mexico have not been assessed to date, and results from a limited number 
of assessments are mixed. 

Recommendation E: DWH funding entities should evaluate mechanisms that support cross-
state and Gulf-wide collaboration among researchers, resource managers, and practitioners, 
with an objective to design and implement restoration efforts that allow assessment of antag-
onistic and synergistic effects.

Conclusion 5: �e use of multiple lines of evidence to develop a framework to help assess cumulative ef-
fects for large-scale restoration efforts in the Gulf of Mexico has been proposed and, in some cases, applied. 
Assessment of cumulative effects of large-scale restoration is a recent research area and work on applying 
this research to restoration implementation is needed. 

Conclusion 6: Opportunities exist now to prepare for the assessment of cumulative effects and restoration 
success from existing regional or large-scale restoration efforts in the Gulf of Mexico. �ese include:

•	 Applying methods to assess functional equivalency between restored and natural sites
•	 Assessing the degree of environmental stress from natural and anthropogenic sources
•	 Applying a multiple lines of evidence approach to assess cumulative effects at the estuary or water-

shed scale in preparation for Gulf-wide efforts
•	 Undertaking comparative analysis of estuaries or watersheds across the Gulf of Mexico to develop 

a greater understanding of similarities and differences among these systems
•	 Evaluating expected benefits of a restoration effort as compared to a future condition without the 

effort 

�ese opportunities will involve consideration of changing environmental trends and a commitment to 
monitor, analyze, synthesize, and report results. 

Recommendation F: To take advantage of the unprecedented opportunity to assess cumula-
tive effects and inform restoration efforts ongoing and planned in the Gulf of Mexico, DWH 
funding entities should evaluate and implement mechanisms necessary to address priority 
research needs and support efforts to assess cumulative effects within the next 3–5 years. 
Mechanisms could include providing explicit responsibility to and support for existing Gulf-
wide entities; development of an independent, regional, multidisciplinary, multiagency team; 
or a distribution of effort between existing entities. 

Recommendation G: As additional monitoring data and scientific evidence become available, 
DWH program managers should continue to collaboratively develop and implement an adap-
tive management strategy for the Gulf of Mexico restoration effort, including the develop-
ment of ecosystem conceptual models. Evaluation of priority issues should use the best avail-
able tools and methods, focus on progress of cumulative effects assessments and restoration 
objectives, and identify necessary changes to restoration approaches if needed. Mechanisms 
to continue these efforts beyond the eventual sunset of DWH restoration programs should be 
identified and implemented. 
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Appendix A

Distribution and Status of Funds Derived from 
Deepwater Horizon–Related Settlements

FIGURE A.1. The funding landscape for Deepwater Horizon settlements and penalties. Funding went to entities that fund resto-
ration efforts (yellow shading) as well as to science programs (purple shading). SOURCE: Effective Monitoring to Evaluate Eco-
logical Restoration in the Gulf of Mexico, NASEM (2017). Available at: https://www.nap.edu/catalog/23476/effective-moni-
toring-to-evaluate-ecological-restoration-in-the-gulf-of-mexico. See source for more information. 
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FIGURE A.2. Amount of Deepwater Horizon settlement and penalty funds spent and remaining as of April 2020. “Spent” 
means money that has already been spent on or designated for projects, programs, and planning. SOURCE: Environmental Law 
Institute Gulf Coast Recovery & Restoration: 10-Year Review. Available at http://eli-ocean.org/wp-content/blogs.dir/2/�les/
Gulf-Restoration-Recovery-10-Year-Review.pdf. Copyright© 2020, Environmental Law Institute®, Washington, DC. Reprinted with 
permission from ELI®.
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Appendix B

Committee Member and Staff Biographies

COMMITTEE ON LONG-TERM ENVIRONMENTAL TRENDS  
IN THE GULF OF MEXICO

Committee Member Biographies 

Holly Greening was both Executive Director and Senior Scientist of the Tampa Bay Estuary Program 
(TBEP), where she oversaw a unique federal, state, and local partnership dedicated to the preservation and 
restoration of Florida’s largest open-water estuary. She managed TBEP’s varied technical and public out-
reach efforts and served as the chief liaison between the program and the elected officials, scientists, regu-
lators, and citizens that served on its various committees. Also, through her role as TBEP’s Executive Direc-
tor, she facilitated the development of Tampa Bay’s successful nutrient management and seagrass recovery 
strategy. She has served on the Governing Board of the Estuarine Research Federation (now Coastal and 
Estuarine Research Federation) and four National Academies committees on coastal issues: the Committee 
on Causes and Management of Coastal Eutrophication, the Committee on Evaluation of NOAA’s Sectoral 
Applications Research Program to Provide Climate Change Information to Resource Managers, the Com-
mittee on National Needs in Coastal Mapping and Charting, and the Committee on the Evaluation of Ches-
apeake Bay Program Implementation for Nutrient Reduction to Improve Water Quality. She also served as 
a member of the National Academies of Sciences, Engineering, and Medicine Ocean Studies Board from 
2005 to 2007. Upon retiring from TBEP after 27 years in 2018, Ms. Greening cofounded CoastWise Part-
ners to provide volunteer assistance to coastal and watershed programs nationwide and internationally. In 
1980, she received an M.S. in marine ecology from Florida State University.

Walter Boynton is a Professor Emeritus at the Chesapeake Biological Laboratory, University of Maryland 
Center for Environmental Science. Dr. Boynton is a coastal and estuarine ecosystem ecologist and his re-
search spans sediment biogeochemistry, eutrophication, seagrass ecology, and coastal and estuarine resto-
ration, among other topics. His approach has a strong synthesis and modeling emphasis, and he is especially 
interested in working with decision makers. Dr. Boynton has served on many local, regional, and national 
boards, including EPA Science Advisory Board panels that reviewed the hypoxic zone in the Gulf of Mexico 
and nutrient criteria in Florida. He has also worked with the U.S. Department of Justice on Gulf of Mexico 
oil spill issues. He is the recipient of several awards, including the Odum Award for Lifetime Achievement 
from the Coastal and Estuarine Research Federation and the Ruth Patrick Award from the Association for 
the Sciences of Limnology and Oceanography and the Mathias Medal from Sea Grant and the Chesapeake 
Research Consortium. He is also a past president of the Coastal and Estuarine Research Federation. He 
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received a B.S. in biology from Springfield College, a M.S. in marine science from the University of North 
Carolina Chapel Hill, and a Ph.D. in environmental engineering from the University of Florida.
 
Bethany A. Carl Kraft is a Coastal Scientist and Senior Program Manager at Volkert, Inc. Ms. Kraft’s 
expertise lies at the intersection of science and policy. She provides support for a wide range of ecosystem 
restoration projects across the Gulf Coast, including serving as ecology lead for restoration activities in Lou-
isiana, Texas, Alabama, and Florida. She also supports clients’ Deepwater Horizon restoration programs, 
working on projects for myriad resources including oysters, birds, wetlands, marine mammals, and sea 
turtles. Her current projects include marsh creation, watershed management planning, living shorelines, 
stream restoration and monitoring and adaptive management. Previously she was the Director of the Gulf 
Restoration Program at the Ocean Conservancy, where she led an interdisciplinary team to secure a sci-
ence-based and community-supported restoration and ecosystem enhancement effort in the Gulf of Mex-
ico. She also served a 1-year detail to the Gulf Coast Ecosystem Restoration Council (RESTORE Council) 
as the Director of External Affairs and previously served as the Executive Director at the Alabama Coastal 
Foundation, where she was active in Alabama’s Deepwater Horizon oil spill response. She began her conser-
vation career in Texas with the Texas Commission on Environmental Quality (TCEQ). Ms. Kraft holds an 
undergraduate degree in political science from Texas A&M University, a Graduate Certificate in coastal 
sciences from the University of New Orleans, and an M.S. in forest resources and conservation from the 
University of Florida.

Heida Diefenderfer is a Senior Research Scientist at the Pacific Northwest National Laboratory and a 
Faculty Fellow at the University of Washington. Dr. Diefenderfer is an ecologist with expertise in ecological 
restoration. Her research focus is on riverine and coastal ecosystems, including swamps, marshes, and sub-
merged aquatic vegetation. She has a particular interest in multidisciplinary work that encompasses a range 
of temporal and spatial scales, including the watershed, riparian zone, and coastal nearshore. Dr. Diefend-
erfer’s expertise in these systems includes aspects of ecohydrology, ecological engineering, geomorphology, 
landscape ecology, systems analysis and synthesis, cultural studies, and sustainability. In her present role, 
she leads applied research advancing ecological restoration methods for endangered species recovery, un-
derstanding of the cumulative effects of large-scale ecosystem restoration, spatial planning and modeling 
of wetland evolution associated with coastal resilience, blue carbon and climate-adaptation studies, and 
impacts-assessment for energy infrastructure. She has served on several technical advisory committees and 
project teams in the Pacific Northwest and elsewhere, including roles as an appointee of the Washington 
State Commissioner of Public Lands to the WA Natural Heritage Advisory Council, and as a system expert 
for the Louisiana Coastal Protection and Restoration Authority’s adaptive management of large-scale eco-
system restoration. Dr. Diefenderfer has served as a reviewer for the Academies’ Gulf Research Program 
and participated in the Academies’ Keck Futures Initiative workshop on ecosystem services, a continuing 
research interest. Dr. Diefenderfer received a B.A. in biology with a thesis in landscape ecology from Reed 
College, a B.A. in liberal arts with emphasis on Native American studies from �e Evergreen State College, 
an M.A. in English from Western Washington University, and a Ph.D. in ecosystem analysis from the Col-
lege of Forest Resources.

Albert George was the first Director of Conservation for the South Carolina Aquarium in Charleston, 
South Carolina, and now serves as an advisor to the aquarium. His interests and expertise span marine 
science, climate change, public policy, social equity, and technology. As the Director of Conservation, he 
worked with policymakers and citizens to prepare for sea level rise and the impacts of climate change; 
his efforts included town halls, production of a documentary, and the development of a data visualization 
tool. Mr. George also participated in a working group at �e Nature Conservancy on salt marshes and sea 
level rise, including along the coastal Gulf of Mexico. He is also a founder and has been the coordinator of 
the Georgia Green Economy Summit for the past decade. Previously, he worked on conservation issues in 
the Brazil Amazon Rainforest, served as the Director of Education at the Georgia Aquarium, consulted for 
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Booz Allen Hamilton, worked as the Director of the Packard Scholar Program at Morehouse College, and 
was an education consultant for Stanford University; in addition, he was also an NIH Marc Fellow at Yale 
University, among other positions. Mr. George has a B.S. in marine biology from Savannah State Universi-
ty, a Master of Public Policy from the John F. Kennedy School of Government at Harvard University, and 
an M.S. in HTS/technology management from the Georgia Institute of Technology.

Kenneth L. Heck, Jr. is a Senior Scientist Emeritus at the Dauphin Island Sea Lab and Professor Emeritus 
at the University of South Alabama School of Marine Science. Dr. Heck is a marine ecologist whose re-
search has focused on plant–animal interactions in coastal waters, with an emphasis on seagrass-dominated 
ecosystems. Recent efforts have focused on restoring northern Gulf of Mexico seagrass meadows and oyster 
reefs. He has more than four decades of experience on the U.S. Atlantic and Gulf coasts, and in Central 
America, Europe, and Australia. Dr. Heck has edited two volumes of scholarly works, coedited a special 
issue of the journal Estuaries, and published nearly 200 peer-reviewed articles. He has held editorial posi-
tions at the journals Systematic Zoology, Estuaries and Coasts, Gulf of Mexico Science, and Marine Ecology Progress 
Series. In addition, he regularly serves on advisory and review panels for state and federal agencies, includ-
ing the Scientific Advisory Committees for the Mobile Bay and Pensacola/Perdido Bays National Estuary 
Programs, and EPA and NOAA panels concerning nutrient criteria in Florida waters and the effects of sea 
level rise on the northern Gulf of Mexico. Dr. Heck also served as a consultant to NOAA on the effects of the 
Deepwater Horizon disaster on Gulf of Mexico seagrass meadows, and on a National Research Council panel 
charged with developing monitoring and evaluations protocols for on-going restoration activities in the 
Gulf of Mexico. He is a past president of the Coastal and Estuarine Research Federation (CERF), a scientific 
organization of some 1,100 marine and estuarine scientists and is a corecipient of CERF’s Odum Award 
for Lifetime Achievement. Dr. Heck received a B.S. from the University of West Florida and M.S. and Ph.D. 
degrees from Florida State University.

Barbara A. Kleiss is a Research Professor and Coordinator of the River Science and Engineering Certifi-
cate Program at Tulane University’s School of Science and Engineering. Her research is focused on the riv-
ers and wetlands in the lower Mississippi River valley. Dr. Kleiss’s current interests include developing an 
improved understanding of the functions of the residual Mississippi River floodplains, further understand-
ing sediment dynamics in the river and their measurement, and developing programs by which principles 
of river science and engineering can be more readily conveyed to river management professionals across 
the country. Her research has included work on sediment deposition and nitrogen dynamics in bottomland 
hardwood wetlands in Mississippi River tributaries; water chemistry, ecology, and groundwater assess-
ment of over 40 rivers systems in the Mississippi Embayment; participated in the development of Level IV 
ecoregions for the lower Mississippi Valley; and assessment of the efficacy of river diversions. She has also 
been involved in creating, developing, and directing large interdisciplinary research programs associated 
with the Mississippi River and its delta as the Chief of the U.S. Geological Survey’s National Water Quality 
Assessment Program’s Mississippi Embayment project and the Director of both the Louisiana Coastal Area 
program and the U.S. Army Corps of Engineer’s Mississippi River Science and Technology program. She 
earned a B.S. in biology from Spring Hill College, an M.S. in biology from the University of Southern Mis-
sissippi, and a Ph.D. in oceanography and coastal sciences from Louisiana State University.

Catherine L. Kling is the Tisch University Professor of Environmental, Energy, and Resource Economics 
in the Dyson School of Applied Economics at Cornell University and the Faculty Director of the Atkinson 
Center for a Sustainable Future. She specializes in the economic valuation of ecosystem services and the 
integrated assessment modeling for water quality modeling. Dr. Kling currently chairs the National Acad-
emies’ Water Science and Technology Board and is a member of the PNAS editorial board. She has been a 
member of nine Academies study committees, including several focused on water resources and agricultural 
issues. She served as president of the Association of Environmental and Resource Economists, held editorial 
positions at 10 economics journals, and has published over 100 journal articles and book chapters. She is 
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currently the editor of the Review of Environmental Economics and Policy. She is an elected Fellow of the As-
sociation of Environmental and Resources Economists, the Agricultural & Applied Economics Association, 
and the American Association for the Advancement of Science. She is also a University Fellow at Resources 
for the Future, a member of the National Academy of Sciences, and served for 10 years on EPA’s Science 
Advisory Board. She received her B.A. in business and economics from the University of Iowa and Ph.D. in 
economics from the University of Maryland, College Park.

Larry McKinney is the Chair for Gulf Strategies at Harte Research Institute for Gulf of Mexico Studies at 
Texas A&M University, Corpus Christi. In his current role, Dr. McKinney works with an interdisciplinary 
team that integrates science, policy, and socioeconomic expertise for an economically and environmentally 
sustainable Gulf of Mexico. He has over 50 years of experience working in the Gulf of Mexico region as 
both a researcher and resource manager. His research interests include fisheries, benthic ecology, marsh 
restoration, and assessing ecosystem change. Dr. McKinney has led or chaired numerous science and policy 
efforts in the Gulf of Mexico region, including the State of the Gulf Summits, the Texas OneGulf consor-
tium, the Gulf of Mexico University Research Collaborative, the Texas Sea Grant Advisory Committee, and 
the EPA Science Advisory Committee for the Gulf of Mexico. He has also served on several boards, includ-
ing those of the Gulf of Mexico University Research Consortium, Texas State Audubon Society, and Texas 
State Aquarium. He is a member of the Texas Academy of Science, where he is a past president. In 2019, 
he was invited to present testimony to the President’s Ocean Policy Taskforce. Dr. McKinney has a B.S. in 
zoology and a Ph.D. in biology from Texas A&M University.

Deepak R. Mishra is the Merle C. Prunty, Jr. Professor in the Department of Geography at the University 
of Georgia, Athens (UGA). He is also the Director of UGA’s Small Satellite Research Lab (SSRL), which is 
focused on designing and building CubeSats for environmental remote sensing applications. He is a faculty 
fellow of UGA’s AI Institute, faculty member of UGA Marine Institute, and affiliate director of GA Space 
Grant Consortium. Dr. Mishra’s research focuses on studying inland waters and coastal ecosystems using 
a wide array of geospatial technologies, from ground-based sensor networks to satellite-based modeling 
and mapping. He combines field-based remote sensing with satellite remote sensing to model and map 
water quality and vegetation biophysical characteristics of coastal systems. His current projects include 
developing a satellite-based decision-support tool for coastal salt marsh conservation and restoration in 
the southeastern United States; modeling and mapping cyanobacterial harmful algal blooms dynamics in 
inland waters; combining Eddy Flux tower and satellite-based data to model and predict gross primary 
productivity and carbon sequestration potential of wetlands; and developing the cyberinfrastructure for 
monitoring coastal marshes and inland water quality. Dr. Mishra has served in editorial positions at several 
journals, including ISPRS Journal of Photogrammetry and Remote Sensing, Remote Sensing, and GIScience 
and Remote Sensing. He has been a member of many advisory committees, technical and review panels, and 
research groups. He has served as a Fulbright Specialist and investigator on international research projects 
in countries such as India, Brazil, and Uruguay. He received his M.Sc. in earth sciences from Pondicherry 
University, M. Tech. in civil engineering from the Indian Institute of Technology, and Ph.D. in natural re-
sources from the University of Nebraska, Lincoln.

Staff Biographies

Thelma Cox is a program coordinator with the Gulf Research Program. She provides administrative 
support for three consensus studies aimed to document progress toward ensuring an outcome of a safe, 
healthy, and resilient Gulf of Mexico over time in partial fulfillment of the charge of the Gulf Research 
Program. Prior to joining GRP, she was a program coordinator for the Board on Behavioral, Cognitive, 
and Sensory Sciences in the Division of Behavioral and Social Sciences and Education. She also served as 
an administrative assistant for various boards within the formerly known Institute of Medicine (IOM) and 
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the program unit of Health and Medicine Division. Since joining the National Academy of Sciences in 1986, 
she has worked on a diversity of activities and provided administrative support on numerous committees, 
roundtables, and forums. She is a recipient of the National Research Council Recognition Award and three 
IOM Staff Achievement Awards. She received an Associate of Science in Business Administration (ASBA) 
degree from Averett University.

Deborah Glickson is the Director of the Board on Earth Sciences and Resources and the Water Science 
and Technology Board at the National Academies of Sciences, Engineering, and Medicine. Dr. Glickson 
also directs the standing Committee on Solid Earth Geophysics. Since joining the National Academies staff, 
she has worked on 17 consensus studies and workshops, including understanding the long-term evolu-
tion of the coupled natural–human system on the Gulf Coast for the GRP; decadal surveys on Earth and 
ocean science for the National Science Foundation, as well as next-generation Earth systems sciences; fu-
ture water priorities and assuring laboratory data quality for the U.S. Geological Survey, and studies on 
marine hydrokinetic energy, methane hydrates, coal mining and human health, and geoscience education. 
Dr. Glickson received an M.S. in geology from Vanderbilt University and a Ph.D. in oceanography from the 
University of Washington. Her doctoral research focused on magmatic and tectonic contributions to mid-
ocean ridge evolution and hydrothermal activity at the Endeavour Segment of the Juan de Fuca Ridge. After 
finishing her Ph.D., Dr. Glickson was a NOAA John A. Knauss Marine Policy Fellow and worked on coastal 
and ocean policy and legislation in the U.S. Senate. She was also the Associate Director of the Cooperative 
Institute for Ocean Exploration, Research, and Technology at Florida Atlantic University-Harbor Branch 
Oceanographic Institution.

Megan May was an associate program officer with the Ocean Studies Board from April 2020 to January 
2022. During her time with the Ocean Studies Board she worked on consensus studies for environmental 
trends in the Gulf of Mexico and ocean plastics. Previous projects Megan has worked on include a work-
shop to identify community-driven science for NSF’s P2C2 program, a consensus study for oil in the sea, 
and activities related to the U.S. National Committee for the Decade of Ocean Sciences. Prior to working 
for the National Academies, Megan was a NOAA John A. Knauss Marine Policy Fellow in the United States 
Senate in the Office of Tammy Baldwin, where she worked on the Agriculture, Environment, and Natural 
Resources portfolio. Megan also taught at Bard College for their intensive Citizen Science course. Megan 
has a B.A in biology from DePauw University, a certificate in science, technology, and policy from MIT, 
and a Ph.D. in marine environmental microbiology from MIT and Woods Hole Oceanographic Institution 
Joint Program in Oceanography. 

Laura Windecker is a program officer with the Environmental Protection and Stewardship Board at the 
Gulf Research Program. Since joining the National Academies of Sciences, Engineering, and Medicine in 
2016, she has worked on all aspects of grants management for the Gulf Research Program, including devel-
oping funding opportunities and managing the program’s environmental grants portfolio. Prior to joining 
the National Academies, she was a NOAA John A. Knauss Marine Policy Fellow working as Advisor to the 
Director of the U.S. Committee on the Marine Transportation System, a federal interagency committee, 
where she served as project manager of a Report to Congress. Laura has a Ph.D. in marine science from the 
University of California, Santa Barbara, where her research focused marine phytoplankton and their role 
in global carbon dynamics. Laura also has an M.S. in oceanography from the Graduate School of Oceanog-
raphy at the University of Rhode Island, and an A.B. in physics and marine science from Bowdoin College. 
Her first oceanographic research cruise was as an undergraduate aboard the SSV Westward with Sea Ed-
ucation Association.
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Appendix C

People Who Provided Input to the Committee

Meeting 1 (August 12, 2020)

•	 Laura Bowie, Gulf of Mexico Alliance
•	 Greg Grandy, Coastal Protection and Restoration Authority of Louisiana
•	 David Green, Texas General Land Office
•	 Jessica Henkel, Gulf Coast Ecosystem Restoration Council
•	 Amy Hunter, Alabama Department of Conservation and Natural Resources
•	 Gareth Leonard, Florida Fish and Wildlife Conservation Commission
•	 Paul Mickle, Mississippi Department of Marine Resources
•	 Jonathan Porthouse, National Fish and Wildlife Foundation
•	 Lisa Robertson, Florida Department of Environmental Protection
•	 Buck Sutter, Gulf Coast Ecosystem Restoration Council

Meeting 2 (September 29, 2020)

•	 Barry Keim, Louisiana State University 
•	 Kirk Rogers, U.S. Geological Survey 
•	 Torbjörn Törnqvist, Tulane University 

Meeting 3 (November 9-10 & 16, 2020)

•	 Mandy Karnauskas, National Oceanic and Atmospheric Administration
•	 Michael Osland, U.S. Geological Survey 
•	 Matt Posner, Pensacola and Perdido Bays Estuary Program
•	 Nancy Rabalais, Louisiana State University 
•	 Whitney Scheffel, Pensacola and Perdido Bays Estuary Program 
•	 Gregory Steyer, U.S. Geological Survey 
•	 Bob Stokes, Galveston Bay Foundation
•	 Roberta Swann, Mobile Bay Estuary Program 

Meeting 4 (December 14, 2020)

•	 Robert Spies, Exxon Valdez Oil Spill Trustee Council
•	 Christopher Swarzenski, U.S. Geological Survey
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