
 

Washington State Bull Kelp Strategic 
Monitoring Recommendations  
A report from the 2023-2026 Bull Kelp Resilience and Loss Project  

  



2 

Washington State Bull Kelp Strategic Monitoring Recommendations:  
A report from the 2023-2026 Bull Kelp Resilience and Loss Project  

 

 

 

 

Danielle C. Claar and Gray E. McKenna 
Nearshore Habitat Program 
Washington State Department of Natural Resources 

 
 
 
 
 
 
 
 
This project has been funded wholly or in part by the United States Environmental Protection Agency (EPA) under 
assistance agreement PC-01J89501 through the Washington State Department of Fish and Wildlife. The contents of this 
document do not necessarily reflect the views and policies of the United States Environmental Protection Agency or the 
Washington State Department of Fish and Wildlife, nor does mention of trade names or commercial products constitute 
endorsement or recommendation for use. Project funds were awarded under Habitat Strategic Initiative Lead (HSIL) 
grant WDFW # 23-23550 / WDNR # 93-106086. HSIL is a team co-led by the Washington State Department of Fish and 
Wildlife (WDFW) and the Washington State Department of Natural Resources (WDNR). 

The authors would like to thank the researchers who contributed directly to the development and execution of this work. 
Aidan Cox, Samantha Linhardt, Pete Dowty, Helen Berry, and Julia Ledbetter (WDNR); Cathy Pfister (University of 
Chicago); Megan Dethier and Ande Fieber (University of Washington, Friday Harbor Labs). We would also like to thank 
all of the advisory members of the project team: Dan Abbott, Sophia Ammons, Erica Bleke, Bart Christiaen, Tyler 
Cowdrey, David Duggins, Jeff Gaeckle, Hilary Hayford, Taylor Hughes, Julia Kobelt, Scott McIntosh, Tom Mumford, 
Charlie O’Kelley, Bob Oxborrow, Wendel Raymond, Miranda Roethler, Jackie Sebitschka, Bree Turner, Brian Ulaski, and 
Todd Woodard. Finally, we would like to thank five additional reviewers who helped improve the content and clarity of 
the report: Cynthia Harbison, Margot Hessing-Lewis, Caitlin Magel, Jason Toft, and Bree Turner. 

 

 

Suggested citation: Claar, D.C., and McKenna, G.E., 2026. Washington State Bull Kelp 
Strategic Monitoring Recommendations. Washington State Department of Natural 
Resources, Olympia, WA  



3 

Table of Contents 
Executive Summary ............................................................................................................... 4 

Recommendations ............................................................................................................. 5 

I. Purpose of this report ..................................................................................................... 6 

II. A Monitoring Framework................................................................................................. 7 

1. Defining Goals ............................................................................................................. 7 

2. Multi-organizational structure ..................................................................................... 7 

3. Tiered monitoring strategy ........................................................................................... 7 

4. Spatial extent and resolution ....................................................................................... 9 

Recommendations: ................................................................................................... 11 

5. Environmental monitoring ......................................................................................... 14 

Recommendations: ................................................................................................... 16 

6. Bull Kelp Distribution and Condition Monitoring ....................................................... 20 

Recommendations: ................................................................................................... 21 

7. Benthic monitoring .................................................................................................... 26 

Recommendations .................................................................................................... 29 

8. Data Processing and Analysis Support ...................................................................... 29 

Recommendations: ................................................................................................... 30 

III. Conclusion ................................................................................................................ 31 

IV. References................................................................................................................. 32 

 

 
  



4 

Executive Summary 
Bull kelp (Nereocystis luetkeana) forms floating kelp forests along Washington’s nearshore 
environment, providing ecologically, economically, and culturally valuable habitat. These 
dynamic ecosystems are persistent in some regions of the State but have substantially 
declined in others (Pfister et al., 2018, Berry et al. 2021), prompting collaborative regional 
efforts to study, conserve, and restore bull kelp populations, including the Puget Sound 
Kelp Conservation and Recovery Plan (Calloway et al. 2020, Whitty et al. 2023), the 
Washington State Kelp and Eelgrass Health and Conservation Plan (RCW 79.135.440) the 
Washington State Floating Kelp Indicator (Berry et al. 2022, Claar et al. 2025b).  

This report presents recommendations developed from one such effort, the 2023-2026 Bull 
Kelp Resilience and Loss Project. This project was led by the Washington State Department 
of Natural Resources Nearshore Habitat Program (WDNR), University of Washington Friday 
Harbor Labs (FHL), and University of Chicago, and was supported by a collaborative team 
of organizations and individuals who provided valuable data, insight, and guidance. 
Drawing on intensive field sampling at 15 sites throughout the Washington portion of the 
southern Salish Sea in conjunction with long-term aerial kelp monitoring and other existing 
datasets, the project examined patterns of bull kelp resilience and loss in relation to 
environmental conditions, benthic communities and composition, and bull kelp 
morphology, condition, and performance.  This project also functioned as a pilot effort for a 
large-scale intensive monitoring program. We collected datasets at an unprecedented 
spatial scale and temporal resolution, building on existing monitoring methods and 
developing new ones. This recommendations report synthesizes insights gained from this 
intensive effort to guide the design of future bull kelp and environmental monitoring 
programs that are scientifically robust, scalable to available resources, and responsive to 
management needs, with the overarching goal of improving conservation and recovery of 
kelp forests in the greater Puget Sound region. 

The monitoring strategy detailed in this report encompasses continuation of and 
improvements to currently existing monitoring programs led by WDNR and partners (see 
Claar et al. 2025b), as well as recommendations for new efforts to fill critical knowledge 
gaps. While some elements of this strategy fall within existing monitoring programs that are 
currently staffed and funded, maintaining and expanding efforts will require continued 
funding for essential functions and additional investments to conduct monitoring and 
answer targeted questions.  

Our core recommendation is to implement a monitoring framework that prioritizes 
essential measurements at a network of sites while allowing flexibility to expand 
monitoring and address emerging research and management questions as capacity and 
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funding allow. This framework leverages multi-organization efforts to diversify the types of 
data that can be collected and to increase the feasibility of monitoring across broad spatial 
and temporal scales. It is not intended to supplant existing programs but rather provide a 
strategic framework to support and expand collaborative kelp monitoring efforts 
throughout Washington. 

Recommendations 
• Continue annual surface kelp bed monitoring to track changes in kelp bed area as 

part of the Floating Kelp Vital Sign Indicator and pair site-level surveys with regional-
scale kelp bed monitoring (e.g., fixed-wing aerial imagery) to contextualize local 
changes within a broader spatial extent. Employ a ‘mosaic approach’ to kelp bed 
monitoring, so that the survey type (e.g., kayak, Uncrewed Aircraft Systems (UAS), 
fixed-wing aircraft) matches the bed type (e.g., narrow vs. wide). (See Section II.4) 

• Strategically expand coverage of site-level surface kelp bed area monitoring 
(e.g., kayak, UAS) to underrepresented regions (e.g., Admiralty Inlet) and select sites 
that span a range of environmental conditions and management priorities. (See 
Sections II.4 and II.6) 

• Maintain continuous environmental monitoring at the 15 core sites studied in 
this project, particularly continuous temperature sensors, to quantify thermal 
trajectories, anomalies, and episodic events that influence kelp resilience and loss. 
Continue collecting rapid environmental context data (e.g., Secchi depth and 
temperature profiles) alongside annual kelp bed surveys. (See Section II.5) 

• Use benthic surveys at representative sites throughout the region for continued 
monitoring of kelp forest communities, leveraging programs led by Reef Check, 
USGS, NOAA, and others, and at targeted sites to address specific questions 
such as assessing habitat suitability, detecting early kelp recruitment and growth, 
and identifying potential biotic stressors (e.g., herbivory), particularly at sites 
experiencing decline or loss. (See Section II.7) 

• Invest in data processing methods and analytical capacity to ensure monitoring 
data are efficiently quality-controlled, analyzed, shared, and applied to 
conservation and management decisions. Support coordination and data-sharing 
for effective integration of different data streams. (See Section II.8) 

• Support targeted, question-driven research of stress and resilience alongside 
core bull kelp and environmental condition monitoring to address key uncertainties 
(e.g., nutrient dynamics, connectivity, phenology, herbivory, and disease) and to 
adapt monitoring priorities over time. (See Sections II.4-8) 
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I. Purpose of this report 
The report presents a framework and recommendations for future monitoring of bull kelp 
populations and associated environmental conditions based on findings from the 2023-
2026 Bull Kelp Resilience and Loss Project. Long-term monitoring is essential to the 
management and recovery of kelp forests in Washington State (Calloway et al. 2020). 
Monitoring data are used to identify status and trends in kelp forests in the Washington 
State Floating Kelp Bed Area Indicator (Berry et al. 2022). Efforts like the Washington State 
Kelp and Eelgrass Health and Conservation Plan (RCW 79.135.440) rely on monitoring data 
to identify priority sites and strategies for conservation.  

Monitoring also lays the foundation for targeted, manipulative research by establishing 
expected conditions that kelp may experience. These conditions can then be manipulated 
in the lab or in the field in an ecologically meaningful way, offering insights into the 
mechanisms of stressors and drivers of kelp distribution. Long-term monitoring programs 
can identify patterns, track ecological changes, and lay the conceptual foundation for 
targeted research, and therefore both are critical components of effective and adaptive 
management. 

Designing monitoring programs is challenging, because at the outset it is often difficult to 
know which parameters will be important to detect change. Many questions arise regarding 
the frequency and timing of sampling and the relative value of any particular measurement 
compared to others. By integrating knowledge gained from intensive field sampling and 
analysis during the Bull Kelp Resilience and Loss Project, this report aims to help answer 
these questions.  It identifies some guiding principles and priority-ranked monitoring 
recommendations that will meet our broader goal of informing conservation and 
management of kelp forests. 

In Washington State, kelp management, conservation, and recovery are being advanced by 
a diverse constellation of Tribal, local, state, federal, nonprofit, academic, and community 
groups (e.g., see the Washington Kelp Project Inventory 1). The recommendations presented 
here are not a prescription for all of these groups, but rather a framework for continued 
collaboration. By synthesizing what we learned in this project, we hope to lay out 
recommendations that can be leveraged by WDNR and other groups and programs to 
support future collaborative efforts and development of robust and diverse funding sources 
for vital long-term monitoring programs.   

 
1 https://experience.arcgis.com/experience/98d08e52caef4e36859c792dfa3bae12 

https://experience.arcgis.com/experience/98d08e52caef4e36859c792dfa3bae12
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II. A Monitoring Framework 

1. Defining Goals  
Monitoring programs may be created to answer specific questions (e.g., is temperature 
increasing at this location?), to gather baseline data to detect future anomalies and 
change, or to monitor effectiveness of management actions. Monitoring programs can also 
reveal patterns connected to resilience and loss, supporting focused hypothesis 
generation and evaluation. Effective monitoring programs focus on answering identified 
questions while supporting flexibility to respond to new research or management needs. To 
prioritize monitoring of Washington State kelp forests, we discuss the results of the Bull 
Kelp Resilience and Loss Project in the context of developing a tiered monitoring strategy 
and present considerations for prioritizing monitoring tasks and sites. Washington State 
already has a robust collection of partners who monitor bull kelp and related conditions 
and species. The primary goal of this monitoring framework is to support these ongoing 
partnerships and deepen understanding of trends in canopy-forming kelp. 

2. Multi-organizational structure 
A core component of the Bull Kelp Resilience and Loss Project was the collaborative nature 
of data collection. Each partner brought unique expertise, staff, equipment, and capacity, 
enabling data collection on a range of parameters across a wide spatial scale. Although it 
requires additional coordination, leveraging the capacity and expertise of diverse partners 
adds significant value to monitoring programs. For example, partnering with UW FHL made 
benthic surveying by scientific divers possible, while researchers at the University of 
Chicago brought equipment and expertise that enabled data collection on kelp physiology 
and performance, and WDNR staff were able to collect monthly water samples and provide 
previous monitoring data of kelp bed area and environmental conditions. These data 
streams would have been extremely difficult to collect by any partner organization alone. 
Concurrent data collection (i.e., more people on the water in more places) multiplied the 
amount of data collected, accelerating our ability to build linkages among multiple data 
types. Our recommendations here can be implemented by multiple organizations as 
capacity and funding allows. 

3. Tiered monitoring strategy 
All of the parameters in the study have demonstrated utility in kelp research. Here, we 
prioritize their utility for implementation in regional monitoring of kelp forests and 
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environmental conditions. This tiered strategy will allow for flexibility in relation to capacity 
and funding. For all monitoring programs, tasks can be divided up into three tiers of priority: 

1. Tier 1: Essential for basic tracking. These provide the bare minimum information 
required to track system changes at a basic level. They have demonstrated 
linkages to bull kelp resilience and have well-developed methodology. For 
example, monitoring floating kelp bed area over time is key for reporting the 
status and trends of floating kelp across Washington. 

2. Tier 2: Essential for contextualizing patterns of loss and resilience. These answer 
questions that can guide future monitoring strategy and/or answer pressing 
scientific or management questions. They provide important additional context 
to Tier 1 tasks. These are strategic growth opportunities that may also reveal 
tasks that need to be elevated to Tier 1. For example, monitoring floating kelp 
morphometric parameters, such as sub-bulb diameter and reproductivity, has 
revealed patterns linked to loss and resilience beyond trends in bed area. While 
morphometric data can take more relative effort to collect than bed area and 
may not be needed at every monitoring site, they nonetheless provide insight 
important for conservation and management. 

3. Tier 3: Essential for identifying future research topics and answering targeted 
questions in local or intensive studies, but not necessarily priority for deploying 
programmatically at a large scale at this time due to feasibility of data collection. 
Parameters may be locally important. These can test specific hypotheses, pilot 
the collection of new types of data, or leverage existing but potentially costly 
survey methods. These may help answer fundamental scientific questions that 
support Tier 1 and Tier 2 tasks. For example, Total Suspended Solids (TSS) and 
Particulate Organic Matter (POM) can provide information about light availability, 
sedimentation and/or plankton abundance, and are therefore candidates for 
focused studies at individual sites. However, more research is needed to 
understand linkages with bull kelp and other environmental factors before 
integrating into widespread annual monitoring research. 

Considerations for prioritization of different monitoring tasks include:  

• Relevance of findings to identify and describe kelp loss and resilience. For 
example, kelp abundance is clearly important for tracking loss and persistence, 
and temperature data has demonstrated linkages to kelp loss. 

• Cost to obtain the data, both in terms of equipment, maintenance, and 
materials required, as well as staff time to acquire a statistically valid or robust 
sample size across space and time. In this report, we represent ‘Relative Cost’ 
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estimates (low, medium, high) to encompass cost and effort relative to data 
utility or relevance based on data collection experiences from this project. 

• Frequency of sampling, considering temporal variability of kelp bed area, 
condition, and performance, as well as environmental and benthic conditions. 

• Development of the methodology and reliability of the data. For example, some 
sensors are known to be highly subject to fouling, equipment failure, or drift 
(e.g., PAR sensors, some deployed salinity sensors) while others are more 
reliable (e.g., temperature sensors). 

 
Considerations for prioritization of monitoring locations include: 

• Sociocultural value of sites. 
• Ecological value of sites. 
• Presence and status (stable, declining, lost) of bull kelp at a site. Monitoring both 

stable and declining/loss sites offers insight into factors affecting kelp status. 
• Connectivity/proximity with other monitoring sites (either floating kelp or 

environmental monitoring sites), and representativeness of environmental 
conditions and/or kelp persistence of a site within a region.  

• Management goals (e.g., priority area selection or monitoring) and co-location 
with other research, monitoring, and restoration projects. 

4. Spatial extent and resolution 
This project included 15 core sites (Figure 1) throughout the US portion of the southern 
Salish Sea distributed at the widest spatial extent possible given practical limitations (Table 
1). Site-level (i.e., a single monitoring location) is the only possible scale at which to collect 
most environmental data due to the cost and logistical difficulty of obtaining samples. 
However, site-level kelp bed area monitoring can be paired with region-wide kelp bed 
monitoring (e.g., WDNR’s high-resolution annual fixed-wing aerial monitoring) and site-
level environmental sensor data can inform larger-scale oceanographic modeling efforts 
(e.g., Salish Sea Model, Khangaonkar et al. 2017). These multi-scale datasets enable 
examination of the effects of spatial scale on the relationship between floating kelp and the 
environment, helping uncover processes at other non-monitored sites. The sites in this 
study were chosen to represent a range of floating kelp status (i.e., declining, lost, or 
stable), geography (i.e., Strait of Juan de Fuca, southern Strait of Georgia, San Juan Islands, 
and Puget Sound), and environmental characteristics (e.g., temperature gradient, proximity 
to the open ocean vs. estuarine habitat). Many of these 15 sites also already had a history 
of monitoring and data collection by the WA DNR kayak program (Ledbetter & Berry, 2025) 
and other programs and studies.  
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Monitoring sites across a wide range of habitat conditions and kelp outcomes, including 
sites that represent the extreme ends of environmental gradients, provides the best chance 
of understanding the complex relationships between kelp persistence and environmental 
conditions. This requires both spreading sites across a large spatial gradient, when 
possible, to capture a wide range of habitat condition and oceanic influence, while also 
monitoring proximal sites with different kelp outcomes. For example, while Lincoln Park 
(LIP) and Wing Point (WNG), two sites in Central Puget Sound, are relatively close and 
experience similar conditions, LIP is stable while WNG has experienced a total loss of bull 
kelp. In contrast, Cherry Point (CHP), in northern Whatcom County, and Freshwater Bay 
(FWB), near Port Angeles on the Strait of Juan de Fuca, are far apart and experience 
different conditions but bull kelp appears stable at both. Additionally, this project did not 
conduct any environmental monitoring in the western Strait of Juan de Fuca or Olympic 
Coast due to capacity and travel constraints. However, these regions provide extensive 
habitat for kelp forests and should be monitored for changes in floating kelp presence and 
environmental conditions. They can serve as additional reference sites against which 
Salish Sea habitats can be compared. Limited sampling of bull kelp morphometrics and 
performance at Western Strait sites highlights salient differences between Puget Sound 
and more oceanic sites (Pfister et al. 2025; Pfister 2026). Continuing to monitor sites 
across a wide range of conditions and kelp outcomes and expanding to currently 
underrepresented areas will enable comparisons critical for understanding these systems. 

Consistent long-term monitoring of the same sites is essential because ecological and 
environmental conditions can vary substantially even between nearby locations that 
appear similar. Minor differences in depth, substrate, wave exposure, or freshwater 
influence can significantly influence the biotic community, making nearby sites not 
interchangeable with one another. Repeatedly sampling the same sites allows observed 
changes to be more confidently attributed to real temporal trends rather than differences in 
location. This consistency is particularly important for detecting gradual ecosystem 
change, evaluating disturbance and recovery, and distinguishing natural variability from 
long-term declines. The existing kelp bed area data collected by kelp kayak programs from 
WA DNR (Ledbetter & Berry, 2025), Samish Indian Nation DNR, and the Marine Resources 
Committees (MRC) provided a baseline of information which informed site selection for 
this project. Repeated monitoring at already-established sites would maintain and extend 
a valuable data record, to which new sites and/or monitoring methods could be added in 
the future. Due to the varied environmental conditions and kelp bed types in Washington, 
there is no “one-size-fits-all” approach to choosing a method for floating kelp bed area 
monitoring. Different scales of surveys are required for different areas; for example, sites 
with sparse floating kelp require kayak or UAS surveys to adequately characterize bed area, 
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while sites with dense floating kelp may be characterized with kayak, UAS, or fixed-wing 
aerial imagery. Large sites benefit from the application of aerial imagery, especially when 
the kelp bed extends beyond an area that is reasonable to survey via kayak or UAS. 
Intentionally co-locating multiple scales of kelp bed survey methods at some sites will help 
clarify the differences in detection between methods and better inform interpretation of 
results in the context of resilience and loss. 

 

Table 1 presents a list of sites studied in this project and considerations for their inclusion 
in continued monitoring. General recommendations are presented below. 

Recommendations:  
- Priority for foundational monitoring is to get broad coverage of a key set of parameters 

for understanding the system across a large spatial extent. For this purpose, we 
emphasize collecting basic information annually over an expansive network of sites, 
rather than intensive information over a small number of sites.  

- Continue regional-scale surface kelp bed monitoring efforts like WDNR’s high-
resolution annual fixed-wing aerial monitoring program to extend insights gained from 
site-level monitoring to a wider area. 

- Continue and expand local-scale surface kelp bed monitoring efforts like the 
Marine Resources Committees (MRC) and WDNR kayak and UAS survey programs to 
identify status and trends at sites of interest (Table 1) at a finer spatial resolution than 
can be captured with regional-scale kelp bed monitoring, especially in regions with few 
monitoring sites such as North Puget Sound and Admiralty Inlet. 

- Continue to utilize a variety of survey methods in a mosaic approach to map bed 
extent, where the extent and resolution of kelp bed area survey methods are matched 
with bed type and environmental conditions to provide the most accurate and useful 
mapping results.  

- Continue weaving together multiple data types and ways of knowing into the 
Floating Kelp Vital Sign Indicator. This includes using both regional- and local-scale 
kelp bed area monitoring efforts to calculate trends at nearly 200 locations in 
Washington currently reported on in the Indicator. 

- Establish additional environmental monitoring sites along the Western Strait of 
Juan de Fuca and the Olympic Coast. While these regions are well-surveyed by aerial 
monitoring efforts, they are currently underrepresenting in environmental monitoring 
and bull kelp morphometrics and conditions monitoring efforts, but they represent 
stable and substantial kelp forest habitat.  
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Figure 1. Map of 15 project sites in the southern Salish Sea. Colors correspond to figures within Cox et al. 2026a.  



 

Table 1 Sites sampled during the Kelp Resilience and Loss Project. Eastern Strait refers to the Eastern Strait of Juan de Fuca. For more information about these sites, see 
Cox et al. 2026a, Appendix A. * Squaxin Island was declining until 2024 (when this research was conducted). In 2025, no natural bull kelp bed was detected at the site. 

Site Region Status Additional Management Considerations 

Squaxin Island (SQX) South Puget Sound Declining* 
Included in the Squaxin Island Kelp Protection Zone; 
restoration actions led by the Squaxin Island Tribe and 
Puget Sound Restoration Fund.  

Devil’s Head (DVL) South Puget Sound Lost Site with relatively recent floating kelp loss (2018). 

Fox Island (FOX) South Puget Sound Lost Site with relatively recent floating kelp loss (2024). 

Salmon Beach (SAL) South Puget Sound Stable Stable site (refugia) in a region with widespread kelp loss. 

Lincoln Park (LIP) Central Puget Sound Stable Adjacent to popular public park. 

Rich Passage (RCH) Central Puget Sound Lost Bull kelp losses reported around 1986. 

Wing Point (WNG) Central Puget Sound Lost Site with relatively recent floating kelp loss (2017). 

Magnolia (MAG) Central Puget Sound Stable Adjacent to highly developed shoreline and marina. 

Mukilteo (MUK) Saratoga-Whidbey Lost Site with relatively recent floating kelp loss (2020). 

Edmonds (EDM) Central Puget Sound Stable Bull kelp morphometrics are better than expected, given 
location and environmental conditions. 

Cherry Point (CHP) Strait of Georgia Stable Experiences unique conditions due to proximity of Fraser 
River. Included in DNR’s Cherry Point Aquatic Reserve. 

Burrows Island (BUR) Eastern Strait Stable Experiences unique conditions due to proximity of Skagit 
River.  

Point Caution (CAU) San Juan Islands Declining Bull kelp declining despite seemingly ‘good’ environmental 
conditions, but higher epiphyte coverage than nearby sites.  

North Beach (NOB) Eastern Strait Stable Stable despite adjacent losses (Protection Island); Sori 
donor source for restoration outplants. 

Freshwater Bay (FWB) Eastern Strait Stable Included in Eastern Strait Priority Area under the Statewide 
Kelp and Eelgrass Health and Conservation Plan.  

https://deptofnaturalresources.app.box.com/s/c3lb90veilpag5o1a4pzti0bklx5ylo3
https://dnr.wa.gov/aquatic-reserves/cherry-point-aquatic-reserve
https://deptofnaturalresources.app.box.com/s/pllteobgkemkowonld5js2d4ui7bl5i3
https://dnr.wa.gov/aquatics/aquatic-science/nearshore-habitat-program/statewide-kelp-and-eelgrass-health-and-conservation-plan
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5. Environmental monitoring 
This project collected a suite of environmental data at varied temporal resolutions for 
different parameters (Table 2). Benthic sensors were deployed continuously while single-
time-point measurements were collected monthly for water quality parameters, and water 
samples were collected monthly for nutrient analyses. All environmental data for this 
project were collected from late 2023 through early 2025. This section presents 
considerations and recommendations for the collection of each parameter, based on the 
relative effort required to collect the data and the strength of the relationship between each 
parameter and kelp loss and resilience that this project found. 

Field and lab evidence suggests temperature is a primary parameter of concern for kelp 
loss and resilience, and this project found a strong correlation between high temperatures 
and kelp loss. Temperature was collected for this project via both point measurements 
(data collection at a single time point) and continuous measurements. While point 
measurements can often provide more detailed information at the sampling time, 
continuously deployed sensors can measure the environment at depth over extended 
periods, capturing small scale (e.g., minutes to hours) temporal variability that would be 
missed by discrete sampling alone. 

This is particularly valuable in the context of temperature, where continuous sensors allow 
for the comparison of temperature trajectories over time between sites. For example, 
benthic sensors detected the highest temperatures at Squaxin Island in South Puget Sound 
and at Cherry Point in the southern Strait of Georgia. These sensors detected similar 
maximum temperatures at sites with different kelp outcomes; Squaxin Island has 
experienced major losses while Cherry Point appears to be stable. This indicates that 
maximum temperature alone cannot explain differences in kelp resilience. Using 
continuous benthic sensors, we detected a difference in thermal trajectories at Squaxin 
Island (consistent high temperatures throughout the summer) and Cherry Point 
(temperature peaks separated by substantially cooler periods). These trajectories were not 
detected in our monthly point measurements. This clearly demonstrates that continuous 
temperature sensors much more fully characterize thermal environments as compared to 
monthly sampling, which can result in powerful discrimination among thermal 
environments. 

As with temperature, salinity data was also collected via both point measurements and 
continuously deployed sensors. The capacity of point measurements to capture more 
detailed data throughout the water column was particularly valuable in the case of salinity. 
CTD casts capture vertical profiles of physical parameters throughout the water column, 
allowing researchers to determine features such as stratification and mixed layer depth, 
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which may be linked to kelp loss. For example, CTD casts at Mukilteo, a site with recent 
kelp loss, revealed higher stratification compared to other sites, likely associated with 
riverine freshwater input. 

While light is a key parameter for kelp growth, both continuous and single point light 
measurements (PAR) were expensive and difficult to collect, maintain, and analyze. 
Continuous light sensors fouled rapidly, and needed to be replaced frequently (e.g., at least 
quarterly) even though we used anti-fouling wipers. The equipment for single-point light 
profiles experienced frequent glitches and false readings, leading to the need to discard 
many data records. Benthic PAR data were only useful for understanding light 
environments for floating kelp outside of the canopy season, since shading by the kelp 
itself alters the light environment and light levels at the benthos are less important for fully 
grown bull kelp. Additionally, Secchi depth, which can be collected as a point 
measurement, appears to provide qualitatively similar insight and is a less expensive and 
more reliable measurement method. While PAR data may provide insights into kelp loss 
and resilience, further targeted research and analysis effort is needed at this time to 
understand its utility at a broad scale. 

Nutrient limitation is emerging as an important factor shaping bull kelp resilience, with 
nitrate concentrations being the most closely associated with bull kelp site status. For 
nitrate, the largest differences between site statuses occurred during the warmest months, 
when nitrate concentration fell to zero at multiple declining/lost sites. Nitrite and 
ammonium varied among months, but not between bull kelp site status; however, 
measuring both these nutrients allows calculation of total nitrogen and proportions of each 
nitrogen species, which may provide useful information about nutrient sources and 
dynamics. Continuing to monitor nitrogen, and particularly nitrate, will help flag sites where 
nutrients are limiting bull kelp resilience. 

Further intensive studies could help elucidate complex nutrient dynamics and their 
relationship with bull kelp loss and resilience. Phosphate was not broadly limiting in this 
study, however two sites fell to near zero in June. This suggests that while phosphate 
measurements are not necessarily needed as part of broad-scale environmental 
monitoring, they may provide crucial information at certain sites. Additionally, 
simultaneous measurement of multiple nitrogen and phosphorus species at a higher 
sampling frequency may provide valuable insight into nutrient cycling processes and 
nutrient availability within bull kelp habitats. 

Silica varied seasonally, with March having higher concentrations at declining / lost sites 
and other months (i.e., July, September, October) having higher concentrations at stable 
sites. These dynamics are likely driven by phytoplankton blooms, and the magnitude of the 
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variability is likely shaped by temperature. Silica uptake by marine macroalgae increases 
with elevated temperatures, potentially providing protective benefits in response to heat 
stress (Mizuta and Yasui, 2012). Since silica is not considered a limiting nutrient in this 
system (Bernhard and Peele, 1997), comprehensive broad-scale monitoring is likely 
unnecessary. However, targeted studies would improve our understanding of silica 
dynamics and their potential relationship to bull kelp resilience. 

TSS (total suspended solids) and POM (particulate organic matter) also varied seasonally, 
likely reflecting a combination of phytoplankton dynamics as well as riverine input. 
However, this study could not distinguish between the two drivers; 60% of POM samples 
were excluded because they fell below the minimum detection limit, removing multiple 
months during the winter when POM was low. These results suggest that a different 
collection and analysis protocol may be warranted to capture POM dynamics during non-
peak times. Additional sampling at finer temporal scales (i.e., days to weeks) would help to 
capture transient phytoplankton blooms or brief freshwater events. 

In addition to monitoring frequency, the overall duration of data collection is a critical 
consideration. The new data collected for this project spanned 1 year of monitoring, 
constraining our insights into temporal environmental variability. Monitoring data become 
increasingly valuable as their temporal extent grows. As we build a longer library of 
environmental data at these key sites, we can better characterize expected conditions and 
flag anomalies and potential stressful events. Finally, collecting additional years of 
environmental data will allow direct comparisons with long-term trends and interannual 
variability in canopy extent and bed area. 

Recommendations:  
- Maintain continuous temperature monitoring at a broad range of sites. Temperature 

constitutes a key parameter for understanding kelp resilience and loss at a regional 
scale. Sites that experience periodic temperature extremes (e.g., Cherry Point) appear 
to perform differently than sites that experience sustained warming (e.g., Squaxin 
Island) (Cox et al. 2026b). Identifying thermal refugia and the different types of 
temperature trajectories that sites experience will contribute to understanding bull kelp 
vulnerability over time. 

-  Conduct local intensive studies about nutrient cycling, temporal patterns in uptake 
and release, and relationship with bull kelp growth and performance to inform future 
monitoring efforts.  Nutrient data are very likely to be an important parameter for 
kelp loss and resilience, and this work would be strengthened by partnerships with 
other monitoring programs (e.g., phytoplankton/zooplankton, stream flow). 
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- Continue collecting Secchi depth and CTD casts concurrently with bull kelp kayak 
surveys, since these data provide useful environmental context for kelp observations, 
and are relatively easy to collect. Furthermore, collection of more frequent CTD profiles 
may be advisable for specific, short-term research questions such as characterizing the 
strength and duration of summer stratification at sites of interest (e.g., Mukilteo and 
Edmonds). 

- Support other continuous environmental monitoring efforts such as Puget Sound 
Restoration Fund’s Eyes on Kelp Initiative, which has deployed a network of 
environmental monitoring buoy stations around the Salish Sea.   
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Figure 2.  Environmental parameter sampling during the Bull Kelp Resilience and Loss Project. Top left: collecting CTD 
profiles using the CastAway CTD (credit: E. Bleke, WDNR). Top right: filling bottles for laboratory water quality analysis 
(credit: E. Bleke, WDNR). Bottom left: benthic continuous sensor array (credit: A. Fieber, UW FHL). Bottom right: PAR and 
light attenuation measurement using the LiCor light sensor and data logger (credit: J. Ledbetter, WDNR). 



 

 
 

Table 2. Environmental parameters sampled during or concurrent with the Kelp Resilience and Loss Project. For parameter definitions and sampling methods 
description, see Cox et al. 2026b. PAR refers to photosynthetically active radiation. 

Parameter Point/Continuous Tier Relative Cost Considerations 

Temperature 
Continuous 1 Low 

Declining sites had significantly warmer temperatures on 
average. Temperature is highly likely to be a kelp stressor. Data 
is easy and inexpensive to collect. Useful for identifying 
thermal trajectories, anomalies, and refuges. 

Point (profile) 2 Medium Useful for determining mixed-layer depth and the difference 
between surface and benthic temperature. 

Salinity 
Continuous 3 High Basic salinity sensors had extensive drift, expensive sensors 

needed for accurate measurements. 

Point (profile) 2 Medium Useful for determining mixed-layer depth and identifying 
freshwater lenses during precipitation events. 

Light (PAR; 
point 
measurement) 

Point (attenuation in 
first 5 m) 3 High 

Expensive, common equipment failures. Complicated to 
analyze and interpret. 

Light (PAR; 
benthic sensor) Continuous 3 High 

Difficult to avoid fouling. Does not correspond to light 
conditions experienced by bull kelp after canopy formation. 
Complicated to analyze and interpret. 

Secchi depth Point 1 Low Easily obtainable proxy for light attenuation and TSS  
Inorganic 
nitrogen 
(nitrate, nitrite, 
and ammonia) 

Point 2 Medium 
Takes significant processing time but research has shown links 
to kelp outcomes. Declining sites had significantly less nitrate 
on average. May help inform water quality management. 

Inorganic 
phosphorus 
(phosphate) 

Point 3 Medium Takes significant processing time but may help inform water 
quality management. 

Silica Point 3 Medium 
Seasonal differences in silica associated with kelp status 
provide insight into phytoplankton dynamics, but more 
research is needed. 

Particulate 
organic matter 
(POM) 

Point 3 Medium 
Potential insight on magnitude and timing of primary spring 
phytoplankton bloom. Basic laboratory procedures were 
unable to detect POM outside of spring/summer.  

Total 
suspended 
solids (TSS) 

Point 3 Medium 
Can be measured concurrently with POM but time intensive. 
Highly variable between sites without clear association to bull 
kelp status in this study. 
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6. Bull Kelp Distribution and Condition Monitoring 
This project collected data on various bull kelp distribution, morphometric, condition, and 
performance parameters at an annual frequency (once) at each site during summer, when 
floating kelp biomass was typically at its peak (Table 3, Table 4, Table 5). This frequency 
represents a minimum temporal resolution for these parameters. Kelp beds are highly 
dynamic, and sampling only once every few years would give low detection capability for 
capturing changes and trends. Timing data collection at the same time of year over 
multiple years provides the greatest likelihood that interannual and inter-site comparisons 
can be made appropriately.  

Bed area and depth distribution are two fundamental parameters that should be collected 
annually at all bull kelp monitoring sites. These two parameters provide basic 
understanding into what changes are occurring to the kelp bed, including spatial loss or 
expansion. Measuring kelp bed depth distribution (i.e., the range of depths where floating 
kelp occurs at an individual site) can identify if/when changes occur, such as shoaling of 
the deep edge, or deepening of the shallow edge of a bed. Identifying changes to bed depth 
distribution could help as early warning signs of potential stressors. Bed area data can be 
collected using multiple platforms (e.g., kayaks, drones, small boats, and small fixed-wing 
aircraft), allowing for site-specific approaches based on resources and field conditions. 
Bed area data can also be incorporated into the Washington State Floating Kelp Vital Sign 
Indicator (Berry et al. 2023), as long as consistent methods are developed and enough 
years of data are collected. For all of these reasons, we recommend that bed area and 
depth distribution be collected annually at floating kelp monitoring sites (Table 3). 

Collecting multiple kelp surveys per year during the growing season (‘seasonally’) would 
help to capture differences between beds or years for all parameters. Bull kelp bed 
phenology varies spatially through the southern Salish Sea, where beds closer to the 
Pacific Ocean generally persist longer into the fall and even overwinter compared to those 
in further inland waters which are typically fully annual (McKenna, pers obs.). Since 
phenology also varies year-to-year with environmental and oceanic conditions, adding 
early (e.g., June) or late (e.g., September-October) bed area surveys to canopy-season bed 
area surveys (i.e., July- August), would help identify timing of initial bed growth and 
senescence. Similarly, increased sampling frequency for kelp condition, morphometric, 
and performance parameters may also yield important insights given the seasonality of 
annual kelp growth and the temporal dynamics seen in the environmental data. Higher-
frequency sampling for these parameters may be appropriate for local intensive studies 
with targeted questions. 
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Recommendations:  
- Continue and expand annual surface kelp bed monitoring via regional-scale fixed-

wing aerial monitoring and local-scale kayak monitoring using a mosaic approach (see 
Section II.4.); bed area and bed depth range are the most important measurements 
for annual monitoring, followed by density and/or canopy area.  

- Conduct site-level UAS monitoring at core sites annually and regional-scale UAS 
monitoring every several years in regions where fixed-wing resolution is inadequate 
for kelp detection such as Central Puget Sound (McClure et al., 2025). 

- Select a few key morphometric, condition, and performance parameters to 
monitor annually across sites. While individual measures may be easy to collect, 
surveying all possible parameters is prohibitively intensive for routine monitoring across 
a large range of sites. Priorities for basic morphometric, condition, and performance 
measurements are blade percent nitrogen, sub-bulb diameter, and reproductivity.  
Blade count, blade length, single-blade wet weight, mechanical damage, blade end 
fraying, and blade percent carbon can also provide valuable insight and are relatively 
easy to measure (Table 3).  

- Identify additional site-specific survey priorities. We emphasize that the prioritized 
lists (Tables 3-6) are generalized for annual surveys, and that specific research 
questions and/or focal sites may have different priorities. For example, targeted surveys 
of kelp crab abundance may be a priority at sites where populations seem to be 
disproportionately large (e.g., Squaxin Island), or sampling kelp performance at higher 
frequency may be important where nutrients limitations are a suspected stressor. 

- Conduct further targeted studies on physiological performance parameters such 
as blade carbon fixation, nutrient uptake, DOC release, and others, particularly in areas 
where nutrient limitation is suspected based on data collected in this project, such as 
South and Central Puget Sound. Measures like percent tissue nitrogen could act as 
early warning systems to detect when low nutrient concentrations start affecting bull 
kelp physiology. While sampling effort makes performance parameters difficult to 
collect routinely at the scale of a large monitoring program, data collected throughout 
the growth and senescence period can provide valuable insight on nutrient dynamics 
which likely play an important role in bull kelp loss and resilience.  



22 

-  

               

          
Figure 3. Kelp bed area, morphometrics, condition, and performance sampling during the Bull Kelp Resilience and Loss 
Project. Top left: kayakers conduct perimeter surveys of bull kelp bed area (credit: J. Ledbetter, WDNR), top right: 
measuring kelp all-blade wet weight (credit: H. Berry, WDNR), bottom left: assessing kelp condition parameters (credit: G. 
McKenna, WDNR), bottom right: conducting kelp performance assays (credit: G. McKenna, WDNR).  



 

 
 

Table 3. Bull kelp bed and morphometric parameters sampled during or concurrent with the Kelp Resilience and Loss Project. For parameter definitions and sampling 
methods description, see Linhardt et al. 2026. 

Kelp Parameter Frequency Tier Relative Cost Considerations 

Bed area 
Annually  1 

Low Tracked by Indicator; primary metric for establishing 
trends. Seasonally 2 

Bed depth 
Annually 1 

Low Easy to obtain; contraction of bed depth range may 
indicate concern for loss. Seasonally 2 

Density and/or 
canopy area 

Annually 2 
Low Important complement to bed area. Obtaining repeatable 

and comparable measurements has been challenging.  Seasonally 2 

Blade count 
Annually 2 

Each individual 
measure is 

low, but adding 
a full 

morphometric 
survey 

increases staff 
needs 

(approximately 
two people per 
sampling day, 
depending on 
the size of the 

site). 

Associated with reproductive output and overall kelp 
health (e.g., fecundity). Seasonally 2 

Sub-bulb diameter 
Annually 2 Easiest parameter to measure and most closely linked 

with biomass. Seasonally 2 

Bulb diameter 
Annually 3 

Correlated with sub-bulb diameter. 
Seasonally 3 

Stipe length 
Annually 3 Linked primarily to depth rather than kelp outcome. 

Reflects local conditions. Seasonally 3 

Blade length Annually 2 Closely linked with biomass. 
Seasonally 3 

Blade width Annually 3 Reflects local hydrodynamics. 
Seasonally 3 

Blade thickness 
Annually 3 Not informative for kelp loss; unique values in SPS could 

be of research interest. Seasonally 3 
Single-blade wet 
weight 

Annually 2 Correlated with all-blade wet-weight and easier to 
measure. Seasonally 3 

All-blade wet weight Annually 3 Correlated with single-blade wet weight. Challenging to 
collect in the field; common equipment failure.  Seasonally 3 

Blade length 
variability  

Annually 3 
Blade length variability was low to moderate at all sites. 

Seasonally 3 



 

 
 

Table 4. Bull kelp condition parameters sampled during or concurrent with the Kelp Resilience and Loss Project. For parameter definitions and sampling methods 
description, see Linhardt et al. 2026. 

Kelp Parameter Frequency Tier Relative Cost Considerations 
Blade ruffliness (i.e., does 
blade lay flat on a board or 
is it ruffled) 

Annually 3  
 
 
 
 

Each individual 
measure is low, 
but adding a full 
morphometric 

survey increases 
staff needs 

(approximately 
two people per 
sampling day, 

depending on the 
size of the site). 

Reflects local hydrodynamics. 
Seasonally 3 

Reproductivity (% blades 
w sori) 

Annually 2 Indicative of fecundity. Potentially 
associated with local environmental 
conditions. Seasonally 2 

Number of kelp crabs 
Annually 3 Provides insight into grazing pressure and 

grazer-associated damage. Seasonally 3 

Epiphytic algae 
Annually 3 Potentially associated with local 

environmental conditions. Seasonally 3 

Bryozoans 
Annually 3 Rarely present and not currently a major 

stressor in WA but is a problem in other 
regions (BC, Canada). Seasonally 3 

Endophytes 
Annually 3 Present, but not currently a major 

stressor in WA. Seasonally 3 
Mechanical damage (e.g., 
scratches, gouges, 
abrasions) 

Annually 2 Outcome of local abiotic pressures and 
stressors (e.g., kelp crabs, boat damage). Seasonally 3 

Other damage (e.g., sun 
bleaching, blistering) 

Annually 3 Rarely observed. Could reflect extreme 
conditions (e.g., heatwaves, low salinity 
events). Seasonally 3 

Streblonema-like features 
(e.g., hyperplasia and/or 
coiled stipe) 

Annually 3 Rarely observed; unique to a few sites 
(e.g., Salmon Beach in Tacoma Narrows). Seasonally 3 

Blade end fraying (i.e., 
degree of 
tattering/disintegration) 

Annually 2 Potentially reflective of stressful 
conditions (e.g., elevated water 
temperatures). Seasonally 3 



 

 
 

Table 5. Bull kelp performance parameters sampled during or concurrent with the Kelp Resilience and Loss Project. Cost is based on the frequency of sampling and 
investment of resources and time needed for it to produce results. For parameter definitions and sampling methods description, see Pfister 2026. 

Kelp Parameter Frequency Tier Relative Cost Considerations 

Blade carbon fixation 
Annually 3 

High Metric used to assess kelp productivity; large field 
effort. Seasonally 3 

Blade percent carbon 
Annually 2 

Medium 
Used to calculate the ratio of carbon to nitrogen 
(C:N), potentially reflective of kelp health. Seasonally 2 

Blade percent nitrogen 
Annually 2 

Medium 
Directly related to water column nitrogen availability 
integrated over time. Low values potentially 
reflective of nitrogen limitation. Seasonally 2 

Carbon isotopes (δ13C) 
Annually 3 

Medium 
Correlated with carbon fixation; reflects interactions 
with local seawater. May provide information about 
the source of local seawater nutrients. 

Seasonally 3 

Nitrogen isotopes (δ15Ν) 
Annually 3 

Medium 
Seasonally 3 

Timed uptake of nutrients 
(i.e., nitrate, nitrite, 
ammonium, 
phosphorous, silica) 

Annually 3 
Medium Metric used to assess kelp productivity; large field 

effort. 
Seasonally 3 

Timed release of DOC 
Annually 3 

High 
Related to nitrogen limitation could be associated 
with kelp fitness/health/ stress. Seasonally 3 

Measuring photosynthetic 
efficiency (i.e., PAM 
fluorometry) 

Annually 3 
High* 

Related to overall photosynthetic capacity. 
Challenging to measure in situ. *High initial 
investment in equipment, then operation at a low 
cost. Seasonally 3 
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7. Benthic monitoring 
Benthic monitoring for this project (i.e., SCUBA surveys) identified a variety of physical 
characteristics as well as understory algae, invertebrate, and habitat assemblages (Table 
6). Underwater surveys are useful for building a comprehensive understanding of the entire 
kelp forest ecosystem (Rubin et al. 2023; Freiwald et al. 2025). Benthic monitoring provides 
information on interspecific and intraspecific interactions, including those with 
allelopathic (e.g., Desmarestia) and invasive (e.g., Sargassum muticum) algae as well as 
trophic interactions with grazers such as kelp crabs (Pugettia spp.). Surveys of benthic 
characteristics (e.g., community assemblages, substrate surveys, sediment depth) can 
also provide information about the suitability of a site for potential bull kelp growth. 

Reef Check Washington, a community-science monitoring group, conducts benthic 
surveys using SCUBA once per year at a growing list of sites, providing a snapshot of 
subtidal ecosystems where bull kelp is often present (Freiwald et al. 2025). As this dataset 
grows over time, it provides useful information about spatial and temporal changes at and 
among sites. Surveys conducted for this project used a modified version of Reef Check 
protocols at a more frequent survey interval (i.e., monthly or quarterly). 

Annual surveys are useful for assessing changes in the benthos over time, and more 
frequently repeated surveys (e.g., monthly during spring to summer) can answer questions 
about succession, interspecific and intraspecific competition, and recruitment throughout 
the growing season. Concurrently with this study, another was conducted in which 
understory algae were cleared from the benthos and subsequent bull kelp recruitment was 
monitored (Fieber and Dethier, in prep). Manipulative in situ experiments such as this can 
provide valuable information on the dynamics of bull kelp ecosystems by answering 
targeted questions. 

Paired benthic and surface surveys (i.e. 3D swath) are needed in order to fully capture the 
abundance of grazers at sites where high abundances are suspected, or substantial 
mechanical damage is observed.  Kelp crabs (Pugettia gracilis and P. producta), herbivores 
that eat kelp, were anomalously abundant near the water’s surface at one site (Squaxin 
Island), where bull kelp bulbs and blades had extensive mechanical damage such as 
scrapes and abrasions that appeared to be due to the kelp crabs. Benthic surveys did 
detect kelp crabs, but divers noted that since these crabs typically graze in the canopy, 
SCUBA-based counts of these species are likely to underestimate their impact. Benthic 
monitoring can also be accomplished with remotely operated vehicles (ROVs; Randell et al. 
2024), towed underwater videography (e.g., Dowty et al. 2022), and other benthic 
photography and videography (e.g., video landers; WDNR Aquatic Reserves Program, drop-
cams; WDNR Aquatic Assessment and Monitoring Team). Each method has different 
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strengths, and the most meaningful results will likely come from a combination of 
approaches. The recommendations here focus on SCUBA-based methods, but future 
efforts should consider multiple benthic monitoring methods. 

 

 

  

  
Figure 4. Benthic surveys during the Bull Kelp Resilience and Loss Project. Top left: diver conducting benthic survey 
(credit: A. Fieber, UW FHL), top right: transect for quantifying benthic invertebrates and substrate (credit: A. Fieber, UW 
FHL), bottom left: graceful kelp crab on bull kelp observed during benthic survey (credit: A. Fieber, UW FHL), bottom right: 
example of thick understory of sugar kelp during benthic survey (credit: A. Fieber, UW FHL). 

  



 

 
 

Table 6. Benthic survey parameters sampled during or concurrent with the Kelp Resilience and Loss Project. Cost is based on the frequency of sampling and investment 
of resources and time needed for it to produce results. Tiers are relative to how resulting information can inform our understanding of bull kelp resilience and loss. For 
parameter definitions and sampling methods description, see Fieber and Dethier 2026. 

Parameter Frequency Tier Relative Cost Considerations 

Swath - brown algae 
Quarterly 2 

Medium 
Interspecific competition is probably important, especially in 
SPS. Timing & species composition dynamics need more 
research. Annually 1 

Swath – Nereocystis 
recruitment 

Monthly 
(early 

season) 
1 High Identify pinch points in early life history by documenting 

recruits before they reach the surface of the water. 

Swath - benthic 
invertebrates 

Quarterly 2 
Low Useful for monitoring succession, potential invasive species, 

detecting changes in urchin presence, etc. Annually 1 

3D swath – kelp crabs 
Monthly or 
annually 3 High 

Kelp crabs are likely a significant grazer of bull kelp; these 
surveys may be prioritized at sites where overgrazing is a 
suspected stressor. 

Subtidal Nereocystis 
morphometric data 
(stipe length and 
minimum diameter) 

Quarterly 2 Medium Useful phenology dataset showing how growth timing varies 
spatially and temporally. 

Quadrat – percent 
cover – hard vs. soft 
substrate 

Quarterly 1 Medium 
Out of all benthic habitat gradients, this was the most relevant 
to bull kelp in this study. Quarterly data reveals how much of 
the benthos is being covered by sand during different seasons. 

Point intercept 
substrate surveys – 
substrate 

Annually 
 1 Low 

Substrate plays a key role in floating kelp distribution; changes 
may result from shoreline or nearshore development, upland 
development, dam removals, etc.   

Point intercept 
substrate surveys – 
sediment depth 

Quarterly 
or monthly 3 Medium 

Probably less important than the presence of sand. Highly 
variable; to be useful, it requires very frequent (daily to weekly) 
and precise sampling methods. 

Point intercept 
substrate surveys - 
relief 

Annually 3 Low 
Not expected to change from initial survey, but worth repeating 
if large changes are suspected (e.g., dam removals, substrate 
amendments, dredging). 
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Recommendations 
- Continue to support and collaborate with ongoing annual benthic monitoring 

programs such as Reef Check, USGS, Seattle Aquarium, and NOAA to continue 
building ecosystem-level understanding of bull kelp forests at sites throughout 
Washington State. 

- Utilize targeted benthic surveys to characterize understory algae communities and 
monitor their seasonal changes. Evidence suggests that bull kelp encounter 
interspecific competition with other benthic algae. Monitoring data from this study also 
indicate that several understory species rarely occur in areas without bull kelp, 
suggesting that certain understory kelps may indicate favorable conditions. 

- Utilize benthic monitoring to track bull kelp recruitment to understand recruitment 
timing (phenology). Bull kelp populations are often denser during early recruitment; 
surveys at this stage provide information about juvenile attrition and can observe 
individuals that may not grow to reach the surface. 

- Conduct paired surveys (i.e., benthic and surface) to assess kelp crab populations 
and their effects on bull kelp at sites where high abundances are suspected, or 
substantial mechanical damage is observed. 

- Conduct benthic surveys to monitor the extent of soft substrates (i.e., sand), 
particularly at bull kelp sites near urbanized areas and/or freshwater inputs. ROV 
(e.g., Seattle Aquarium) or boat-based surveys (e.g., WDNR) could be used to cover 
targeted swaths of coastline and describe habitat suitability for bull kelp in these and 
other areas. 

- Create linkages with other benthic research; for example, use monitoring results to 
catalyze manipulative experiments to uncover mechanisms of resilience and loss. 

 

8. Data Processing and Analysis Support 
It is essential that, whichever combination of environmental, ecological, and physiological 
measurements are selected for monitoring, a plan is put into place to support long-term 
data processing, analysis, interpretation, and sharing. Optimizing data collection and 
carefully considering questions and goals are important, but without analysis capacity, that 
vital data may sit on a data sheet or hard drive, leaving questions unanswered.  

In a monitoring context, there is a large benefit to investing in the development of robust 
data processing and analysis methods. The gains from such methods in efficiency, data 
quality, and data dissemination are compounded with the repeated cycles of data 
collection, processing, analysis and sharing. For example, the kelp bed area data collected 
for this project was relatively easy to process and analyze because protocols and scripts 
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had already been established through WDNR’s kayak monitoring program (Ledbetter & 
Berry 2025). However, each new environmental data stream collected for this project had 
to be quality controlled to exclude sensor errors and ensure that only accurate data were 
included. This required substantial effort, including the creation of processing scripts 
tailored to each sensor, as well as plotting scripts followed by manual review. Now that 
these methods and scripts are established, they can be maintained and used to increase 
efficiency of future monitoring data analysis. Continuing to invest time in the development 
of such data processing pipelines will help ensure that future years of monitoring data can 
be processed, analyzed, and disseminated efficiently. 

The data collected for the Bull Kelp Loss and Resilience project encompassed a wide range 
of parameters, both biological and environmental, collected at different intervals (e.g., 
continuous, monthly, seasonally, annually). Analyzing these datasets coherently with one 
another to generate insights and knowledge took significant staff time, experience, and 
skill. For the project, we met approximately every other week with the project team, and we 
conducted one in-person data-sharing meeting with the core team. It was important that 
our meeting schedule was regular, but also flexible – collaborators could join the meetings 
they were most interested in, and some meetings were canceled as necessary. These 
collaborative meetings accelerated analyses and interpretation and provided valuable 
insight.  The monitoring recommendations proposed here will similarly generate highly 
varied data streams and datasets. While we do not recommend a rigid requirement for 
data-sharing meeting frequency, we do suggest that monitoring-based projects integrating 
multiple data sources across several collaborators include a tailored plan for how data 
sharing will be conducted throughout the duration of the project.  
 

Recommendations: 
- Develop customized and reproducible data analysis protocols and processing 

pipelines such as developing/adapting scripts for data QA/QC, processing, analysis, 
and visualization. Any investment in the development of portable, reusable, and 
sharable scripts will pay dividends for future research and monitoring. 

- Budget staff time to support data management, analyses, distribution, and 
documentation. 

- Support data-sharing meetings, both regular check-ins with all data contributors and 
periodic in-person collaborative meetings to discuss data, hypotheses, and analyses. 

- Distribute data and documentation publicly via accessible platforms and data 
repositories such as WA Open Data Portal or Zenodo.  
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- Allocate time for integration of monitoring data with existing data distribution and 
synthesis platforms such as the Floating Kelp Vital Sign and Floating Kelp Linear Extent 
Database (McKenna and Claar 2026). 

III. Conclusion 
During the Bull Kelp Resilience and Loss Project, teams conducted intensive 
environmental, biological, and ecological sampling at 15 sites over the course of a year 
(2024). The project examined patterns of bull kelp resilience and loss in relation to 
environmental conditions, benthic communities and composition, and bull kelp 
morphology, condition, and performance. The detailed monitoring highlighted the physical 
and biological differences between sites and emphasized the difficulty of understanding 
stressor response patterns at and among sites. While there were critical findings (see Claar 
et al., 2025a, Cox et al. 2026a, b, Dowty 2025, Fieber and Dethier 2026, Linhardt et al. 
2026, and Pfister 2026), the one-year nature of the project limited the ability to capture and 
interpret longer-term patterns and identify specific causal factors for resilience or loss.   

To further understand and effectively manage floating kelp habitats for future generations, 
this report recommends establishing a tiered monitoring framework. This framework 
prioritizes essential kelp monitoring at a network of sites while allowing flexibility to expand 
and address emerging research and management questions as capacity and funding allow 
by categorizing monitoring tasks into three tiers. Tier 1 tasks encompass basic, 
foundational monitoring tasks such as mapping kelp bed area. Tier 2 tasks help 
contextualize data collected by tier 1 tasks, adding significant value to the baseline 
monitoring data. Tier 3 tasks are recommended for focused studies, developing new 
hypotheses, and/or piloting new data collection methods. Key recommendations based on 
these tiers include: 

• Continue annual surface monitoring of kelp beds at local and regional scales, 
• Expand monitoring to underrepresented regions that span a range of environmental 

conditions and management priorities, 
• Monitor key environmental conditions (Table 2) at core sites, 
• Support continued benthic surveys at sites throughout the regional, 
• Invest in data processing and analytical capacity, and 
• Support targeted, question-driven research. 

Together, these recommendations outline a practical and flexible framework for multi-
organizational monitoring of bull kelp forests in Washington State that balances scientific 
rigor with management relevance. By sustaining core long-term measurements, 
strategically expanding spatial and environmental coverage, and supporting targeted 
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research to address key uncertainties, these recommendations aim to improve our 
collective ability to detect change, understand drivers of resilience and loss, and inform 
timely management actions. Continued investment in coordinated monitoring and data 
integration and sharing will be essential to conserve and restore kelp forests into the future. 
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