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Executive Summary and Purpose 
Executive Summary 
Climate change is altering and threatening the resources national marine sanctuaries protect 
and the communities who depend on them. As the impacts of climate change continue and 
intensify, understanding key climate change indicators within sanctuaries, and how they are 
changing, are of increasing importance. As a system of permanently protected, federally 
managed areas that span a diverse range of geographies, ecologies, climates, and cultures, the 
national marine sanctuary system is ideal for establishing an integrated system of climate 
sentinel sites to better understand, track, and manage ocean change. Advancing this potential 
was recommended as a priority for future action in the National Oceanic and Atmospheric 
Administration (NOAA) Office of National Marine Sanctuaries (ONMS) Climate Resilience Plan 
2021–2023, and further emphasized in the new ONMS Climate Resilience Plan 2024–2026. 

In response to the first Climate Resilience Plan, the ONMS Climate Team assessed the current 
state of climate change monitoring across the National Marine Sanctuary System (NMSS). The 
Climate Team compiled an inventory of the indicators being monitored, identified gaps and 
synergies, and developed recommendations to advance climate monitoring in the NMSS. 
Information was provided by staff from every site in the NMSS, as well as ONMS headquarters, 
through questionnaires, worksheets, and regionally– and topically–oriented semi-structured 
focus groups. This thorough, staff-driven approach led to the creation of the first inventory of 
ongoing monitoring across the NMSS, a valuable resource for sanctuaries and their partners. 
This initiative revealed that a number of climate-relevant indicators are already being monitored 
in many NMSS sites, often as a part of or in partnership with other programs seeking to 
understand environmental change. It also showed that important gaps remain and that 
sanctuaries are largely dependent on partners for critical monitoring, leading to a non-
standardized, unintegrated patchwork of biophysical and socioeconomic monitoring across the 
system. Further, many NMSS sites lack the technical expertise and/or staff capacity to fully 
analyze and incorporate monitoring data into management, even when the data are available. 

Based on the results of this initiative, along with further conversations with sanctuary staff, and 
in consideration of the climate focus of the current ONMS strategic plan, the ONMS Climate 
Team makes the following ten recommendations: 

Recommendation 1: Establish a National Marine Sanctuary System Monitoring Program that 
uses standardized methods to measure a set of core climate indicators (CCIs) that span physical-
chemical, socioeconomic, and biological dimensions of climate impacts. Initial CCIs should 
focus on the physical-chemical climate indicators where there is system consensus and the most 
robust existing monitoring, but expand to include socioeconomic and biological CCIs as they are 
identified. Recommended starting CCIs include: 

• Water temperature 
• pH 
• Partial pressure of CO2 
• Alkalinity 
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• Partial pressure of O2 
• Salinity 
• Sea level. 

Recommendation 2: Use participatory methods to identify, develop, and monitor 
Socioeconomic Core Climate Indicators (SE-CCIs). 

Recommendation 3: Identify and develop indicators of specific relevance to sites and regions 
and, where applicable, standardize across sites and regions. 

Recommendation 4: Leverage and expand the ONMS Sentinel Site Program to advance the 
purposeful, system-wide monitoring of climate change and other environmental indicators that 
are both nationally and locally relevant. 

Recommendation 5: Pursue avenues to increase sanctuaries direct monitoring of core climate 
indicators. 

Recommendation 6: Formalize relationships with monitoring partners to ensure the long-
term sustainability, standardization, and integration of monitoring data. 

Recommendation 7: Develop standardized protocols for the collation and storage of 
monitoring data. 

Recommendation 8: Build internal monitoring, data analysis, and data management capacity 
through staff skill development, staffing levels, and infrastructure. 

Recommendation 9: Share ONMS monitoring indicator data through relevant NOAA data 
dashboard and websites, as well as other outreach avenues as appropriate, to maximize their 
impact and reach.  

Recommendation 10: Incorporate ONMS climate monitoring data into ONMS condition 
reports, climate vulnerability assessments, management plans, and other management 
documents as applicable. 

These recommendations could represent a vision to meet ONMS and NMSS sites' need for 
environmental and climate monitoring data in the short-term, and into the future. Further, 
these changes would ensure greater integration and efficiency in environmental and climate 
monitoring across the NMSS while establishing sanctuaries as climate sentinels. Following these 
recommendations would ensure that sanctuaries have the information they need to more 
effectively steward resources in a changing ocean. Furthermore, these recommendations would 
more fully incorporate ONMS into the collection of NOAA programs that provide the 
environmental data and climate information needed at national and global scales to address 
ongoing and future impacts of ocean climate change.  

ONMS is well-positioned to become one of the national and global leaders in ocean climate 
monitoring, adaptation, and management. The recommendations presented in this framework 
require resources that are currently unavailable. However, these recommendations are forward-
looking and aspirational, imagining an achievable future for the NMSS. Further, with existing 
resources and partnerships, ONMS can begin to take actions now that make it a more effective 
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steward of resources in a changing climate, move it towards this aspirational vision of climate 
monitoring leadership, and meet the long-term goals and short-term climate information needs 
of the NMSS. The groundwork to achieve this goal has been laid in this framework and in the 
work of national marine sanctuaries and countless partners. Now is the time to propel sanctuary 
environmental and climate monitoring into a better integrated, more efficient, and more 
impactful future. 

Purpose 
This document provides information that ONMS staff and partners need to more effectively and 
efficiently target and develop climate monitoring activities for the enhanced understanding of 
environmental change in national marine sanctuaries. Further, it presents a path towards 
meeting the system-wide goal to improve management by applying knowledge of current 
conditions, coupled with accurate predictions of future conditions. Ten recommendations are 
made that would help achieve these goals, but they do not imply a commitment by ONMS, any 
of its constituent units, or its partners to change policies or operations, or to allocate resources 
towards their accomplishment. Rather, the recommendations serve as aspirational actions that 
NOAA, ONMS, and its partners could pursue, in whole or in part, to enhance the climate 
monitoring efficacy of the NMSS. 
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Introduction 
Call to Action  
The National Marine Sanctuary System (NMSS) is composed of 16 ocean and Great Lakes 
marine protected areas that have been designated for federal protection due to their national, 
ecological, and cultural significance. As climate change continues to alter and threaten these 
areas, the same importance that led to the designation of sanctuaries necessitates that the 
National Oceanic and Atmospheric Administration (NOAA) Office of National Marine 
Sanctuaries (ONMS) ensure the system is monitoring appropriate indicators of climate change 
in order to understand and respond to changing conditions, both in these important places, as 
well as nationally and globally. Further, as sanctuaries are geographically, ecologically, and 
culturally diverse, an integrated system of observations can not only guide management 
decisions in individual sanctuaries and across the system, but also provide critical information 
that the nation and the world needs to address the climate crisis. Such observations would also 
allow ONMS to better contribute to and benefit from the existing network of other NOAA 
programs that seek to more fully understand environmental change. This framework provides a 
long-term vision to: 1) meet NMSS critical, short-term climate monitoring needs, 2) position the 
NMSS to more effectively manage the areas and resources under its stewardship, and 3) enable 
the NMSS to take its place among national and the global leaders in advancing science-based, 
climate-smart ocean management. 

Current Conditions  
ONMS considers addressing climate change in national marine sanctuaries to be a priority.  In 
2021, ONMS published its first Climate Resilience Plan to guide the Office in its mission to 
evaluate and address the impacts of climate change in the NMSS (NOAA Office of National 
Marine Sanctuaries [ONMS], 2021). This plan, and the subsequent work that followed, fit into 
the broader whole-of-government approach to addressing the climate crisis exemplified by 
Executive Order 14008: Tackling the Climate Crisis at Home and Abroad. ONMS recently 
released an updated Climate Resilience Plan that builds on the original plan and covers fiscal 
years 2024 through 2026 (ONMS, 2023).  

Within the ONMS Climate Resilience Plans there is an explicit recognition of the need to better 
understand how climate change has, is, and is expected to impact national marine sanctuaries, 
the resources and communities they protect and serve, and their ability to continue to effectively 
provide the protections and achieve the missions for which they were designated. Monitoring 
climate-relevant indicators within sanctuaries is essential to fulfilling ONMS’ mission, but can 
also leverage the unique position of the NMSS as a geographically, ecologically, and culturally 
diverse system of marine protected areas to inform the nation's understanding of and response 
to climate change. As such, a better understanding of, and a more targeted focus on, the 
monitoring of climate-relevant indicators within national marine sanctuaries will not only 
provide the information sanctuaries need to evaluate and increase the effectiveness of their 
management, but would also advance the NMSS as a national and global leader in the 
understanding and management of ocean change. Further, establishing a more purposeful, 
synergistic, and system-wide approach to climate monitoring will provide an invaluable resource 
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to the nation and the world by contributing a unique asset to NOAA’s existing environmental 
observations portfolio. 

In order to achieve these goals, ONMS needs to better understand how climate change is already 
being monitored across the NMSS, and how improvements could be made to enhance the 
efficacy of climate monitoring. This report is a critical first step towards meeting that 
precondition. It provides an overview of the current state of climate monitoring across the 
NMSS, including an identification of gaps, synergies, and opportunities, as well as 
recommendations to purposefully and meaningfully advance monitoring across sanctuaries. 

 

Box 1: Definition of Key Terms 

Monitoring refers to the process of observing and tracking changes in selected qualities 
of something over time (adapted from Oxford English Dictionary, n.d). Monitoring often 
involves collecting data regularly on a parameter or parameters over time, initially to 
determine baseline conditions, then to track changes over time. 

Indicators are quantitative or qualitative measures of key components of a social-
ecological system (adapted from NOAA National Marine Ecosystem Status, n.d) used to 
assess the state or trend of certain environmental or societal conditions over a given area 
and a specified period of time (Environmental Protection Agency, n.d). Indicators often 
include measurable variables such as temperature, but can also encompass more 
complex, trackable parameters such as employment, gross domestic product, cultural 
value, species ranges, or species genetic diversity, among others. Measuring indicators 
regularly allows for tracking and understanding changes over time. 
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Inventory of Ongoing Monitoring in the National Marine 
Sanctuary System 

To advance climate monitoring in the NMSS, ONMS requires a complete, system-wide 
understanding of the monitoring that is already taking place within sanctuaries, by both sites 
and partners. To meet this need, the ONMS Climate Team, hereafter referred to as the “Climate 
Team”, conducted a thorough assessment of ongoing climate monitoring across the NMSS, 
compiled an inventory of the indicators being monitored, identified gaps and synergies, and 
developed recommendations to advance climate monitoring in the NMSS. 

 

Researchers in Stellwagen Bank National Marine Sanctuary apply a tag to a whale to track its movement. 
Photo: NOAA Fisheries, Permit #775-1600-10. 
 
Process and Methods 
National Marine Sanctuaries Climate Change Science Priorities 
Workshop 
In January 2021, prior to the formation of the Climate Team, the NOAA Climate Program Office 
Marine Ecosystem Risk Team held the National Marine Sanctuaries Climate Change Science 
Priorities Workshop as part of its Climate Science for Sanctuaries Initiative. The workshop 
brought together over 130 participants from across ONMS, NOAA, and other partners to assess 
the climate science and information needs of the NMSS (Cannizzo & Selz, 2021). As a part of this 
assessment, the workshop convened breakout groups to discuss and identify both system-wide 
and regional climate indicators.  

The breakouts identified an extensive list of potential indicators to track and monitor climate 
change across the NMSS (Cannizzo & Selz, 2021). The list served as a starting point for the 
questionnaire and focus group discussions conducted as a part of the ONMS Climate Team’s 
assessment of ongoing climate monitoring in the NMSS. Further, workshop participants 
recommended that ONMS develop and standardize a series of climate indicators and that each 
site identify gaps in climate monitoring (Cannizzo & Selz, 2021). These recommendations, along 
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with the ONMS Climate Resilience Plan that was released later in 2021,  served as both the basis 
and the model for the initiative described herein (Cannizzo & Selz, 2021). 

Questionnaire of Ongoing Monitoring 
To date, environmental monitoring in the NMSS has been coordinated at the level of individual 
sites and, for a period of time, a region. This has resulted in the lack of a system-wide, 
centralized understanding of the environmental monitoring occurring across the NMSS and an 
inability to directly compare conditions across NMSS sites. While the distributed, site-level 
approach to monitoring is sensible given the geographic and ecological differences between 
NMSS sites, the global-scale effects of climate change necessitate a broader, centralized 
coordination of environmental monitoring. 

To gain a system-wide understanding of the current climate indicators being monitored across 
the NMSS the Climate Team developed a questionnaire to be completed by all staffed sanctuary 
sites. The questionnaire – see Appendix A – listed a series of climate-relevant 
physical/oceanographic, biological, social/ecosystem service, and heritage indicators previously 
identified as being of relevance during the National Marine Sanctuaries Climate Change Science 
Priorities Workshop (Cannizzo & Selz, 2021). Each site was then asked to identify if each 
indicator was currently being monitored in their site, whether that indicator was being 
monitored by the site or a partner, and which partner was responsible for monitoring the 
indicator, if applicable.  

The questionnaire, distributed in early 2022, was completed by all 15 staffed sanctuary sites, 
produced valuable information, and was the first system-wide assessment of climate-relevant 
monitoring across the NMSS. However, follow-up conversations with site staff demonstrated 
that further assessment of ongoing climate monitoring was necessary. Staff expressed that the 
limited responses available through the questionnaire did not allow for a full accounting of the 
monitoring landscape occurring across the NMSS. They also noted that a free-form discussion 
could allow for a more thorough identification of climate monitoring across the system, and 
allow for a more focused and complete discussion of gaps, needs, and synergies. As such, the 
Climate Team determined that a series of focus group discussions could provide a valuable 
complement to the data obtained through the questionnaire. 

Climate Monitoring Focus Groups 
Over the course of 2022, the Climate Team held a series of focus groups with sanctuary staff to 
identify the current state of climate monitoring across the NMSS as well as site priorities, gaps, 
and needs related to climate monitoring and associated data. To facilitate constructive and 
focused discussions, seven focus groups were held: four based on regional affiliation – East 
Coast and Gulf of Mexico, Great Lakes, West Coast, Pacific Islands – and three on shared cross-
regional topics of interest determined through discussions with site staff – corals, cultural 
heritage, whales. 

Prior to each focus group, participants were asked to complete an optional worksheet to help 
organize their thoughts and guide the discussion (see Appendix B). The worksheet contained the 
same indicators as the previously issued questionnaire, as well as some additional indicators 
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identified through the questionnaire. The worksheet also provided sites the opportunity to share 
more information including: identify partners; the accessibility, availability and usability of data 
associated with the indicator; the geographic scope of the indicator; and any other information 
that the site was able to provide. While only a limited number of sites completed the optional 
worksheet for each focus group, the data complemented that obtained through the 
questionnaire and focus groups, and was included in analyses where relevant.   

To maximize standardization, the same Climate Team member facilitated all focus groups. 
During the focus groups, participants were posed a series of standardized prompting questions 
– see Appendix C. The standardized questions were broken into three categories: ongoing 
monitoring; monitoring needs; and data. Data questions focused on data access, and site data 
analysis and implementation capacity. Once a prompting question was posed, participants 
responded in an open-discussion format that allowed them to build off of each other's responses 
and discuss similarities, differences, and synergies. When necessary, the facilitator asked follow-
up questions to ensure that the information gathered was as complete as possible. All 15 staffed 
sites, as well as a number of ONMS headquarters staff, participated in at least one of the focus 
groups, with many sites participating in more than one. After each focus group, notes were sent 
to all participants, who were given an opportunity to review, correct, and provide additional 
information.  

Data Analysis 
Information from the climate monitoring focus groups and questionnaire was analyzed using a 
qualitative coding methodology (see Appendix D). For analyses, data from Greater Farallones 
and Cordell Bank National Marine Sanctuaries were combined as these co-managed sanctuaries 
were often represented by a single staff member during focus groups. As such, a total of 14 sites 
were included in the analysis. Wisconsin Shipwreck National Marine Sanctuary was not 
included because it was not staffed at the time of the initiative. 

The information from the focus groups was evaluated for factors including: which indicators 
were monitored at which sites and by whom – site, partner, both; the role of partners in 
monitoring climate-relevant indicators within the NMSS; synergies and differences between 
sites, regions, and indicator categories; and major trends, gaps, and needs related to climate-
monitoring in the NMSS.  

After analysis, preliminary results were shared with all focus group participants and feedback 
was elicited through a final focus group. Sites were also provided a copy of the data produced 
from the information they provided via the questionnaire, worksheets, and focus groups. 
Corrections and additions received from this feedback process were incorporated into the 
dataset before finalizing results and recommendations, and did not result in a meaningful 
change to the preliminary results. 

In assessing the preliminary results and focus group discussions, the Climate Team developed a 
set of physical-chemical core climate indicators (PC-CCIs), which were vetted with site staff 
during the final feedback focus group described above. The PC-CCIs are a set of physical-
chemical variables, meant to be part of a broader set of system-wise core climate indicators 
(CCIs), that simultaneously track some of the most fundamental direct environmental impacts 
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of climate change on sanctuary resources, and could conceivably be monitored in a standardized 
fashion at nearly every site in the NMSS. Such monitoring would allow for system-wide tracking 
and comparison of bio-physical dimensions of climate change. As such, the assessment of the set 
of PC-CCIs was given particular attention in the analysis of results. When assessing preliminary 
results and focus group discussions, the Climate Team had planned to identify a set of 
socioeconomic core climate indicators (SE-CCIs) as part of a complete set of CCIs. However, 
currently few socioeconomic indicators are monitored by sites in NMSS. As discussed below, 
further work will be needed to identify and implement SE-CCIs. 

Results 
Climate Monitoring Inventory 
A primary result of the process described above was the production of an NMSS climate 
monitoring inventory. This inventory describes which climate-relevant indicators are being 
monitored at which NMSS sites and, if known, the methodologies used and partners that 
implement the monitoring. As some of this information may be proprietary, this inventory is 
being kept internal to NOAA. However, it will be an important tool to help guide ONMS, sites, 
and partners in identifying and addressing climate monitoring needs and gaps, and some 
components of the inventory may be available to partners upon request. 

Physical-Chemical Core Climate Indicators 
The PC-CCIs include a set of physical-chemical variables that simultaneously track some of the 
most fundamental direct environmental impacts of climate change on sanctuary resources and 
could conceivably be measured across nearly all NMSS sites in a standardized fashion. The 
seven PC-CCIs include: 

• Water temperature 
• pH 
• Partial pressure of CO2 
• Alkalinity 
• Partial pressure of O2 
• Salinity 
• Sea level 

Note that while alkalinity is included as a PC-CCI, it was not included in the analysis described 
previously due to discrepancies during the focus groups. Sea level was not assessed for 
Stellwagen Bank, Flower Garden Banks, Gray’s Reef, or Monitor National Marine Sanctuaries 
given the offshore nature of these sites. Similarly, salinity was not assessed for Thunder Bay 
National Marine Sanctuary, the lone Great Lakes site included in the analysis. The group of sites 
for which the PC-CCIs were assessed are referred to in this report as “applicable sites” when 
referencing the PC-CCIs. These indicators closely align with the physical/oceanographic 
indicators suggested by the National Marine Sanctuaries Climate Change Science Priorities 
Workshop (Cannizzo & Selz, 2021). 
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All of the PC-CCIs are being monitored in at least half of the applicable sites (Fig. 1). All sites 
depend on partners to monitor at least one of the PC-CCIs (Fig. 2). No PC-CCI is measured 
directly by more than 40% of sites, and no sites are directly monitoring sea level (Fig. 2). NOAA 
offices are the most commonly reported monitoring partner for nearly all PC-CCIs (Fig. 3). 

 

Figure 1: Partners responsible for monitoring initial CCIs at sites. Image: NOAA. 

 

Figure 2: Monitoring entity, partner or NMSS site, responsible for monitoring initial CCIs at sites where 
they are monitored. Image: NOAA.  
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Figure 3: Partners responsible for monitoring initial CCIs at sites. Image: NOAA. 

 
Existing Climate Indicator Monitoring and Key Monitoring Partners 
Staff reported that the climate change indicators being monitored in their sites were primarily 
physical-chemical (47.5% of monitored indicators) and biological (32.5% of monitored 
indicators). A smaller proportion of socioeconomic indicators are currently monitored (20% of 
monitored indicators). At the regional scale, the trend towards greater monitoring of physical-
chemical and biological indicators largely held, with the exception of the Pacific Islands region, 
which reported roughly equal proportions of all indicator categories (Table 1). 

Table 1. Percentage of Monitored Climate Indicators in Each Indicator Category. Source: NOAA.  
Region Physical/Chemical Biological Socioeconomic 

System-wide 47.5 32.5 30 
East Coast 56.4 32.9 10.7 
Great Lakes 51.1 22.2 16.7 
West Coast 42.0 35.3 22.7 
Pacific Islands 37.3 30.1 32.5 

 

When exploring individual indicators, water temperature was the only indicator that was 
monitored in all 14 sites, while 11 other indicators were monitored in at least 10 sites (Fig. 4). 
Further, 16 of the 22 system-wide indicators recommended by the National Marine Sanctuaries 
Climate Change Science Priorities Workshop Report are being monitored in at least half of the 
sites to which they are relevant (Cannizzo & Selz, 2021, Fig. 5). Together these results indicate 
that there is some overlap in the indicators being monitored within sanctuary sites, but that 
there is room for improvement. 
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Figure 4: Indicators monitored at a minimum of 10 sites. Image: NOAA. 

 
Figure 5: Indicators from the National Marine Sanctuaries Climate Change Science Priorities Workshop 
Report. Image: NOAA.  
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The majority of climate monitoring in sanctuaries is being conducted by partners (Fig. 6), which 
benefits, but also poses challenges for NMSS-wide indicator monitoring. Relationships with 
partners are a potential strength as they allow the NMSS to leverage the work and resources of 
experts within and outside of government to obtain important monitoring information. Such 
relationships also build ties with research communities by emphasizing the importance of 
national marine sanctuaries not only as conservation areas, but as places where science and 
monitoring can be conducted in a manner that has direct, positive impacts on marine 
conservation. Further, intra-NOAA monitoring partnerships allow ONMS to both benefit from 
and contribute to the world-class environmental observations programs that already exist 
within the agency. However, the dependence on partners for critical monitoring information, 
particularly for the CCIs, is also a vulnerability for the NMSS. Relying on multiple partners for 
core climate monitoring data makes it difficult to standardize indicator monitoring across the 
NMSS. While data from NOAA and other federal agencies are likely to be sustained, partners 
can alter or stop monitoring at any time. This could leave a site lacking access to critical climate 
information, or disrupt the integration of NMSS monitoring standards. 

 

 
 
Figure 6. Percentage of reported indicators monitored by responsible party category. Image: NOAA.  
 
Collection, Access, and Use of Monitoring Data  
The method for collecting monitoring data varies by indicator, partner, and site. The two most 
widely used reported methods were in-water surveys/observations and buoys. Beyond these two 
methods, only acoustic monitoring and in-water sensors were reported by at least half of NMSS 
sites (Fig. 7). The diversity of methods employed to monitor climate variables, while assessed 
only broadly, demonstrates the current difficulty in drawing comparisons between data gathered 
in different NMSS sites. The lack of standardization is partly attributable to differences in the 
precise indicators being assessed – e.g., the keystone species assessed will differ between sites. 
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Figure 7. Top monitoring methods used by sites. Image: NOAA. 
 
Differences in the methods used for different categories of indicators - for example physical-
chemical or socioeconomic, can also make it difficult to draw conclusions on climate change 
monitoring methods across the system. Overall, 12 of 14 sites reported monitoring some 
socioeconomic indicators, and the majority of socioeconomic indicators were monitored by 
partners. The most common partners identified for socioeconomic indicators, in order, were 
other NOAA offices, State partners, and Tribal partners. For the indicators that are monitored, 
at least in part, by specified kinds of partners, a much greater portion of socioeconomic 
indicators were monitored by state and Tribal partners than physical and biological indicators. 
This is particularly illustrated by the monitoring portfolios of some West Coast and Pacific 
Island sites and their monitoring relationships with Tribal and state partners. When sites did 
directly report monitoring socioeconomic indicators, either independently or with a partner, the 
most commonly monitored indicators related to climate change education, culturally important 
species information, demographics, and the use of diverse knowledge sources. Monitoring these 
kinds of indicators often requires surveys of some form.   

There are, however, a number of indicators, particularly CCIs, where standardization across the 
NMSS could be possible. One excellent example of standardized sampling across the NMSS is 
the Sanctuary Soundscape Monitoring Project, also known as SancSound (Box 2). The lack of 
standardization for the vast majority of environmental and climate indicators may be 
attributable to the diversity of partners gathering the data, which can lead to climate data being 
collected in a variety of formats. This situation further highlights the importance of greater 
centralization and standardization of monitoring of climate indicators, and particularly of core 
climate indicators. 
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Box 2: SancSound as a successful model in standardized monitoring 

The Sanctuary Soundscape Monitoring Project, better known as “SancSound”, is a 
partnership between ONMS and the U.S. Navy to better understand underwater sound 
within the NMSS (ONMS, n.db; ONMS, n.dc). Through partnerships with scientists, 
SancSound uses standardized methods to monitor underwater sound produced by 
animals, physical processes, and human activities in 30 locations across eight NMSS 
sites from Stellwagen Bank National Marine Sanctuary in Massachusetts to 
Papahānaumokuākea Marine National Monument in the northwest Hawaiian Islands. It 
has already allowed scientists to characterize seasonal patterns of use by cetaceans in 
these two areas and produce baseline data on noise produced by tiny shrimp that are 
indicators of health on reefs at several sites across the sanctuary system. Because 
SanctSound is a standardized, system-wide monitoring project, with comparable data 
across sites, geographies, and ecologies, ONMS staff, scientists, and partners will not 
only gain insights into changes in wildlife, conditions, and human use at each sanctuary, 
but be able to compare conditions regionally, nationally, and over time. This information 
will inform the management of particularly sensitive, vulnerable, or threatened resources 
like whales and coral reefs, both within and outside of NMSS sites and can help in 
prioritizing allocation of resources across the system to address impacts of 
anthropogenic noise. The success of SancSound demonstrates the benefits of a system-
spanning monitoring program and could be a model for the more expansive National 
Marine Sanctuary System Monitoring Program recommended in this framework. 

Sanctuary staff reported that monitoring data from partners were generally accessible, but that 
the analytical capacity of staff to analyze and interpret data was limited. Analytical capacity 
limitations were reported by 11 of 14 sites (Fig. 8). Increasing the analytical capacity of 
sanctuaries to analyze climate monitoring data is essential to ensure that existing and future 
monitoring information is able to effectively inform and support management. Sites 
recommended that such data analysis capacity can be achieved both through training existing 
staff and strategically hiring people with the needed skills. 

 

Figure 8. Top data analysis limitations reported by sites. Image: NOAA.  
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The reported difficulty in analyzing site-level climate monitoring data may be leading to climate 
information being underutilized. For example, climate monitoring data have, to date, only been 

incorporated in condition reports and/or management plan reviews by eight of the 14 sites.  Less 
than half of the sites reported that climate monitoring data were incorporated into 

education/outreach activities, climate vulnerability assessment, and other activities (Fig. 9). The 
low use of climate monitoring data by sites may be influenced by the relatively small number of 

sites that have completed and published condition reports, six, or management plan reviews, 
four, since 2014, when climate change was added as a condition report question. Regardless, 
this result demonstrates an important decade-long lag in the time between the awareness of 

need and the actual use of climate information in support of management.

 

Figure 9. Top uses of climate monitoring data reported by sites. Image: NOAA. 
 
Gaps and Needs 
There was no system-wide consensus around critical monitoring gaps or indicators, highlighting 
the differences in needs and experience between NMSS sites and regions. However, a number of 
data and administrative themes did arise in the gaps and needs reported by sites (Table 2). In 
general, sites reported a need for more baseline data, as well as a need for more sub-surface 
observations and information at smaller geographic scales with increased frequency. These data 
needs support a desire for greater, more targeted, and integrated monitoring of climate variables 
across the NMSS. The majority of discussion about data gaps focused on biological-ecological 
and physical-chemical data needs, with sites also expressing that they did not have sufficient 
monitoring of socioeconomic indicators. Administratively, sites expressed a desire for increased 
staff capacity dedicated to monitoring and data analysis, as well as guidance to create 
consistency in monitoring and protocols across the NMSS. They also highlighted the need for 



Inventory of Ongoing Monitoring in the NMSS: ONMS Climate Change Monitoring Framework  

14 

more funding for monitoring staff and equipment. The data and administrative needs and gaps 
identified by NMSS sites align with conclusions drawn from analyses of focus group and 
questionnaire data, and support the following recommendations. 

Table 2. The most commonly reported data and administrative gaps related to climate monitoring. 
Source: NOAA 

Top Gaps Reported 
Data 

Baseline Data 
More Biological/Ecological Data 
More Physical/ Oceanographic Data 
Deep Water Data 
Smaller-Scale Information 
Increased Duration and/or Frequency of Monitoring 

Administrative 
Necessary Monitoring Equipment 
Increased Local Staffing 
Increased Funding for Monitoring 
Consistency Across NMSS 
Guidance on Priorities and Protocols 
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Recommendations 
In response to the results of the inventory of ongoing climate monitoring within the NMSS, the 
Climate Team has developed ten tactical recommendations to purposefully and meaningfully 
advance monitoring across the NMSS. These recommendations are targeted at improving the 
monitoring of climate change-relevant indicators. Accomplishing the recommended actions 
would greatly improve the ability of the NMSS and its constituent sites to understand the status 
and trends of all the resources under its stewardship and integrate that understanding into 
management. The recommendations below are not a commitment by NOAA, ONMS, or any of 
its constituent units. Rather, they provide ONMS with an aspirational path that the Climate 
Team has determined would allow the NMSS to produce integrated, and systematic climate-
relevant information of critical importance to both resource management, and to our collective 
ability to achieve national and international climate adaptation targets. They would also allow 
ONMS to more effectively and efficiently contribute to, and benefit from, other NOAA programs 
that work to better understand environmental change. The Climate Team recognizes that the 
resources are not currently available to fully implement many of the recommendations. 
However, collectively the recommendations below provide ONMS with a valuable, long-term 
vision to meet the immediate climate monitoring needs of the NMSS. Where possible, existing 
resources could be used to implement components of the recommendations in the near-term. 
This provides a pathway forward that could be leveraged both when resources do become 
available and to pursue opportunities to obtain necessary resources and capacity when 
opportunities arise. 

Recommendation 1: Establish a National Marine Sanctuary System Monitoring Program that 
uses standardized methods to measure a set of  CCIs that span physical-chemical, 
socioeconomic, and biological dimensions of climate impacts. Initial CCIs should focus on the 
physical chemical climate indicators where there is system consensus and the most robust 
existing monitoring, but expand to include socioeconomic and biological CCIs as they are 
identified.   

The Climate Team recommends the establishment of a National Marine Sanctuary 
System Monitoring Program, to meet the goal of regularly monitoring CCIs in a 
standardized fashion and integrating climate monitoring across the NMSS. This program 
could lead cross-site monitoring efforts, including but not limited to climate monitoring, 
and work with sites to establish and operationalize both standardized, and where 
needed, customized monitoring variables and procedures. It could work with partners 
within and outside of NOAA, and would greatly increase the ability of ONMS to achieve 
numerous recommendations in this report. A robust monitoring program could involve 
centralization of certain program components (e.g., management of CCI data, 
integration of data from other programs) and regional or site-based responsibilities for 
other components – e.g., field activities, analysis of site-specific data, coordination with 
regional partners. The SancSound project discussion previously – See Box 2 – could 
provide a model upon which to build such an integrated system-wide program. 

The establishment of a formal, staffed program would require time and assets that the 
Climate Team recognizes are not currently available. However, planning for the 
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establishment of a monitoring program, and taking meaningful steps towards making it 
a reality, would position ONMS to respond to agency, congressional, and outside 
inquiries about the need, and be “shovel-ready” if and when resources become available. 
In the meantime, the steps to implement recommendations made in this report, 
including the establishment and coordination of CCIs, could be undertaken by a cross-
site working group under the auspices of the Climate Team. Ultimately, the 
institutionalization of monitoring, data analysis, and data curation through a formal, 
centralized ONMS program would increase the integration, efficiency, and reach of 
climate research and ensure that the office is in compliance with federal data curation 
standards and legislation. 

The need for a set of climate variables that can be monitored in an integrated, standardized 
fashion across all sites in the NMSS is a clear outcome of this framework. This program 
should measure a set of CCIs which span physical-chemical, socioeconomic, and biological 
dimensions of climate impacts. Initial CCIs should focus on the PC-CCIs where there is 
system consensus and the most robust existing monitoring, but expand to include 
socioeconomic and biological CCIs as they are identified. As such, the initial CCIs identified 
through this initiative meet this need and include: 

• Water temperature 
• pH 
• Partial pressure of CO2 
• Alkalinity 
• Partial pressure of O2 
• Salinity 
• Sea level 

Each of these indicators could be monitored at all relevant NMSS sites – e.g., salinity would 
not be monitored in the Great Lakes nor sea level in offshore sites –  and at both the surface 
and, where appropriate, subsurface. 

Recommendation 2: Use participatory methods to identify, develop, and monitor SE-CCIs. 

During focus groups, staff communicated the importance of monitoring the impacts of 
climate change on human communities by tracking socioeconomic indicators. The 
importance of monitoring socioeconomic indicators in national marine sanctuaries and 
other marine protected areas has also been highlighted in the Climate Science for 
Sanctuaries Workshop and by the State of California’s 2022 Marine Protected Area 
Decadal Management Review (Cannizzo & Selz, 2021; California Department of Fish and 
Wildlife, 2022). However, the focus groups confirmed that there is a general lack of 
climate-relevant socioeconomic monitoring across sanctuaries, and fewer partner efforts 
to monitor socioeconomic impacts. A lack of sociological considerations in marine 
protected area monitoring is a common issue across marine protected areas (Bryce & 
Hunter, 2024).  

Socioeconomic monitoring of climate change addresses how climate impacts influence 
human communities, including people and user groups that are connected to national 
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marine sanctuaries. Such climate impacts can influence how people benefit from 
sanctuaries and oceans, and how people adapt to changing ocean conditions (Green et 
al., 2021). Examples of socioeconomic impacts from climate change that may affect those 
who benefit from sanctuaries include changes in food security, changes in the abundance 
of marine species that are undergoing climate-driven range shifts, changes in sanctuary 
accessibility, and climate impacts on culturally important species. It is possible to 
develop socioeconomic indicators to monitor these and other socioeconomic climate 
change impacts in sanctuaries See Table 3 for an example of socioeconomic climate 
impacts and their potential indicators and Appendix B for a list of potential 
socioeconomic indicators, including those discussed during focus groups. It is likely that 
different demographics of people, and different groups that are connected to sanctuaries 
– e.g. commercial fishermen, whale watchers, Tribal members – will be impacted by 
climate change in unique ways. Since impacts will vary across human communities, 
understanding how various demographics and groups are impacted will be important. 
Sanctuaries can reference the NOAA Tech Memo on Demographic Data Collection for 
guidance on collecting demographic data as part of surveys, permits, and other 
programs, including NOAA’s standardized demographic questions (Kleiber et al., 2024). 

Table 3. Potential socioeconomic impacts of climate change, and associated indicators. Source: NOAA.  
Potential Socioeconomic Climate Impact Potential Socioeconomic Indicator 

Change in food security Catch rates of key species targeted by 
subsistence fishers and/or Tribal members 

Climate-driven range shifts of commercially fished 
marine life 

Commercial catch per unit effort of climate 
migrant species 

Decreased sanctuary accessibility - Sea Level 
Rise (SLR) 

Sanctuary access points lost to SLR  (e.g., at 1 m 
vs 2m SLR) 

Decreased sanctuary accessibility - Storms Frequency of small-craft advisories 
Climate impacts on culturally important species Density of species which local communities and/or 

Tribes have identified as having cultural 
importance 

 
 

Two sanctuary sites have set the foundation for incorporating socioeconomic indicators 
into their climate monitoring. For example, the Gray's Reef National Marine Sanctuary 
evaluated how changing weather patterns influenced visitor use of sanctuary waters and 
found that the increased frequency and severity of storms will limit visitor access to the 
sanctuary (Kendall et al., 2020).  In a second example, Channel Islands National Marine 
Sanctuary and partners are currently assessing how climate change will influence access 
to, and benefits from California sanctuaries. This Channel Islands National Marine 
Sanctuary project focuses on using participatory methods, and working with 
underserved communities, Tribal members, and subsistence fishers (Frawley & Selgrath, 
2024). These two socioeconomic and climate projects have used data such as photos, 
Instagram posts, spatial analyses, surveys, and participatory methods to identify 
management actions for sanctuaries to mitigate socioeconomic impacts of climate 
change on human communities.  

The Climate Team recommends that NMSS sites and regions collaborate to develop a 
core set of SE-CCIs to complement the PC-CCI described previously, and to be part of a 
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set of system-wide CCIs. The identification and development of SE-CCIs would need to 
be done in partnership with sanctuary communities. Socioeconomic indicators and 
monitoring methods should be integrated and standardized across sites, regions, and the 
NMSS to allow for the examination and tracking of broad-scale trends. There are several 
approaches for developing SE-CCIs including: using participatory methods with 
community members to identify locally and nationally relevant socioeconomic 
indicators; using existing environmental justice and other indicators – e.g. Council on 
Environmental Quality Climate and Economic Justice Screening Tool,  the 
Environmental Protection Agency Environmental Justice Screening and Mapping Tool, 
the NOAA Fisheries Social Indicators; working with partner organizations that are 
collecting relevant information – e.g., National Coral Reef Monitoring Program. Sites 
should work with their sanctuary advisory councils, whose members represent a variety 
of human communities that interact with sanctuaries, to develop SE-CCIs. However, it 
also must be recognized that not all relevant human communities are represented by 
these important councils. Thus, it is important for sites to track the demographics of SAC 
members so that staff understand whose perspectives on climate impacts are being 
included, whose may be left out, and can seek additional external input as needed. These 
suggestions provide potential steps in developing SE-CCIs for the NMSS. 

Recommendation 3: Identify and develop indicators of specific relevance to sites and regions 
and, where applicable, standardize across sites and regions. 

The CCIs are a powerful tool to track and monitor climate change across the NMSS. 
However, one of the strengths of the system is the diversity of environments, ecosystems, 
and cultures represented by its constituent national marine sanctuaries and marine 
national monuments. Many, if not all, of the individual NMSS sites will have climate 
indicators beyond the CCIs that must be monitored to meet site goals and objectives. 
This is particularly true for biological and socioeconomic indicators that, while difficult 
to standardize across a system as diverse as the NMSS, are of critical importance to 
informing management at the level of sites and regions. 

The Climate Team recommends that sanctuaries and regions work to identify and 
develop climate-relevant indicators that can inform site and regional management and 
conservation objectives. Where possible, these indicators should be standardized both 
within and across sites to ensure the ability to track and monitor changes across time 
and geography. Many candidate indicators can be drawn from the inventory developed 
as a part of this framework and the Climate Science for Sanctuaries Workshop (Cannizzo 
& Selz, 2021).  California’s Marine Protected Area Network Decadal Management Review 
and the Greater Farallones Ocean Climate Indicators Monitoring Inventory and Plan are 
additional resources that could be used to develop indicators for relevant sites 
(California Department of Fish and Wildlife, 2022; Duncan et al., 2013, pp.74). Sites and 
regions could work with the Sanctuary Monitoring Program recommended earlier in this 
framework, or its interim equivalent, to develop these indicators – see Appendix B for a 
list of potential indicators. 

https://screeningtool.geoplatform.gov/en/#8/0/0
https://screeningtool.geoplatform.gov/en/#8/0/0
https://www.epa.gov/ejscreen
https://www.st.nmfs.noaa.gov/data-and-tools/social-indicators/
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Ultimately, the development and implementation of site, and region, specific climate 
monitoring indicators would allow sanctuaries to track and understand the trends and 
resources that are of greatest importance and utility to their management objectives. 
While meeting this objective would require resources and staff time, the Climate Team is 
well positioned to help sites and regions take the first steps towards the identification 
and monitoring of such indicators. 

Recommendation 4: Leverage and expand the ONMS Sentinel Site Program to advance the 
purposeful, system-wide monitoring of climate change and other environmental indicators 
that are both nationally and locally relevant. 

The framework of the ONMS Sentinel Site Program provides an ideal starting point from 
which to build a system-wide monitoring program. The program encourages NMSS sites 
to identify an issue that is of importance to the site and its community, and to build a 
program that focuses on that issue from all aspects of science, service, and stewardship. 
This takes the form of a sentinel site developing a range of programs, from science and 
monitoring to education and outreach, focused on the issue of choice.  

ONMS could leverage this established program to increase  monitoring effort for 
indicators that are both nationally and locally relevant. For example, Olympic Coast 
National Marine Sanctuary was central to the establishment of an ocean acidification 
sentinel site in 2019. As a result, a diverse group of partners built an impressive array of 
programs focused on monitoring, understanding, and communicating the trends and 
impacts of ocean acidification on the Washington coast. This focus on ocean acidification 
has allowed the site to draw partners and funding to further support science, monitoring, 
and outreach programs.  

Other NMSS sites could similarly become sentinels for climate indicators that are of 
particular interest and importance to the resources and communities they support. In 
this way, the NMSS could build a network of climate-focused sentinel sites where each 
site acts as a champion for a particular climate variable (preferably while simultaneously 
collecting data on the CCIs). Such a strategy could serve to increase the attention on 
climate monitoring both at individual sites and across the system while also drawing 
external resources to enhance the ability of the NMSS to monitor these variables; both 
are outcomes that have been achieved at Olympic Coast National Marine Sanctuary. 
While not a replacement for a comprehensive, integrated, cross-system monitoring 
program, this could serve as an important intermediate step to enhance the resources 
and focus on monitoring across the NMSS, particularly if paired with additional financial 
support for sentinel site programming. 

Recommendation 5: Pursue avenues to increase sanctuaries direct monitoring of core climate 
indicators. 

The heavy dependence on partners for monitoring data is both a strength and a potential 
vulnerability of the NMSS. Partnerships allow sites to leverage external resources and 
expertise. However, a dependency on partners, particularly for the monitoring of CCIs, 
makes NMSS sites vulnerable to losing access to core climate data and can make it 
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difficult to track climate and environmental changes across the system. Partners could 
stop monitoring variables, lose funding, alter priorities, change methods, or create 
barriers to access at any time. Further, it can be difficult or impossible to compare 
monitoring information across sites if data are collected by partners using different 
methods. As such, the Climate Team recommends that ONMS work towards building 
and strengthening internal capacity for monitoring and analyzing data, particularly for 
CCIs. 

The NMSS could make significant strides towards building internal capacity by seeking 
opportunities to establish monitoring infrastructure within, and at least partially 
controlled by, sites. A prime example is the recent installation of a SoFar buoy at Flower 
Garden Banks National Marine Sanctuary. The buoy monitors a suite of variables 
including water temperature, an important CCI, at both the surface and at the depth of 
coral reefs within the sanctuary. Real-time temperature data alert the sanctuary to 
potential coral bleaching events, will help improve NOAA Coral Reef Watch alerts for 
deep reef ecosystems, and are supporting offshore weather forecasts (National 
Environmental Satellite, Data, and Information Service, n.d). The company SoFar is 
working to develop additional sensors, including one to monitor pH, that can be added 
to the buoy in the future. By owning, deploying, and maintaining these buoys, Flower 
Garden Banks National Marine Sanctuary is able to ensure that they can monitor 
environmental variables in the manner that is of greatest utility to their management.  

While shifting the monitoring of CCIs internally to ONMS has significant benefits, the 
Climate Team recognizes it would require resources that are not currently available. As 
such, an intermediate strategy could be to seek out partners that are likely to maintain 
monitoring activities, such as other NOAA offices. For example, Stellwagen Bank 
National Marine Sanctuary, along with NOAA partners, was recently awarded a grant to 
develop and deploy a buoy within the sanctuary that would monitor a number of climate-
relevant indicators. Stellwagen Bank National Marine Sanctuary will work with partners 
for data collection and buoy maintenance. Because ONMS staff were involved in the 
buoy design from the beginning of the project, the site has ensured that the buoy will 
monitor climate and other environmental variables of importance to their management, 
including some CCIs. An additional step could be for ONMS to work with monitoring 
partners towards standardization of monitoring across the NMSS. To be successful, this 
would likely require national- and/or regional-level coordination, further supporting the 
need for a centralized, integrated ONMS monitoring program. 

Recommendation 6: Formalize relationships with monitoring partners to ensure the long-term 
sustainability, standardization, and integration of monitoring data. 

While the Climate Team recommends that ONMS and individual NMSS sites build 
internal capacity for climate monitoring, it is important that ONMS encourage the 
continued collection of, and access to. monitoring information collected by partners. The 
Climate Team recommends that ONMS formalize relationships with monitoring partners 
where possible. This is particularly important for indicators that are of regional and 
national importance, such as the CCIs. Alterations to such data could critically impact 
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the ability of NMSS sites to serve as sentinel sites for climate change, as well as their 
ability to understand, plan for, and manage the impacts of climate change. 

Recommendation 7: Develop standardized protocols for the collation and storage of 
monitoring data. 

As sites across the NMSS continue to collect monitoring data, it is important that such 
data is collated and stored in such a manner as to make it compatible with data collected 
at other sites, accessible to other sites, open to partners, and the American public, and in 
compliance with federal data standards and law. This will require the establishment of 
standardized protocols that are implemented across the NMSS. As federally-funded data, 
NMSS monitoring data will need to be hosted at the National Centers for Environmental 
Information (NCEI). To retain full control over monitoring data even while complying 
with regulations to store data with NCEI, NMSS data could also be stored in an ONMS-
hosted server. While it is feasible that NCEI could serve as the sole host of ONMS 
monitoring data, relying on a partner could add an additional layer of complexity and 
access barriers. However, storing monitoring data solely at NCEI is likely unavoidable 
unless or until ONMS can build internal capacity to do so. As such, ONMS should, as 
soon as practicable, begin to develop a partnership with NCEI for the storage of NMSS 
monitoring data to ensure that such data is standardized, accessible, and usable to the 
extent practicable and required by policy and law while simultaneously seeking to build 
its own data storage and curation capacity. 

Recommendation 8: Build internal monitoring, data analysis, and data management capacity 
through skill development, staffing, and infrastructure. 

One of the primary limitations to the monitoring of climate indicators expressed by 
NMSS staff was insufficient capacity. Many sites expressed that there is a lack of staff 
with the necessary technical expertise and/or time to analyze climate monitoring data, 
even when such data are available. ONMS could address this lack by hiring dedicated 
scientific staff at site and regional levels who have the technical skills to analyze 
monitoring data. Furthermore, existing staff could have their performance plans 
changed to accommodate data analysis tasks and training. Where applicable, ONMS 
could work to provide capacity building and skill development to those staff. Such 
capacity building could also be achieved through partnerships with other NOAA offices 
and other partners with expertise in data analysis and application. 

In addition to enhancing staff capacity and technical expertise, there is a need to build 
monitoring and data infrastructure across the NMSS. This need encompasses deploying 
monitoring infrastructure such as buoys and sensors as well as building data analysis 
and storage infrastructure. Such infrastructure would include obtaining software 
licenses, high performance computers and/or cloud systems, and data storage. While the 
climate team recognizes the resources to meet this need are not currently available, by 
beginning to plan for and prioritize this need, ONMS can be ready to apply for and 
obtain funds if and when they become available through funding opportunities or 
partners. 
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Recommendation 9: Share ONMS monitoring indicator data through relevant NOAA data 
dashboard and websites, as well as other outreach avenues as appropriate, to maximize their 
impact and reach. 

Beyond making ONMS monitoring data available and accessible to scientific partners, it 
is important to contribute to the wealth of public-facing data products NOAA manages 
such as data dashboards and websites. These products provide the public with easy 
access to NOAA data for a variety of purposes. Websites such as the National Marine 
Ecosystem Status webpage and the climate.gov global climate dashboard provide the 
public with easily digestible data useful for education and awareness raising, as well as 
links to the original data source. NOAA also provides resources such as the National 
Data Buoy Center and Coral Reef Watch that provide near real-time data that can be 
critical to business and safety. Further, dashboards and tools like the CoastWatch Data 
Portal and NCEI provide a wealth of data and information accessible and invaluable to 
scientific endeavors. These products barely scratch the surface of the wealth of NOAA 
data products and tools that play a critical role in the nation’s science, education, safety, 
and economy. ONMS monitoring could provide critical additional data to these products 
and other NOAA outreach efforts, simultaneously increasing the reach and value of 
ONMS climate monitoring efforts while contributing to public understanding of the 
impacts of climate change in the NMSS and ocean more broadly. 

Recommendation 10: Incorporate ONMS climate monitoring data into ONMS condition 
reports, climate vulnerability assessments, management plans, and other management 
documents as applicable. 

ONMS condition reports are of critical importance to the understanding and 
management of national marine sanctuaries (ONMS, n.da). The condition report process 
already incorporates ONMS monitoring data, where available. However, enhanced 
NMSS climate change monitoring, as could be achieved through the recommendations in 
this framework, could greatly enhance the quality of data considered in condition reports 
by ensuring that data is local and specific to sanctuaries. Such data would also reduce 
uncertainties and fill gaps in ONMS environmental monitoring. Further, by intentionally 
designing ONMS monitoring data to be incorporated into products such as web-
published condition reports, data could be quickly and seamlessly integrated into the 
condition report process in such a way that would save time and effort while increasing 
transparency and confidence in condition report results (Spector et al., 2021). Beyond, 
and building off of, condition reports, other critical assessment and management 
exercises and documents, including climate vulnerability assessments and management 
plans, could be greatly enhanced by tailored ONMS monitoring data. Together, these 
documents provide the backbone of sanctuary management. Ensuring that these 
processes are informed by climate monitoring data tailored to the needs of sanctuaries 
will greatly enhance their impact and ability to understand and address climate change 
in the NMSS. 

https://ecowatch.noaa.gov/
https://ecowatch.noaa.gov/
http://climate.gov/
https://www.ndbc.noaa.gov/
https://www.ndbc.noaa.gov/
https://coralreefwatch.noaa.gov/
https://coastwatch.noaa.gov/cw_html/cwViewer.html
https://coastwatch.noaa.gov/cw_html/cwViewer.html
https://www.ncei.noaa.gov/
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A Vision for the Future: Sanctuaries as Climate Sentinels 
National marine sanctuaries have the potential to become sentinels of ocean changes, and 
exemplars of methods and strategies for finding and testing climate solutions. As permanently 
protected, federally managed areas distributed across the nation in a diversity of ecosystems, 
communities, cultures, and climates, sanctuaries represent ideal locations for the long-term 
monitoring and science necessary to understand environmental and social change. The national 
marine sanctuary sentinel site program provides a critical first step and model that can be 
leveraged and expanded to meet the climate monitoring and science needs and goals of the 
NMSS and the nation. This would involve individual sites expressing a desire to become sentinel 
sites, focusing on a specific aspect of climate change. However, sanctuaries have the potential, 
through the recommendations presented in this framework, to go beyond even this impressive 
program and become an interconnected nationwide system of ocean climate sentinels 
complementing, contributing to, and drawing from the existing set of world-class NOAA 
environmental observation programs. 

An Interconnected System of Long-Term Observations 
Long-term observations are necessary to understand environmental change. This is particularly 
true in the ocean where the influence of large-scale climatological cycles such as El Niño-
Southern Oscillation and North Atlantic Oscillation can have multi-year influences on physical, 
chemical, and even biological parameters. As such, sustained observations of 20 years or longer 
are often necessary to truly understand, and even confirm, long-term trends associated with 
climate change. These longitudinal datasets are also critical to validating models and 
predictions, parameterizing climate models, and testing potential climate solutions. The 
permanent protection status of national marine sanctuaries makes them ideal locations to 
deploy long-term observational infrastructure as the longevity of monitoring is more likely to be 
ensured.  

While the ability to ensure the longevity of monitoring programs makes sanctuaries attractive 
locations for monitoring, the true observational potential of sanctuaries lies in the nature of the 
NMSS as a geographically diverse, administratively interconnected system. Through system-
wide coordination, sanctuaries have the potential to provide a sustained set of ocean climate 
indicator observations, such as the CCIs, that are not only long-term, but integrated and 
standardized across a wide geography and diversity of climates and ecologies. Such a dataset of 
in situ environmental and social observations would allow for comparisons in climatological and 
oceanographic trends, and of the social impacts of climate change over both time and space. 
This integrated program could greatly advance our national and global understanding of 
environmental change and accelerate the science needed to inform adaptation and mitigation 
actions.  

Achieving a system of environmental observations as described previously is a challenging 
objective, but it is not unprecedented within the NMSS. The SancSound program - see Bo 2 - 
provides a model on which ONMS could expand to meet the vision of an interconnected system 
of long-term environmental observations. The SancSound program was successful in 
establishing standardized infrastructure throughout the NMSS to observe ocean sound. The data 
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gathered from this centralized program demonstrate the scientific and management benefits 
that can be derived from the information and comparisons gained as a result of integrated and 
standardized system-wide monitoring. A system-wide environmental monitoring program as 
described in this framework would be a considerably greater logistical and financial 
commitment, but could build off, and learn from, the success of the SancSound program. 

A goal of ONMS should be to establish a self-contained, centralized monitoring program that 
has full control over the standardization, integration, collection, and analysis of environmental 
and socioeconomic monitoring data. Such a program could be established for the most critical 
environmental indicators such as the CCIs. The current lack of a centralized ONMS monitoring 
program should not hinder near-term efforts to build out environmental monitoring within the 
NMSS. Even if ONMS can achieve the goal of an internal monitoring program, partnerships are 
likely to be of continued importance for the monitoring of many indicators, including CCIs and 
site- and regionally-specific indicators. Partners will continue to be particularly critical in the 
near-term as ONMS builds its capacity to monitor the CCIs and other critical indicators. As 
such, ONMS should seek to strengthen communication with monitoring partners and, where 
possible, formalize those relationships.  

Whether indicators are monitored by NMSS sites or partners, standardization of monitoring 
methods is of critical importance. Standardization allows for comparison and integration across 
the NMSS, as well as the identification of nationwide and regional trends and divergences. 
Standardization also affects the ability of sanctuary data to contribute to, and benefit from, other 
programs measuring the same climate variables. The ability to identify such large-scale, long-
term trends and differences is where the strength of a coordinated, system-wide monitoring 
system lies. In this way, sanctuaries can truly become sentinels not only for environmental, 
socioeconomic, and climate changes at a local scale, but at regionally and globally significant 
scales and timeframes. 

Global Importance, Local Impact 
The potential for NMSS sites to become globally-significant climate sentinels does not preclude 
the importance of also understanding local environmental changes and conditions. While the 
majority of this framework has focused on the importance of creating a system-wide monitoring 
program, NMSS sites would also be able to leverage the infrastructure of such a program to 
address scientific and management objectives at the local scale. A first step towards meeting 
site-level monitoring needs is to identify those indicators that are of importance to individual 
sites that are unlikely to be able to be standardized across the system, or even the region. For 
example, Calanus finmarchicus is a copepod of critical importance to the ecosystem of 
Stellwagen Bank National Marine Sanctuary and is expected to experience changes to its 
population as a result of climate change. Calanus finmarchicus indicators may not be relevant 
to other sites in the NMSS, or even in the East Coast Region. However, other sites do have 
zooplankton that are important to monitor. Even though a Calanus finmarchicus specific 
indicator may not be standard across sites, the indicator could be designed to be comparable as 
possible to other sites monitoring zooplankton. In this way, NMSS sites would be able to 
simultaneously monitor indicators that are of site or regional importance while also contributing 
to system-wide datasets that can be of national or global importance. While not all site-level 
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indicators can be developed in a manner that makes them more broadly applicable, 
collaborating across the NMSS at early stages of indicator development, possibly  facilitated by a 
centralized ONMS monitoring program  could help identify where such collaborations are 
possible. 

A Testbed for Climate Solutions 
As ocean climate sentinels, sanctuaries can build on the legacy of the ONMS sentinel site 
program and be not only nationally significant places for environmental science and 
observations, but become globally important locations to find and test climate adaptation 
solutions. NMSS sites are already important focal locations for science, education, community 
engagement, and conservation. The enhancement of monitoring capabilities, along with the 
data, scientific focus, and reputation that would accompany such an enhancement, would 
further serve to provide the information and attention needed to elevate sanctuary sites as ideal 
testbeds for appropriate climate solutions. This could involve scientific partners and sanctuary 
staff leveraging in situ observations to both tailor approved adaptation actions to the needs of 
specific sites and track their effectiveness. In this way, the NMSS could be a global leader in the 
science and practice of climate-smart adaptation science and management. 

The status of sanctuaries as climate sentinels could, and should, extend beyond science to 
encompass management and community service. By involving communities in participatory 
research, citizen science, restoration, and conservation actions, NMSS sites could both enhance 
and leverage observational data while further building community support and pride around the 
site’s status as a sentinel for climate action. Such interactions could be particularly impactful as 
a way to supplement standardized measurements through citizen science programs while 
strengthening relationships with  the community. These programs are not new to NMSS sites. 
For example, Stellwagen Bank National Marine Sanctuary has established a citizen science 
program to collect fine-scale environmental data by providing whale watching vessels with 
conductivity, temperature, and depth sensors. This program has been successful in 
strengthening relationships with local naturalists while also exposing the community to science 
and climate change concepts. The data gathered from this program has high temporal 
resolution, as there are often multiple whale watch trips each day, serving as a valuable 
supplement to other environmental observations in the sanctuary. 

Another example of NMSS sites leveraging their visibility and influence to become a testbed for 
climate solutions is the Protecting Blue Whales and Blue Skies program (California Marine 
Sanctuary Foundation, 2024). This program, instituted by the ONMS West Coast Region in 
partnership with California Air District Agencies and non-governmental organizations, 
incentivizes shipping companies to incorporate sustainable practices and cooperate with 
NOAA’s voluntary speed reduction zones to protect endangered whales. The program tracks 
ships and their speeds, and quantifies the reduction in ship strikes, ocean noise, air pollution 
and greenhouse gas emissions resulting from the speed reductions. It also provides shipping 
industry participants with positive public recognition to further encourage the adoption of more 
sustainable shipping practices. This program has been well-received by both industry and local 
communities. It also highlights how sanctuary monitoring capabilities, in collaboration with 
their visibility and role among the community, can be leveraged to test and employ actions that 
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have positive conservation and climate adaptation and mitigation outcomes. Increasing 
recognition of the role of NMSS sites as climate sentinels through enhanced monitoring and 
partnerships would serve to further encourage and ease the implementation of programs like 
Protecting Blue Whales and Blue Skies. 
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Conclusions 
This framework presents a long-term, pathway to meet the climate data and observation needs 
of the NMSS, and establish ONMS and the NMSS as a national and global leader for climate 
science, observations, adaptation, and management. The recommendations presented herein 
are supported by information collected through an extensive set of consultations with ONMS 
staff from across the system. By establishing a centralized but integrated ONMS monitoring 
program, leveraging and building off of current monitoring initiatives, seeking to monitor a 
standardized set of critical climate indicators across the NMSS, enhancing the data analysis and 
management capacity of ONMS staff, and pursuing the other recommendations herein, ONMS 
has the potential to greatly enhance its ability to meet NOAA’s stewardship mission and provide 
critical data necessary for the national and global response to climate change. The effort 
required to implement this framework is not insignificant, but the Climate Team believes it 
would be timely to take these steps to better address climate change in marine sanctuaries. 
ONMS is ideally positioned to become a national and global leader in ocean climate monitoring, 
adaptation, and management. The groundwork to achieve this goal has been laid in this 
framework and in the work of sanctuaries and their partners. Implementing this framework 
could propel sanctuary environmental and climate monitoring into a better integrated, more 
efficient, and more impactful future regarding management and mitigation of climate impacts in 
national marine sanctuaries.
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Appendix A. Questionnaire Content  
To gain a systemwide understanding of the current climate indicators being monitored across 
the NMSS the Climate Team developed a questionnaire, presented as a fillable google form, to 
be completed by all staffed sanctuary sites. The questionnaire, distributed in early 2022, was 
completed by all 15 staffed sanctuary sites, produced valuable information, and was the first 
system-wide assessment of climate-relevant monitoring across the NMSS.  

The questionnaire first introduced its charge by providing the following information: 

The ONMS Climate Team Science and Assessment Working Group is currently 
undertaking an inventory of the climate-relevant monitoring activities ongoing in NMSS 
sites, either by sites or their partners. We are soliciting your help and expertise in order 
to ensure we can complete this task in a timely manner. 

Please complete the below questionnaire to share the climate indicators (as identified 
during the CPO-ONMS climate workshop) that are currently being monitored at your 
site. 

Participants were then asked to provide their email address, and the NMSS site for which they 
worked in order to facilitate follow up. 

The questionnaire was made up of 6 questions, each with a follow-up prompt, as described 
below. 

Question 1: Please note which of the Physical/Oceanographic indicators are measured or 
monitored at your site by your team or by partners 

To answer this question, participants were presented with a list of indicators and, for each 
indicator, prompted to select one or more responses from the four options “Yes”, “No”, 
“Partner”, “Available Through Other Resources”. The list of indicators included: 

• Surface water temperature 
• Subsurface water temperature 
• Surface pH 
• Subsurface pH 
• Surface alkalinity 
• Subsurface alkalinity 
• Surface pCO2 
• Subsurface pCO2 
• Surface dissolved oxygen 
• Subsurface dissolved oxygen 
• Surface salinity 
• Subsurface salinity 
• Mixed layer depth/stratification 
• Sea level 
• Storm frequency and intensity 
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• Runoff 
• Frequency of significant anomalies (e.g. heatwaves) 
• Basin-scale drivers of ocean conditions (e.g. PDO, NPGO, NOA, ENSO, etc.) 

Participants were then presented with the follow-up prompt “If you chose ‘partner’ or ‘Available 
Through Other Resources’ for any of the above indicators, please note which partners monitor 
which indicators and/or where information on noted indicators can be found” and were allowed 
to respond with a long-form answer. 

Question 2: Please note which of the Biological indicators are measured or monitored at your 
site by your team or by partners. The precise species or community monitored will differ from 
site to site 

To answer this question, participants were presented with a list of indicators and, for each 
indicator, prompted to select one or more responses from the four options “Yes”, “No”, 
“Partner”, “Available Through Other Resources”. The list of indicators included: 

• Keystone species indices (e.g. abundance, distribution, condition, etc.) 
• Frequency and intensity of harmful algal blooms 
• Biological implications of acidification (e.g. shell thickness, calcification rates, erosion 

rates) 
• Changes to phenology/timing of relevant biological events 
• Recruitment rates of non-indigenous and invasive species 
• Relative abundance, diversity, and composition of zooplankton 
• Genetic and species diversity obtained by eDNA 
• Habitat compression 

Participants were then presented with the follow-up prompt “If you chose ‘partner’ or ‘Available 
Through Other Resources’ for any of the above indicators, please note which partners monitor 
which indicators and/or where information on noted indicators can be found” and were allowed 
to respond with a long-form answer. 

Question 3: Please note which of the Social/Ecosystem Services Indicators are measured or 
monitored at your site by your team or by partners 

To answer this question, participants were presented with a list of indicators and, for each 
indicator, prompted to select one or more responses from the four options “Yes”, “No”, 
“Partner”, “Available Through Other Resources”. The list of indicators included: 

• Number of fishers/fishermen 
• Catch per unit effort for important fishery species 
• Social vulnerability indicators 

o For example, vulnerability of populations near sanctuaries using the 
Environmental Protection Agency Environmental Justice Screening and Mapping 
Tool, the Council on Environmental Quality, Climate and Economic Justice 
Screening Tool, or other state or federal indicators or screening tools 

• Wellbeing indicators   
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• Access to local seafood 
• Opportunities to practice social/cultural traditions 
• How people learn about climate change 
• Catch rates for climate migrant species 
• Markets and other uses of climate migrant species 
• Identification of culturally important species, and their climate risk 
• Awareness of climate change's impact to oceans/sanctuaries/coastal communities 
• Access to the ocean due to storms, HABs, infrastructure loss, etc. 
• Presence of climate monitoring programs as part of management 
• Levels of participation and inclusion in ocean management  
• Diversity of knowledge sources, including indigenous and cultural knowledge 
• Climate activities panel affiliated with Sanctuary Advisory Council   
• Demographics of sanctuary advisory council and activity panels 
• Incorporation of Indigenous and Local Knowledge about climate into management* 
• Insurance rates/availability for climate risks (e.g. fire,  flood, hurricane)* 
• Migration away from coasts (based on census data)* 

Participants were then presented with the follow-up prompt “If you chose ‘partner’ or ‘Available 
Through Other Resources’ for any of the above indicators, please note which partners monitor 
which indicators and/or where information on noted indicators can be found” and were allowed 
to respond with a long-form answer. 

* Signifies socioeconomic indicators that would be useful, but were not included in the focus 
group discussion. 

Question 4: Please note which of the Heritage Resource Indicators are measured or monitored 
at your site by your team or by partners 

To answer this question, participants were presented with a list of indicators and, for each 
indicator, prompted to select one or more responses from the four options “Yes”, “No”, 
“Partner”, “Available Through Other Resources”. The list of indicators included: 

• Sediment accretion (depth) 
• Sediment erosion (depth) 
• Sedimentation rate 
• Structural integrity of maritime infrastructure 
• Materials corrosion 
• Geospatial changes in mean high and low water marks 

Participants were then presented with the follow-up prompt “If you chose ‘partner’ or ‘Available 
Through Other Resources’ for any of the above indicators, please note which partners monitor 
which indicators and/or where information on noted indicators can be found” and were allowed 
to respond with a long-form answer. 

Question 5: If your site is a part of the East Coast or Great Lakes Regions, please note which of 
the  Indicators are measured of monitored at your site by your team or by partners 
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To answer this question, participants were presented with a list of indicators and, for each 
indicator, prompted to select one or more responses from the four options “Yes”, “No”, 
“Partner”, “Available Through Other Resources”. The list of indicators included: 

• Nutrient concentrations (N, P, Silicate) 
• Wave intensity and frequency 
• Wind speed and direction 
• Changes in precipitation 
• Changes to direction and speed of currents 
• Coral recruitment 
• Prevalence of coral bleaching 
• Restoration outcomes 
• Mixed-layer depth 

Participants were then presented with the follow-up prompt “If you chose ‘partner’ or ‘Available 
Through Other Resources’ for any of the above indicators, please note which partners monitor 
which indicators and/or where information on noted indicators can be found” and were allowed 
to respond with a long-form answer. 

Question 6: If your site is a part of the West Coast Region, please note which of the  Indicators 
are measured of monitored at your site by your team or by partners 

To answer this question, participants were presented with a list of indicators and, for each 
indicator, prompted to select one or more responses from the four options “Yes”, “No”, 
“Partner”, “Available Through Other Resources”. The list of indicators included: 

• Upwelling indices 
• Kelp canopy cover 

Participants were then presented with the follow-up prompt “If you chose ‘partner’ or ‘Available 
Through Other Resources’ for any of the above indicators, please note which partners monitor 
which indicators and/or where information on noted indicators can be found” and were allowed 
to respond with a long-form answer. 
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Appendix B. Focus Group Worksheet 
Prior to the climate monitoring focus groups, participants were asked to complete an optional 
worksheet, presented as a fillable spreadsheet, to help organize their thoughts and guide the 
discussion. The worksheet provided the following context: 

This pre-focus group indicator worksheet addresses the monitoring of indicators 
identified in the CPO-ONMS workshop and other associated information needed to 
understand and develop a ONMS Climate Monitoring strategy. A similar survey 
including the same indicators was sent out to Research Ecologists in early 2022 and we 
are seeking to dive deeper into those responses. This worksheet is provided only to 
stimulate/organize your own thoughts, notes, and questions before the focus group, it is 
not intended to obtain an exhaustive list. 

The worksheet also presented the following questions for staff to consider when filling out the 
worksheet: 

• What data are already used and included in your site Condition Report? 
• Are there partners/groups/other agencies that you think may be monitoring any of these 

indicators that we could contact to ask about sanctuaries data? How can we help to 
determine if /who is monitoring these indicators? 

• Our previous survey showed most indicators monitored were physical/oceanographic. Is 
this monitoring simpler or just better known? Are there challenges to monitoring other 
indicators/categories? 

• If you are participating in a topic focus group (whales, maritime & cultural heritage, 
coral), are there additional indicators that should be monitored specific to these 
resources? 

• Are there other indicators not on this list? 

The worksheet provided a list of indicators under a number of categories. The Worksheet 
contained the first three categories as well as regional and/or topical categories tailored to the 
specific focus groups. For each indicator, staff were asked to provide the following information 
presented as the top row of the spreadsheet: 

• Monitored by your site? (yes, no, unsure) 
• Monitored by partners? (yes, no, unsure) 
• List partners 
• Is your data accessible/useable/publicly available? 
• Available through other resources? 
• List other resources 
• Is data from partners/other resources accessible & useable? Does data exist that is not 

currently accessible/useable (ie. in lab notebooks, not digital, old technology, etc.) 
• Is indicator monitored inside or outside sanctuary boundaries? 
• If indicator is monitored outside the boundaries or more regionally, is this sufficient? Is 

site specific monitoring important for this indicator? 
• Notes 
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The indicator categories and associated indicators were presented in the first column of the 
spreadsheet and were as follows. The worksheet also contained additional space to provide 
information on indicators not initially included in the worksheet. 

Water quality and physical oceanographic indicators 

• Surface water temperature 
• Subsurface water temperature 
• Surface pH (aragonite saturation)/ alkalinity 
• Subsurface pH (aragonite saturation)/alkalinity 
• Surface dissolved oxygen 
• Subsurface dissolved oxygen 
• Surface salinity 
• Subsurface salinity 
• Mixed layer depth/stratification 
• Sea level 
• Storm frequency and intensity 
• Downscaled climate models 
• Wind speed and direction 
• Runoff 
• Frequency of significant anomalies (e.g. heatwaves) 
• Basin-scale drivers of ocean conditions (e.g. PDO, NPGO NAO, ENSO, etc.) 
• Air temperature 
• Changes in the timing etc. of fog 
• Air temperature 
• Wave intensity and frequency 
• Changes in precipitation 
• Changes to direction and speed of currents 

Biological indicators 

• Keystone species indices (e.g. abundance, distribution, condition, recruitment rate) 
• Frequency and intensity of HABs 
• Biological implications of acidification (e.g. shell thickness, calcification rates, erosion 

rates) 
• Changes to phenology/timing of relevant biological events 
• Recruitment rates of non-indigenous and invasive species 
• Relative abundance, diversity, and composition of zooplankton 
• Genetic and species diversity obtained via eDNA 
• Habitat compression 

Social/Economic indicators 

• Identification of culturally important species 
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• Culturally important spp: Biogeographic range, biomass, climate risk, and access 
(current, predicted), etc. 

• Fished species: Biogeographic range, biomass, climate risk, and access (current, 
predicted), catch per unit effort, etc. 

• Marine species with non-consumptive uses: Biogeographic range, biomass, climate risk, 
and access (current, predicted), etc. (locally, nationally, internationally) 

• Catch rates for climate migrant species 
• Markets and other uses of climate migrant species 
• Trend and perception of food security 
• Rates of food borne illness 
• Changes to traditional diet or subsistence practices 
• Trend to seasonality of practices 
• Ability to live in areas impacted by sea level rise/ storms/ etc. 
• Demographics of sanctuary advisory council 
• Demographics of fishing/harvesting community, and seasonality of work 
• Access to species and places 
• Access to local seafood 
• Access to the ocean due to storms, HABs, infrastructure loss, etc. 
• Infrastructure and its resilience to storms, sea level rise, etc. 
• Social vulnerability indicators 
• Wellbeing or adaptive capacity/resilience indicators 
• Opportunities to practice social/cultural traditions 
• Opportunities to harvest materials for social/cultural traditions (non-subsistence) 
• How people learn about climate change 
• Awareness of climate change's impact to oceans/sanctuaries/coastal communities 
• Levels of participation and inclusion in ocean management 
• Diversity of knowledge sources, including indigenous and cultural knowledge 
• Climate activities panel affiliated with Sanctuary Advisory Council 

East Coast/Gulf 

• Freshwater inputs 
• Nutrients and sediment 
• Chemical contaminants 
• Phytoplankton and primary production 
• Finfish and shellfish 
• Underwater grasses 
• Benthic species abundance 
• Average air temperature increases 
• Changes in high temperature extremes 
• Stream temperature change 
• Change in total annual precipitation 
• River flood frequency 
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• River flood magnitude 
• Relative sea level rise 

Great Lakes 

• Nutrient concentrations (N, P, Silicate) 
• Mixed-layer dynamics 
• Lake acidification 
• Invasive Dressenids 
• West Coast 
• Upwelling indices 
• Kelp canopy cover 

Corals 

• Bleaching frequency/ prevalence 
• COT outbreaks 
• Coral recruitment 
• Coral spawning timing 
• Disease incidence 

Cultural Heritage (In situ sampling specifically at heritage/archaeological sites) 

• Sediment accretion (depth) 
• Sediment erosion (depth) 
• Sedimentation rate 
• Structural integrity of maritime infrastructure 
• Materials corrosion & composition 
• Timber composition 
• Geospatial changes in mean high and low water marks 
• Wrecks function as habitat studies 
• Biological colonization (% cover) of resource 
• Site topography 
• Distance to land/reef from site 
• Redox potential (in situ, at depth adjacent to resource site) 
• Sediment redox potential (in situ, at depth adjacent to resource site) 
• Geospatial changes in mean high and low water marks 
• Structural integrity of maritime infrastructure 

Whales 

• Changes in species movements/distribution 
• Seasonal timing of movement 
• Reduction of other risks (e.g. ship speed reduction programs) 
• Reproductive rates/ success 
• Shifts in prey (abundance, distribution, composition) 
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Appendix C. Focus Group Discussion Questions 
Focus groups were conducted in a format similar to semi-structured interviews by posing a 
series of standardized prompting questions and allowing the discussion to flow freely. The 
standardized questions were broken into three categories: ongoing monitoring, monitoring 
needs, and data - a discussion of data access and site data analysis and implementation capacity. 
Once a prompting question was posed, participants responded in an open-discussion format 
that allowed them to build off of each other's responses and discuss similarities, differences, and 
synergies. When necessary, the facilitator would also ask follow-up questions to ensure that the 
information gathered was as complete as possible. The prompting questions can be found below. 

Ongoing Monitoring 

• Is there any ongoing/sustained monitoring of climate-related variables at your site? If so, 
what are they? 

o Is the monitoring led by the sanctuary or partners? If partners, does the 
sanctuary provide any support beyond permitting? 

• Are there any short-term studies or experiments that are or have produced information 
of relevance to climate-related variables? If so, what variables? 

o Is the project led by the sanctuary or partners? If partners, does the sanctuary 
provide any support beyond permitting? 

Monitoring Needs 

• What are the climate-related variables you would prioritize monitoring if funding were 
not an issue? 

• Do you perceive any critical gaps in the climate-related monitoring currently occurring at 
your site? 

Data 

• For monitoring data that is produced internally (i.e. by your site), do you have the 
capacity (staff with technical skill set, time in work plan) to: 

o Encode and manage the data 
o Analyze the monitoring data in relation to climate change 

• For climate monitoring data that is produced externally (i.e. by a partner), do you have 
the capacity (staff with technical skill set, time in work plan) to: 

o Pull/obtain external climate data 
o Analyze the data in relation to sanctuary resources and communities 

• Has any climate research and data been incorporated into sanctuary management or 
policy changes? If so, how
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Appendix D. Data Analysis Methods 
The Science and Assessment Working Group applied a qualitative coding approach to identify 
and quantify content and themes across the multiple forms and formats of qualitative data that 
was collected, including survey results (Appendix A), focus group notes (Appendix C), and focus 
group worksheets (Appendix B).  

Qualitative coding is the process of organizing qualitative data using a set of categories or 
“codes” (Saldaña, 2009). Codes can be related to the occurrence of certain specific topics, for 
example certain tools for monitoring like buoys, or they can reflect trends and relationships, like 
a recurring concern about the duration and frequency of data collection. Codes related to 
specific topics can inform content analysis, whereas codes related to trends and relationships 
allow for thematic analysis. Codes can either be deductive, meaning they are based on a pre-
established set of codes related to topics of interest, or inductive, meaning they are developed 
based on the data being organized.  

In this case, the working group conducted content and thematic analysis by applying a 
combination of deductive and inductive codes. An initial set of deductive codes were developed 
based on the questions asked in the survey and focus groups, and then that code list was 
supplemented by inductive codes based on the content of focus group material and survey 
results. Ultimately the available data on climate change monitoring in sanctuaries was 
categorized using 135 codes, which were sorted into ten topics. The codes used are listed at the 
end of this appendix. Within each topic, codes were only applied once per site, when a code 
came up multiple times for a single site the related data was collected and condensed into a 
single data point entry for a single code.  

Each piece of coded data (quotes from focus groups or content from survey results and 
worksheets) was also tagged with a related individual, site, and regional or topical group. Codes 
representing indicators were also tagged with the type of the entity responsible for monitoring 
the indicator (site, partner, site and partner), and, for indicators monitored by a partner, the 
type of partner (academic, nonprofit, international, etc). 

After the codes were initially applied, the organized and categorized data was shared with sites 
for their review. Each site was provided a copy of the coded data, and any corrections and 
additions from the sites were incorporated into the dataset. Ultimately, the qualitative coding 
process resulted in more than 780 coded pieces of data. 

Codes on Specific Indicators 

• Physical_Water Temperature 
• Physical_pH 
• Physical_Dissolved CO2 
• Physical_Dissolved Oxygen 
• Physical_Salinity 
• Physical_Turbidity 
• Physical_Stratification/Mixed Layer 
• Physical_Sea Level/Sea Level Rise/Lake Level Rise 
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• Physical_Extreme Weather/Events 
• Physical_Downscaled Climate Models 
• Physical_Contaminants & Runoff 
• Physical_Wind 
• Physical_Air Temperature 
• Physical_Fog 
• Physical_Waves 
• Physical_Precipitation 
• Physical_Climate Patterns 
• Physical_Currents 
• Physical_Freshwater Inputs 
• Physical_Stream Temp 
• Physical_Ocean/Lake Acidification 
• Physical_River Flood 
• Physical_Nutrients 
• Physical_Sediments 
• Physical_Wreck Condition 
• Physical_Wreck Biological Colonization 
• Physical_Wreck Exposure Risk 
• Physical_Upwelling 
• Biological_Kelp/Underwater Grasses 
• Biological_Coral Cover 
• Biological_Phytoplankton 
• Biological_HABs  
• Biological_Biological Acidification Impacts 
• Biological_Bleaching 
• Biological_Crown of Thorns Starfish 
• Biological_Coral Recruitment 
• Biological_Coral Spawning 
• Biological_Disease Incidences 
• Biological_Genetics 
• Biological_Keystone Species Info 
• Biological_Species Abundance 
• Biological_Phenology Changes 
• Biological_Invasive Species 
• Biological_Zooplankton 
• Biological_Habitat Compression 
• Biological_Shifts in Prey Species 
• Biological_Mesophotic Reef 
• Biological_Thermal Tolerance 
• Biological_Shifts in Key Species 
• Socioeconomic_Risk Reduction Programs 
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• Socioeconomic_Culturally Important Species Info 
• Socioeconomic_Fished Species Info 
• Socioeconomic_Used Species Info 
• Socioeconomic_Catch Rates_Climate Migrants 
• Socioeconomic_Uses_Climate Migrants 
• Socioeconomic_Food Security/Food Borne Illness/Diet Changes 
• Socioeconomic_Seasonality_Cultural Practices 
• Socioeconomic_Ability to Use Land 
• Socioeconomic_Demographics 
• Socioeconomic_Community Access & Use Opportunities 
• Socioeconomic_Infrastructure 
• Socioeconomic_Social Vulnerability 
• Socioeconomic_Wellbeing/Adaptive Capacity/Resilience 
• Socioeconomic_Climate Education/Awareness 
• Socioeconomic_Participation 
• Socioeconomic_Diverse Knowledge Sources 

Codes Describing Monitoring 

• Buoys 
• In-Water Sensor 
• Satellites 
• Sampler/Sampling 
• Observations/Surveys/Photo Mosaics 
• Acoustic Monitor 
• Genomic 
• Telemetry 
• Computational 
• Genomic 
• Lab Studies 
• Timeseries 
• NOAA_Other Office 
• Federal_Not NOAA 
• International/Interagency Collaborations 
• State 
• Local 
• Tribal 
• Community/Individuals 
• Nonprofit 
• Private 
• Not Specified 
• Academic 
• Dependent on Partners 
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• Partner Data Availability_High 
• Partner Data Availability_Low 
• Influence on Partner Projects_High 
• Influence on Partner Projects_Low 
• Need for Partners 
• Climate Monitoring_High Priority 
• Climate Monitoring_Low Priority 
• Intentional/Targeted Climate Monitoring_Yes 
• Intentional/Targeted Climate Monitoring_No 

Codes on Monitoring Gaps and Needs 

• Concerns Re:Duration/Frequency 
• Funding 
• Staffing_Local 
• Staffing_Regional 
• Staffing_National 
• Technical Capacity 
• Data Management & Transparency Support 
• Guidance Need 
• Equipment Need 
• Integration of Climate into Monitoring 
• Regional Collaboration 
• Local Expertise/Knowledge 
• Consistency Across System 
• Scale_Smaller 
• Scale_Greater 
• Climate Change Impact Studies 
• More Biological/Ecological 
• More Cultural/Heritage 
• More Socioeconomic 
• New Partnerships 
• Deep Water 
• Baseline 
• Site Facilities/Access Impacts 
• More Physical/Oceanographic 

Codes on Data Analysis Capacity Limitations 

• New Partnerships _Data Specific 
• Funding_Data Specific 
• Staffing_Local_Data Specific 
• Staffing_Regional_Data Specific 
• Staffing_National_Data Specific 
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Codes on Data Use in Management 

• Incorporated into Management_Yes 
• Incorporated into Management_Unknown 
• Incorporated into Management_No 
• Condition Report/Management Review 
• CVA 
• Education/Communications/Outreach 
• Projects/Activities 
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