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Synopsis  Foundational habitats such as seagrasses and coral reefs are at severe risk globally from climate warming. Infectious
disease associated with warming events is both a cause of decline and an indicator of stress in both habitats. Since new ap-
proaches are needed to detect refugia and design climate-smart networks of marine protected areas, we test the hypothesis that
the health of eelgrass (Zostera marina) in temperate ecosystems can serve as a proxy indicative of higher resilience and help pin-
point refugia. Eelgrass meadows worldwide are at risk from environmental stressors, including climate warming and disease.
Disease outbreaks of Labyrinthula zosterae are associated with recent, widespread declines in eelgrass meadows throughout
the San Juan Islands, Washington, USA. Machine language learning, drone surveys, and molecular diagnostics reveal climate
impacts on seagrass wasting disease prevalence (proportion of infected individuals) and severity (proportion of infected leaf
area) from San Diego, California, to Alaska. Given that warmer temperatures favor many pathogens such as L. zosterae, we hy-
pothesize that absent or low disease severity in meadows could indicate eelgrass resilience to climate and pathogenic stressors.
Regional surveys showed the San Juan Islands as a hotspot for both high disease prevalence and severity, and surveys throughout
the Northeast Pacific indicated higher prevalence and severity in intertidal, rather than subtidal, meadows. Further, among sites
with eelgrass declines, losses were more pronounced at sites with shallower eelgrass meadows. We suggest that deeper meadows
with the lowest disease severity will be refuges from future warming and pathogenic stressors in the Northeast Pacific. Disease
monitoring may be a useful conservation approach for marine foundation species, as low or absent disease severity can pin-
point resilient refugia that should be prioritized for future conservation efforts. Even in declining or at-risk habitats, disease
surveys can help identify meadows that may contain especially resilient individuals for future restoration efforts. Our approach
of using disease as a pulse point for eelgrass resilience to multiple stressors could be applied to other habitats such as coral reefs
to inform conservation and management decisions.

Introduction endangerment (Harvell et al. 2019; Gravem et al.

Around the world, there is increasing urgency for im-
proved conservation efforts to safeguard our planet and
biota against climate change. Climate stress is erod-
ing our highest biodiversity foundational habitats such
as coral reefs and seagrasses (Ramirez et al. 2017;
Smale et al. 2019; Wernberg et al. 2024). Pathogens
fueled by warming temperatures further strain organ-
isms, pushing them—in some cases—to the brink of
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2021). Amid mounting pressure from heat waves and
pathogens, implementing timely strategies to enhance
resilience of marine foundation species is crucial. One
approach is to increase marine protected areas (MPAs).
For example, the United Nations established a global
target to protect 30% of global ocean waters and land
area by 2030 (Convention on Biological Diversity 2022),
and new regional programs such as Unlocking Blue
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Pacific Prosperity are creating opportunities to imple-
ment wider coastal protections (Unlocking Blue Pacific
Prosperity). In the Washington state, the recent Sen-
ate Bill 5619 requires the implementation of a conser-
vation plan to protect and restore 10,000 acres (~4050
ha) of kelp and eelgrass (Zostera marina), a temperate
seagrass, throughout the state by 2040 (SB 5619, 2022).
Ideally, large swaths of the coast could be protected and
managed to bolster resiliency, but, practically, specific
eelgrass meadows and kelp beds need to be strategi-
cally identified and prioritized for conservation to reach
this target. In this time of simultaneous opportunity and
shifting ocean stress, a clear priority is learning how
to identify climate-resilient sites for conservation and
management in a rapidly changing ocean (Tittensor et
al. 2019; Wilson et al. 2020; Grorud-Colvert et al. 2021;
Doxa et al. 2022).

New approaches to design “climate-smart” networks
of marine reserves include identifying climate refugia
(Arafeh-Dalmau et al. 2023). An essential first step in
identifying priority conservation areas is developing re-
liable, early measures of resilience. We suggest that eval-
uating the health of resident biota, particularly founda-
tion species, can be an effective, integrative approach to
assess coastal resilience.

Particularly important biota are foundation species
such as corals and seagrasses, which have experienced
dramatic declines in the last decade and are at severe
risk globally from climate warming (Ramirez et al. 2017;
Smale et al. 2019; Wernberg et al. 2024). Sea surface
temperatures set record highs in 2023 (Cheng et al.
2024), and marine heat waves are projected to increase
in frequency and intensity (Oliver et al. 2019). Direct
and indirect effects of climate change and heat waves
pose significant threats to marine foundation species
(Smale et al. 2019; Smith et al. 2023; Wernberg et al.
2024). Direct heat stress can Kkill corals (reviewed in
Wernberg et al. 2024) and seagrasses. For example,
1300 km? of seagrass meadows collapsed in Shark Bay,
Western Australia, following the 2011 marine heat wave
(Serrano et al. 2021). Thermal stressors impact individ-
ual species and erode community and ecosystem func-
tions. The Shark Bay seagrass die-off resulted in the de-
cline of many seagrass-associated species, ranging from
sea snakes to dugongs, and compromised the meadow’s
ecosystem services (Serrano et al. 2021). Thus, warm-
ing ocean temperatures can have cascading ecological
effects, particularly when foundation species are at risk.

Ocean warming can also heighten disease risk (Burge
et al. 2014; Harvell 2019; Harvell et al. 2019; Tracy et al.
2019; Groner et al. 2021; Aoki et al. 2022), and the com-
bination of warming and disease accelerates species de-
clines (Aoki et al. 2023; Wernberg et al. 2024). Surveyed
seagrass meadows have lost an estimated 19% globally
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since the 1880s (Dunic et al. 2021), due to warming,
anthropogenic stressors, and pathogens, including the
protist Labyrinthula zosterae, the causative agent of sea-
grass wasting disease. Historic disease outbreaks deci-
mated eelgrass along the Atlantic Coasts of the United
States and Europe (Renn 1936) and continue today, es-
pecially in the Northeast Pacific. In particular, high dis-
ease severity coincides with warmer sea surface tem-
peratures (Groner et al. 2021; Aoki et al. 2023) and
widespread eelgrass declines (Christiaen et al. 2022) in
the San Juan Islands, Washington, USA (Fig. 1A-C).
Declining eelgrass may be less resilient to increasingly
intense and frequent marine heat waves and pathogenic
stressors such as L. zosterae. Monitoring this ecolog-
ically significant pathogen across broad spatiotempo-
ral gradients necessitates creative, interdisciplinary ap-
proaches such as machine language learning and drone
surveys.

Machine language learning (Rappazzo et al.
2021; Fig. 1D and E) and drones (Aoki et al. 2023;
Yang et al. 2023) are valuable tools that enable rapid,
accurate quantification of disease conditions and al-
low for larger-scale disease surveys. Disease surveys
paired with an artificial intelligence program, drone
mapping, and molecular diagnostics revealed increased
L. zosterae risk at warming sites from San Diego,
California, to Alaska (Aoki et al. 2022, 2023). At the
same time, other surveys quantified lower disease in
deeper eelgrass meadows, suggesting that they may
provide valuable refugia from climate and disease stres-
sors (Jakobsson-Thor et al. 2018; Graham et al. 2023;
Fig. 2). This, coupled with recent declines in the San
Juan Islands, underscores the need for further inves-
tigation of regional seagrass wasting disease risk and
eelgrass decline, with a focus on thinking ahead to
identifying signs of meadow resilience and locations of
refugia from climate stress.

Several approaches to boosting coastal resilience in-
clude designing climate-smart MPAs and assisted evo-
lution. Climate-smart MPAs help bolster biodiversity
and support ecosystem resilience to climate change
stressors, by increasing either organisms’ tolerance or
ability to adapt (Merwin et al. 2020). Although they can-
not protect against all climate stressors, well-designed
MPA networks can mitigate damage by promoting re-
silience and including climate refugia. Recent studies
show the value of MPAs in climate proofing or aid-
ing recovery from thermal stress (Arafeh-Dalmau et al.
2023; Smith et al. 2022; Ziegler et al. 2023). For ex-
ample, following a 2-year marine heat wave near Cal-
ifornia, fish trophic diversity increased faster in MPAs
compared to reference sites (Ziegler et al. 2023). In Baja
California Sur, Mexico, pink and green abalone recov-
ered more rapidly in no-take reserves than non-reserves
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Fig. | A decade of health surveys of eelgrass meadows in the San Juan Islands, Washington, USA, indicate dramatic declines in eelgrass
densities (A) coincident with high disease prevalence (B). The dark lines indicate regional means with 95% confidence intervals in lighter
shading; points indicate site-level means with standard error bars. Eelgrass exposed to high temperatures at low tide is especially
vulnerable to disease and climate stressors (C). High-resolution, scanned images of eelgrass leaves (D) allow for precise disease analyses

via an artificial intelligence application (E).

following a mass mortality event (Smith et al. 2022).
These studies underscore the value in establishing
MPAs to expand the coverage of protections for our
oceans and help future-proof marine environments
from multiple stressors.

Health is a vital metric in future-proofing foun-
dational ecosystems such as coral reefs and seagrass
meadows. One hypothesis is that infectious disease can
be quantified in one-time surveys to gauge future re-
silience. Monitoring foundation species such as eelgrass
can be especially useful in evaluating coastal resilience,
as they are widely considered sentinels of marine health
(Purvaja et al. 2018). New tools such as drone imagery
provide increasingly more efficient ways to scale up
disease and health surveys (Yang et al. 2023). Disease
monitoring is useful not only for identifying resilient
meadows that should be prioritized for conservation
efforts, but also for highlighting at-risk sites exposed
to stressful environmental conditions. Understanding
which sites are at the brink of stability is equally valu-
able, as the remaining individuals in these challenging
environments could be especially resilient. These could
then be used in conservation efforts such as assisted
evolution, an approach that is proving to be increas-
ingly valuable for future-proofing corals (Palumbi et al.

2014; Morikawa and Palumbi 2019; Colton et al. 2022)
and potentially seagrasses (Pazzaglia et al. 2021) against
warming temperatures. Here, we provide a case study of
climate and disease impacts to eelgrass meadows in the
Northeast Pacific, emphasize the need for predictive re-
silience mapping, and review new approaches to lever-
aging health surveys in seagrass meadows as a proxy for
future resilience. We also draw connections to lessons
learned from MPA development and assisted evolution
for corals, another marine foundation species, and sug-
gest approaches to integrating these into conservation
efforts for seagrasses and other species.

Methods
Snorkel surveys and disease analyses

To assess the value of eelgrass health as a proxy for
meadow resilience to disease and thermal stressors, we
surveyed 11 subtidal eelgrass meadows throughout the
San Juan Islands in June and July 2023. We selected sites
with a history of long-term monitoring to evaluate 20-
year changes in meadow extent and disease assessments.
For each survey, we recorded the start time and end time
and measured the starting depth from the surface us-
ing a transect tape with a weighted end; this enabled us
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Fig. 2 Seagrass wasting disease surveys spanning 8" of latitude revealed that disease severity was three times less in deeper, subtidal
eelgrass meadows than in shallower; intertidal meadows (Wilcoxon signed-rank test,p < 0.001,n = 5761 eelgrass leaves; adapted from
Graham et al. 2023). Region abbreviations are as follows: AK, Alaska; BC, British Columbia, Canada; S}, San Juan Islands, Washington; PS,

Puget Sound, Washington.

to adjust the depth measurements for each site to me-
ters relative to mean lower low water. For each survey,
we collected 20-25 shoots per meadow, collecting one
shoot approximately every 3 m, swimming parallel to
shore to sample at a consistent depth. Given the range
of meadow sizes and extent, we sampled the middle of
each meadow to avoid edge effects, taking 10 big “kicks”
from an edge before beginning collections. Following
each survey, we stored shoots and seawater in Ziplock
bags on ice until lab processing within 1-4 h.

Because disease can vary by leaf age (Groner et al.
2014), we standardized the age of the leaf used for dis-
ease analyses. In the lab, we removed the second-rank
leaf at the top of the sheath, gently removed epiphytes
using flexible rulers, arranged leaves on transparencies,
and scanned them using a Cannon CanoScan LiDE 220
scanner at 600 dpi resolution to capture precise images.
Subsequently, we ran all images through the Eelgrass
Lesion Image Segmentation Analzer (EeLISA), an ar-
tificial intelligence application that rapidly and accu-
rately measures the area of diseased and healthy tis-
sue on eelgrass leaves (Rappazzo et al. 2021; Aoki et al.
2022, 2023; Graham et al. 2023). We performed all data

organization, analysis, and visualization in R (R Core
Team 2023).

We leveraged fine-scale disease severity (proportion
of leaf area covered in lesions) as a key indicator for
eelgrass health (Aoki et al. 2022; Graham et al. 2023).
To see whether there were statistically significant dif-
ferences in mean disease severity between sites, we ran
a Kruskal-Wallis test using the “kruskal.test” function,
which is part of the stats package (version 3.6.2) in base
R. As data were not normally distributed, we used a
non-parametric test.

Eelgrass 20-year change surveys and data analyses

Given the recent, widespread declines in eelgrass in
the San Juan Islands, we re-surveyed eelgrass mead-
ows throughout the San Juans to identify changes in
meadow extent over 20 years. At 21 embayments, we
collected towed underwater video footage along 10 or
more randomly selected transects, oriented perpen-
dicular to shore, using a camera mounted on a tow-
fish that we towed approximately 1 m above the sedi-
ment surface. At most embayments, we first surveyed
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Table | Seagrass wasting disease severity and depth at meadows
throughout the San Juan Islands, Washington, USA, surveyed in
summer 2023.

Mean disease severity +
Site depth SE

Site name n (m) (% leaf area infected)
Salmon Banks 25 —5.43 0.08 £ 0.072
Fourth of July 22 —2.77 0.70 £ 0.45
Mosquito Pass 21 —2.74 0.40 4 0.25
North Cove 25 —2.55 0.82 4 0.54
North Shore 22 —2.33 1.49 + 0.8
False Bay 22 —1.89 0
Beach Haven 24 —1.85 0

Mud Bay 22 —1.85 0.82 + 0.34
Indian Cove 24 —1.81 225+ 1.13
Fisherman’s Bay 23 —1.72 5.38 £ 1.96
Hunter Bay 21 —1.66 1.07 £ 0.71

in 2003/2004 and subsequently re-surveyed in summer
2023 using the same set of transects. We analyzed the
video footage to identify eelgrass presence or absence
at 1s intervals, associated each observation with GPS
and depth data, and calculated the length of the vege-
tated portion of transects in ArcGIS, a geographic in-
formation system software. To assess whether meadows
changed over time, we compared the vegetated length
along repeat transects at each site using paired ¢-tests
via the “t.test” function in base R. If data were not nor-
mally distributed, we used a Wilcoxon signed-rank test
instead. We visualized the shallow and deep edges of
meadows at each site with boxplots of the depths of all
eelgrass observations per site during the initial survey.

Results
Disease surveys

Disease severity varied among the 11 initial sites
(Kruskal-Wallis test, x> (10, n = 251) = 60.12,
p < 0.001; Table 1). Site-level mean disease severity
ranged from 0% at Beach Haven, Orcas Island, and
False Bay, San Juan Island to 5.38 & 1.96% SE at Indian
Cove, Shaw Island. Initial analyses indicate that deeper
meadows had reduced disease—particularly those be-
low —2 m mean lower low water—compared to shal-
lower meadows (Table 1).

Eelgrass 20-year change analysis surveys

Sites with eelgrass declines outnumbered sites with in-
creases 3 to 1 in the San Juan Islands (Table 2). Most sites
with eelgrass declines were shallow. Losses occurred
throughout the bed but were often most pronounced
in shallow areas near the head of the bay. At some

locations, such as Westcott Bay and Blind Bay, eelgrass
completely disappeared from the shallower head of the
embayment. We observed the opposite pattern at sites
with increases in eelgrass cover. Here, eelgrass tended
to grow at deeper depths and gains were mostly found
in the subtidal (Fig. 3).

Discussion

Key findings from long-term eelgrass monitoring

From 10 years of surveying seagrass wasting disease
dynamics in the San Juan Islands, Washington, and
20-year change analyses of eelgrass meadows, we
found the following:

(1) High disease prevalence was associated with
warming ocean temperatures along the Pacific
Coast, USA (Groner et al. 2021; Aoki et al. 2022;
Graham et al. 2023).

(2) A 10-year survey showed region-wide declines in
eelgrass shoot density (average 14.05% loss across
all sites) and increases in seagrass wasting dis-
ease prevalence (average 9.17% increase across all
sites), with a 56.14% increased peak in prevalence
in 2018 (Fig. 1).

(3) Mean disease severity was three times lower in
deeper, subtidal meadows compared to shallower,
intertidal meadows at the same site (Graham et al.
2023; Fig. 2).

(4) At21 embayments in the San Juan Islands, 13 sites
with intertidal and shallow subtidal eelgrass de-
clined, while 4 sites with deeper eelgrass beds were
stable and 4 increased over 20 years (Fig. 3).

(5) Drone mapping in some locations detected sea-
grass wasting disease (Aoki et al. 2023; Yang et al.
2023).

We advance the hypothesis that health is one use-
ful proxy for eelgrass resilience and is a valuable tool
for assessing resilient and at-risk meadows for future
preservation. We suggest disease surveys can help pin-
point specific meadows that are more resilient to cli-
mate and pathogenic stressors and that can be pri-
oritized for future conservation efforts, directly sup-
porting the statewide effort to protect 10,000 acres
(~4050 ha) of the Washington state eelgrass and kelp
in the next 16 years (SB 5619, 2022). Our study sup-
ports the emerging hypothesis that some deeper eel-
grass meadows are refugia against climate and dis-
ease stressors, as we found reduced disease at deeper
sites, consistent with previous studies (Jakobsson-Thor
et al. 2018; Graham et al. 2023). Through subsequent
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Table 2 Pairwise comparisons of vegetated length (with eelgrass) along repeat transects at 21 embayments, sampled over an ~ 20-year

monitoring interval.

Embayment Interval Test # transects Test statistic p-value Trend
Barlow Bay 2003-2023 Paired t-test Il t=—4.52 <0.001 Decline
Blind Bay 2003-2023 Wilcoxon 38 W=20 <0.001 Decline
Fisherman Bay 2003-2023 Paired t-test 23 t=—-2.07 0.050 Decline
Garrison Bay 2003-2023 Wilcoxon 13 W=20 0.006 Decline
Hunter Bay 2002-2023 Paired t-test 14 t=-3.72 0.003 Decline
Picnic Cove 20042023 Wilcoxon 13 W=0 <0.001 Decline
Prevost Harbor 2003-2023 Paired t-test 10 t=-359 0.006 Decline
Reef Net Bay 20062023 Wilcoxon 14 W =30 0.173 Potential
decline®
Secret Harbor 20102023 Wilcoxon I W=0 <0.001 Decline
Shallow Bay 2003-2023 Paired t-test 12 t=—44 <0.001 Decline
Shoal Bay 2003-2023 Wilcoxon 17 W=0 <0.001 Decline
Swifts Bay 2004-2023 Paired t-test 23 t=—54l <0.001 Decline
Westcott Bay 2000-2023 Complete loss (~ 15 ha) between 2000 and 2003, no recovery in 2023 Decline
Mitchell Bay 2003-2023 Wilcoxon 13 W =65 0.005 Increase
Nelson Bay 2003-2023 Wilcoxon 14 W =6l 0.092 Potential
increase™*
Salmon Bank 2003-2023 Wilcoxon 13 W =69 0.021 Increase
Thatcher Bay 2003-2023 Paired t-test 14 t=3.5I 0.004 Increase
Eagle Harbor 2017-2023 Wilcoxon 12 W =52 0.100 No trend
False Bay 2004-2023 Paired t-test 8 t=0.65 0.534 No trend
Fossil Bay 2004-2023 Paired t-test 10 t=—-0.18 0.859 No trend
Mud Bay 2003-2023 Wilcoxon 19 W =58 0.623 No trend

*Analysis of additional samples, taken in different years, suggests substantial decline in an area not covered by the simple random sample of transects

repeated in 2006 and 2023
**Significant at alpha = 0.1

Data were tested using either paired t-tests or Wilcoxon signed-rank tests (in the case of non-normality). At one location (Westcott Bay), most
eelgrass had already disappeared at the time of the initial survey in 2003. Earlier survey data collected by the Washington State Department of

Natural Resources indicate a loss of ~15 ha between 2000 and 2003.

analyses, we aim to examine the relationship between
meadow stability and disease risk. Our results align
with recent analyses of a 12-year restoration project
in Virginia, wherein depth was a critical predictor of
both eelgrass restoration success and resilience fol-
lowing marine heat wave disturbance; eelgrass at in-
termediate depths, ranging from —0.8 to —1.5m be-
low mean sea level, survived longer following restora-
tion compared to shallower or deeper sites (Aoki et
al. 2020). The same likely applies to eelgrass climate
and disease refugia, which presumably exist at inter-
mediate depths. Naturally, there is not a “one-size-fits-
all” approach to marine conservation and climate re-
siliency, so our suggested approach of using disease
as an indicator for eelgrass resilience may not be ap-
propriate for all meadows globally. However, it can be
a valuable tool in some regions, such as the North-
east Pacific, that have high disease levels and dra-
matic eelgrass declines coinciding with warming ocean
temperatures.

Future-proofing foundational habitats (Jackson et al.
2014; Wood et al. 2019) for climate resilience is the
management challenge of our time. As climate stress
continues to intensify, pinpointing predictors of fu-
ture resilience to protect valuable habitats should be a
first line of attack, as conserving habitats is faster and
less risky and costly than restoring damaged habitats
(Arico 2024). New, climate-smart restoration methods
can then serve as useful, secondary approaches. Indeed,
understanding drivers of eelgrass health can help in-
form restoration approaches and meet—or exceed—
habitat target goals and improve species models un-
der future climate change scenarios (Ward and Beheshti
2023). A central tenet of restoration ecology is that the
damaging stressor(s) must be removed before restora-
tion can be successful (Hobbs and Harris 2001), and
this is not possible as climate stress intensifies. Recent
analyses of 82 eelgrass restoration projects spanning the
West Coast, USA, indicated that 32.3-59.6% of restora-
tion plots were unsuccessful, depending on how suc-
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Fig. 3 Boxplot of eelgrass depth observations during the initial survey of a 20-year change analysis at 2| embayments in the San Juan Islands,

Washington, USA. Colors indicate how eelgrass beds changed over time. The dotted line is the extreme low tide line in the Puget Sound
area of the Washington state (— .4 m, mean lower low water). Sites with a p indicate lower confidence in a potential trend. Sites with
intertidal and shallow subtidal eelgrass often experienced declines, while sites with deeper eelgrass beds were mostly stable or increasing.

cess was defined (Ward and Beheshti 2023). As such, it
can be much more valuable and effective to proactively
protect stable, healthy habitats such as eelgrass rather
than solely relying on restoration to revive degraded
habitats.

Designing climate-smart MPAs is a powerful ap-
proach for conserving resilient marine habitats. On-
going monitoring programs can provide valuable in-
sights into the health and stability of marine species,
such as the Washington State Department of Natural
Resources’ Submerged Vegetation Monitoring Program
(Christiaen et al. 2022), which tracks the status and
trends of seagrasses statewide. Integrating health met-
rics into similar monitoring programs can provide an-
other valuable indicator for resilience and highlight key
sites for conservation and/or restoration activities such
as assisted evolution. Of course, when developing cre-
ative, timely methods for marine conservation, it is im-
perative to share and learn from successful conservation
approaches for other marine foundation species. While
climate-smart conservation approaches such as identi-
tying climate refugia and assisted evolution are still rel-
atively new in the seagrass world (Pazzaglia et al. 2021),
they are more advanced for coral reefs due to corals’
more narrow thermal tolerances and three decades of
catastrophic declines from ocean warming. As such,
coral research can inform potential future-proofing ap-
proaches to help secure the survival of seagrasses and
other marine foundation species. For example, while

climate forecasting shows coral reefs that are vulnerable
to future heat and disease stress (Maynard et al. 2015),
it also indicates locations with a history of heat stress
that have been valuable areas for natural selection for
future heat resilience (Drury 2020; Fox et al. 2021). Just
as disease surveys highlight deeper, healthier eelgrass
meadows as priority conservation sites in the North-
east Pacific (Graham et al. 2023), so too do these climate
projections show key coral reefs for targeted, proactive
coastal management approaches, including breeding for
thermal tolerance or preservation as refugia. Recent ef-
forts in coral conservation include the search for “su-
per corals” (Palumbi et al. 2014; Morikawa and Palumbi
2019; Colton et al. 2022), heat-resistant genotypes that
may exist as remnant populations in heat-stressed areas.

One approach to future-proofing coral reefs is to
assist evolution of heat or disease tolerance. Multi-
ple groups worldwide are working to select for heat-
resistant corals, including Steve Palumbi and his team,
who seek out coral reefs that are unusually heat resis-
tant and harbor unusual genetic strains (Palumbi et al.
2014; Morikawa and Palumbi 2019; Cornwell et al. 2021;
Walker et al. 2022). Working in Palau, their team vi-
sually evaluates coral bleaching and mortality follow-
ing short-term heat stress (Cornwell et al. 2021; Walker
et al. 2022) and aims to identify “super reefs” that have
experienced and survived unusual warming and could
be prioritized for future conservation efforts. For ex-
ample, reciprocal coral transplants showed that those
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from warmer areas had enhanced thermal resilience
compared to corals from cooler regions (Palumbi et al.
2014). Further, after the 2015 heat wave in American
Samoa, nursery coral stock from heat tolerant parents
demonstrated two to three times less bleaching than
corals from less heat tolerant parents (Morikawa and
Palumbi 2019). They named this approach of raising
thermally resilient coral genotypes “conservation engi-
neering” (Morikawa and Palumbi 2019). Various ap-
proaches to conservation engineering are underway in
many habitats worldwide (Ibafiez et al. 2013; Havens et
al. 2015; Pazzaglia et al. 2021). What stands out in these
examples is the use of proxies in initial design to expe-
dite the time needed to select optimal genotypes. For ex-
ample, researchers and community groups in Fiji work
closely to design small, locally managed protected ar-
eas that are refuges for heat tolerant corals, their photo-
symbionts, and diverse reef-fish assemblages (Clements
et al. 2012). As our oceans face mounting stressors,
we must apply these types of creative conservation ap-
proaches to other marine foundation species.

A key component of climate-smart resilience and
future-proofing ecosystems is the ability of plants and
animals to evolve in response to stressors. Resilient
habitats are either protected from localized stressors or
inhabited by genotypes that can withstand the stress. We
suggest that successful coastal management strategies
for foundation species such as eelgrass will involve (1)
pinpointing habitats that are resilient to climate stress
and (2) identifying or engineering resilient genotypes.
Our focus in this paper is to show an approach to rapidly
identifying eelgrass meadows that are resilient to cli-
mate and disease stressors. However, it is key to un-
derstand that successfully managing regional founda-
tion species will likely involve preserving a portfolio of
both stressed and resilient sites to assist evolution of re-
sistance to heat and pathogenic stressors. While an un-
healthy site may not likely thrive in the future, it may
harbor unusual heat- or disease-resistant genotypes. In
this way, one way forward to climate-smart manage-
ment is to maintain a portfolio of “good and bad” sites
that encompass a variety of environmental conditions
to maintain genetic variants (Fox et al. 2021; Colton et
al. 2022).

Although we emphasize the value of identifying and
conserving resilient sites as a first line of attack, future-
proofing seagrasses will also involve managing for ther-
mal tolerance (Serrano et al. 2021). New work is un-
derway to test approaches to engineering heat resis-
tance in seagrasses. In the first report of stress mem-
ory in seagrasses, plants that were exposed to an ini-
tial, simulated heat wave had significantly higher pho-
tosynthetic capacity, leaf growth, and chlorophyll a con-
tent when exposed to a second simulated heat wave,
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compared to plants that had not experienced the ini-
tial heat wave (Nguyen et al. 2020). Further, recent
experiments with the Mediterranean seagrass Posido-
nia oceanica demonstrated that seedlings primed to
a simulated warming event performed better than
unprimed controls, reflected by improved physiology
and growth rates and high expression of genes as-
sociated with stress, photosynthesis, and epigenetics
(Pazzaglia et al. 2022). Experiments with eelgrass ex-
posed to a simulated heat wave revealed that previous
heat treatments altered plant morphology and growth
across multiple generations and years (DuBois et al.
2020) and that cold-water adapted plants could not re-
cover (Franssen et al. 2011). Recent mesocosm exper-
iments also demonstrated that eelgrass exposed to el-
evated seawater temperatures (+5.6°C) for 1-2years
had compromised shoot production rates and elevated
disease prevalence and severity in the summer, indi-
cating that warming ocean temperatures could impact
long-term eelgrass declines in Puget Sound, Washing-
ton, USA (Breiter et al. 2024). Collectively, this work
suggests that the thermal conditions in which plants
live influence their heat tolerance; exposing seagrasses
to increased thermal stress could prime them for future
warming conditions or they could be bred for thermal
resilience (Pazzaglia et al. 2021).

A front line of attack in climate-smart conservation
is developing metrics of resilience that can aid rapid,
wide-scale assessments to predict future success. While
the sensitivity of corals to bleach when heat stressed is
an extremely useful metric of condition, other founda-
tion taxa such as seagrasses do not reliably bleach, and
other measures of stress and resilience are needed. We
suggest the use of selected disease syndromes of sea-
grasses such as eelgrass that are known to vary with
heat stress as indicators and initial proxies for heat- and
disease-resistant genotypes and locations. Identification
of presumptive resilient meadows and genotypes is only
the beginning, but proxies for resilience can shorten the
time needed to future-proof marine habitats. As such,
we suggest that eelgrass disease can be a useful indica-
tor for meadow resilience.

These collective examples provide an option for a
way forward in future-proofing our coastal ecosystems
for resilience. Managers can detect and incorporate re-
silient sites or refugia into MPA networks to help ma-
rine organisms survive in rapidly changing environ-
ments. At the same time, impacted sites can naturally
select for rare, heat- or disease-tolerant individuals that
could be used in assisted evolution approaches, includ-
ing restoration focused on resilient genotypes. To ef-
fectively safeguard these valuable marine ecosystems
against climate and disease stressors, we suggest an ap-
proach that not only protects and conserves a port-
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folio of habitats that are connected (Harrison et al.
2020; Gignoux-Wolfsohn et al. 2024) and at risk from
long-term loss from anthropogenic stressors (e.g., over-
fishing, pollution), but also assists evolution to en-
hance species resilience. More broadly, conservation
initiatives such as MPAs, management, and restoration
of habitats such as eelgrass need to be strategically im-
plemented in targeted areas and expanded to increase
impacts (Langhammer et al. 2024).
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