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Synopsis F ounda t iona l hab i tats such as sea gras ses and coral r eefs ar e at s e vere risk glob a l ly from c limat e wa rming. Inf e ct ious 
di sea se a ssoci ated w it h war min g ev en ts is both a ca use of declin e an d an in dicato r o f s tres s in both hab i tats. Sin ce n ew ap- 
pr oaches ar e ne e de d t o det e ct refug ia and desig n c limat e-smart n etwor ks of marin e prot ect ed areas, we t est t he hypot hesis t hat 
th e h eal th o f e elg rass ( Z os t era m arin a ) in tem pera te ecosystems can serve as a proxy indicative of higher resilience and help pin- 
point refug ia. E elg rass m eadows wor ldwide are at ris k fr om envir onmenta l st ressor s, inc luding c limat e wa rming a nd di sea se. 
Di sea se ou tb reaks o f Lab yri nthula zos t er ae are associa te d with re cent, widespread de clines in e elg rass me adows t hro ugho ut 
the San Ju an Isl and s, Wa shingt on, USA. Mac hine l angu age le ar ning, dron e surveys, an d m ole cu l ar di a gnos tics reveal c limat e 
impacts on sea gras s was ting dis eas e pre valence (p ropo rtio n o f infe cte d indiv idu als) and s e veri ty (p ropo rtio n o f infe cte d leaf 
ar ea) fr om Sa n Diego, Calif orni a, to A l aska. G iv en t hat war mer tem pera tures favor many pa thog en s suc h as L. zo s t erae , we hy- 
pot hesize t ha t absen t or low di sea se severity in meadows could in dicate ee lgrass resilien ce to climate and pathogenic s tres sors. 
Reg iona l surveys s h owed th e Sa n Jua n Isla nd s a s a ho tspo t for bo t h high dise as e pre valen ce an d s e v erity, and surv eys thro ugho ut 
t he Nort he ast Pacific indicated higher prevalence and s e verit y in intertid al, rat her t han subt ida l, me adows. Furt her, amo ng si tes 
with e elg rass de clines, losses wer e mor e pr on oun ced at sites with sha l lower e elg ras s meadows. We s ugges t that deeper meadows 
wit h t he lowest dise as e s e verit y w i l l be r efuges fr o m fu ture wa rming a n d path ogenic s tres so rs in the No rt he a st Pacific. Di sea se 
mo ni to ring may be a useful co nservatio n app roach fo r ma rine f oundat ion spe cies, a s low or absent di sea se severity can pin- 
poin t resilien t ref ugia t hat s h ould be p rio ri t ize d fo r fu ture co nservatio n effo rts. Even in declining or at-risk hab i t ats, dise ase 
surveys can h e lp identify m e adows t h at m ay contain espe cia l ly resi lient indiv idu als fo r fu tur e r esto ratio n effo rts. Our app roach 

of using dis eas e as a pulse point for e elg rass resi lience to mu lt iple st ressors cou ld be applie d to other hab i tats such as co ra l re efs 
to inform conservation and m an agement deci sions. 
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ntroduction 

roun d th e wor ld, th ere is in creasin g ur g ency for im-
 roved co nservatio n effo rts to sa f egua rd our pla net a nd
iota a gains t c limat e c han g e . Climat e s tres s is erod-

ng our highest b iodiversi t y found at iona l hab i tats such
s coral reefs and sea gras ses ( Ramírez et al. 2017 ;
ma le et a l. 2019 ; Wernberg et a l. 2024 ). Pathog en s
 ueled by war ming tem pera tures f urt her stra in orga n-
 sms, pu s hing th em—in som e cases—to th e b rink o f
 dvance A ccess publicat ion Ju ly 25, 2024 
C Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
ndan g erment ( Harv el l et a l. 2019 ; G rav em et al.
021 ). Amid mounting pres s ure from heat waves and
athog en s, implementin g tim e ly strat egies t o enhance
esilience of marine foundation species is crucial. One
pproac h is t o increa se m arine prot ect ed areas (MPAs).
 or exam ple , the Unit e d Nat ion s esta blis h e d a glob a l
ar g et to protect 30% of glob a l ocean wat er s and land
rea by 2030 ( Co nventio n o n Biolog ica l Diversity 2022 ),
n d n ew reg iona l prog rams such as Un loc king B lue
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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Pacific P rosperity a re creating o p po rtuni ties to imple-
ment wider co asta l prote ct ions ( Un loc king B lue Pacific
Prosper ity ). In t h e Was hingt on stat e , the recent Sen-
ate Bi l l 5619 re quires th e implem entatio n o f a co nser-
vation plan to protect and restore 10,000 acres ( ∼4050
ha) of kelp and e elg rass ( Z os t era m arin a ), a tem pera te
sea gras s, thro ugho ut the state by 2040 (SB 5619, 2022).
Idea l ly, lar g e swath s of the co ast cou ld be prote cte d and
m an aged to bolster resiliency, but, pract ica l ly, spe cific
e elg rass meadows and kelp beds ne e d to be st rateg i-
ca l ly ident ifie d and p rio ri t ize d for conservation to reach
t his t ar g et. In this time of simultaneous oppo rtuni ty and
shif ting oce an s tres s, a clear p rio ri ty is learning how
to identify clima te-resilien t si tes fo r co nservatio n and
m an agement in a rapid ly chang ing ocean ( Ti ttenso r et
a l. 2019 ; Wi lson et a l. 2020 ; Grorud-Co l vert et al. 2021 ;
Doxa et al. 2022 ). 

New approaches to design “clim ate-sm art” n etwor ks
of marine reserves include iden tifying clima te refugia
( Ara f eh-Dalmau et al. 2023 ). An essent ia l first step in
identifying p rio ri ty co nservatio n area s i s dev elopin g re-
liab le, earl y measures of resilience. We s ugges t that eval-
uating the he alt h of resident biota, p art icu lar ly foun da-
t ion spe cies, ca n be a n effe ct ive , int eg rat ive appro ac h t o
as ses s coas ta l resi lience. 

Part icu larly im portan t biota are foundation species
such as corals and sea gras ses, which have experienced
dramat ic de clin es in th e l ast dec ade a nd a re at s e vere
risk glob a l ly from c limat e wa rming ( Ra míre z et a l. 2017 ;
Sma le et a l. 2019 ; Wernberg et a l. 2024 ). Se a sur face
tem pera tur es set r ecor d highs in 2023 ( Cheng et al.
2024 ), a nd ma r ine he at waves ar e pr oj e cte d to increase
in frequency and intensity ( Oliver et al. 2019 ). Direct
an d in dire ct effe cts of c limat e c han g e an d h eat waves
pose significant t hre ats to marine foundation species
( Sma le et a l. 2019 ; Smith et al. 2023 ; Wernberg et al.
2024 ). Direct heat s tres s can kill corals (re vie wed in
Wernberg et al. 2024 ) and sea gras ses. F or exam ple,
1300 km 

2 of sea gras s meadows col lapse d in Shark Bay,
Wes tern Aus t ra lia, fol lowing the 2011 marin e h eat wave
( Serrano et a l. 2021 ). Therma l st ressors imp act individ-
ua l spe cies and erode co mmuni ty an d ecosystem fun c-
tions. Th e Shar k Bay sea gras s die-off res u lte d in the de-
cline of many sea gras s-as sociated s pe cies, rang ing from
sea snakes to d ugo ngs, and co mp ro mised th e m eadow’s
ecosystem services ( Serrano et al. 2021 ). Thus, warm-
ing ocean tem pera tures can have cascading e colog ica l
effe cts, p art icu lar ly wh en foun dat ion spe cies are at risk.

O ce a n wa rming ca n al so heighten di sea se ri sk ( Bur g e
et a l. 2014 ; Harvel l 2019 ; Harvel l et al. 2019 ; Tracy et al.
2019 ; Groner et al. 2021 ; Aoki et al. 2022 ), and the com-
b inatio n o f wa rming a nd di sea se accelerates species de-
clines ( Aoki et al. 2023 ; Wernberg et al. 2024 ). Surv ey ed
sea gras s meadows have lost an est imate d 19% glob a l ly
sin ce th e 1880s ( D unic et a l . 2021 ), due t o warming,
anthr opogenic str essors, an d path og en s, includin g the
pr otist Lab yri nthula zos t er ae , the ca usa tiv e ag ent of sea-
gra ss wa sting di sea se. Hi storic di sea se ou tb rea ks de ci-
mate d e elg rass a long the Atlant ic Co asts of the United
States and Europe ( Renn 1936 ) and con tin ue today, es-
pe cia l ly in the Northeast Pacific. In p art icu lar, high dis-
eas e s e veri ty co incides wi t h war mer se a sur face tem-
peratur es ( Gr oner et al. 2021 ; Aoki et al. 2023 ) and
widespread e elg rass de clines ( C hrist iaen et a l. 2022 ) in
the Sa n Jua n Isla nd s, Wa shington, USA ( Fig. 1 A–C).
De clining e elg ra ss m ay be less r esilient to incr easingly
intense and frequent marin e h eat waves and pathogenic
s tres sors s uch as L. zos t erae. Mo ni to r ing t his ecolog-
ica l ly sig nificant p athogen acr oss br o ad sp at iotempo-
ra l g radients ne cessit ates cre ative , int erdi sciplin ary ap-
proac hes suc h a s m achine l angu age le ar ning an d dron e
surveys. 

Machine l angu age le ar ning ( Rappazzo et al.
2021 ; Fig. 1 D and E) and drones ( Aoki et al. 2023 ;
Yang et al. 2023 ) are valuable tools that enable rapid,
accura te quan tifica tio n o f di sea se co ndi tio ns and al-
low for lar g er-s cale dis eas e surve ys. Dis eas e surve ys
p aire d with an art ificia l intel ligence prog ram, drone
mapping, an d m ole cu lar diag nost ics revea le d increase d
L. zos t erae risk at warming sites from San Diego,
Californi a, to A l aska ( Aoki et al. 2022 , 2023 ). At the
sam e tim e, oth er surveys quant ifie d lower di sea se in
de eper e elg ras s meadows, s ugges ting t hat t hey may
p rovide val uable r efugia fr om c limat e and di sea se stres-
sors ( Jako bs so n-Tho r et a l. 2018 ; Gra ham et a l. 2023 ;
Fig . 2 ). This, coupled w ith re cent de clin es in th e San
Ju an Isl an ds, un derscores th e n e e d for f urt her inves-
t igat io n o f regio n al seagra ss wa sting di sea se ri s k an d
e elg rass de c line , with a focus on thinking ahead to
ident ifying sig ns of meadow resilience and locations of
r efugia fr om c limat e s tres s. 

Severa l appro ac hes t o b o ost ing co asta l resi lience in-
clude designing clim ate-sm art MPAs and a ssi sted evo-
l u tio n. Clim ate-sm art MPAs h e l p bolster b iodiversi ty
and su ppo rt e cosystem resi lience t o c limat e c han g e
s tres so rs, by increasing ei ther o r ganism s’ tolerance or
ab ili ty to adapt ( Merwin et al. 2020 ). Although they can-
no t pro tect a gains t a l l c limat e s tres sors, we ll-design ed
MPA n etwor ks can mitigate damage by p ro moting re-
silien ce an d in c luding c limat e refugi a. R ecent studies
s h ow th e val ue o f MPAs in c limat e p roo fing o r aid-
in g recov ery from t her ma l st ress (Ara f eh-Da lmau et a l.
2023 ; Smith et al. 2022 ; Ziegler et al. 2023 ). For ex-
a mple, f ollowin g a 2-y ea r ma rin e h eat wave n ear Cal-
ifornia, fish trop hic di versity increased faster in MPAs
comp are d to reference sites ( Ziegler et al. 2023 ). In Baja
California Sur, Mexico, pin k and g re en ab a lone re cov-
er ed mor e rapid ly in no-ta k e reserves tha n non-reserves
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Fig. 1 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). 
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ollowing a m a ss mo rtali ty event ( Smith et al. 2022 ).
h ese studies un derscore th e value in establis hing
PAs to expand the cov erag e o f p rote ct io ns fo r our

cea ns a n d h e l p fu ture-p roo f marine environments
ro m mul ti ple s tres sors. 

He alt h is a vital metric in fu ture-p roo fing foun-
at iona l e cosys tems s uch as coral reefs and sea gras s
 eadows. On e hypoth esi s i s th at infe ct iou s di sea se can

e quant ifie d in one-t ime surveys to gauge future re-
ilience. Mo ni to ring foundatio n s pecies s uch as e elg rass
an be espe cia l ly usefu l in eva luat ing co asta l resi lience,
s they are widely considere d sent inels of marine he alt h
 Purvaja et al. 2018 ). New tools such as drone imagery
r ovide incr easingly mor e efficient ways to scale up
i sea se an d h e alt h surv eys ( Yan g et al. 2023 ). Di sea se
o ni to ring i s u seful not only for identifying resilient
e adows t hat s h ould be p rio ri t ize d for conservation

ffo rts, bu t also fo r hig hlig h ting a t-risk sites exposed
o s tres sf ul environment al co ndi tio ns. Un derstan ding
hic h sit es are at t he br ink of st abi lity is e qua l ly va lu-

ble, as the remaining indiv idu als in these cha l leng ing
nvironments could be espe cia l ly resi lient. These cou ld
hen be used in co nservatio n effo rts such a s a ssi sted
vol u tio n, an app roach th at i s proving to be increas-
n gly valua ble for futur e-pr oofing cora ls ( Pa lumbi et al.
014 ; Morikawa and Pal umb i 2019 ; Col to n et al. 2022 )
nd potent ia l ly seag rasses ( Pazzaglia et al. 2021 ) against
arming tem pera tur es. Her e, we pr ovide a case study of
 limat e and dis eas e impacts to eelgrass meadows in the
ort he a st Pacific, emph a size th e n e e d fo r p re dict ive re-

ilien ce mapping, an d re vie w ne w approac hes t o lever-
g ing hea lth surveys in sea gras s meadows as a proxy for
utur e r esi lience. We a lso draw conne ct ion s to lesson s
e ar ned from MPA development and a ssi sted evol u tio n
o r co rals, an oth er marin e foun dat ion spe cies, and sug-
est approac hes t o int eg rat ing these into co nservatio n
fforts f or sea gras ses and other species. 

ethods 

nork el surv eys and disease analyses 

o as ses s the value of e elg rass hea lth as a p roxy fo r
 eadow resilien ce to di sea se an d th erma l st ressors, we

urv ey e d 11 subt ida l e elg rass me adows t hro ugho ut the
a n Jua n Isla nds in June and July 2023. We sele cte d sites
i th a histo ry o f lo ng-term mo ni to ring to eval uate 20-

ea r cha nges in meadow extent and di sea se a s ses sments.
or each surv ey, w e r ecor ded the start tim e an d en d tim e
n d m e asured t he st arting dept h from t he sur face us-
ng a t ranse ct 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 f ollo ws: AK, Alaska; BC, British Columbia, Canada; SJ, San Juan Islands, Washington; PS, 
Puget Sound, Washington. 
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to adjust the depth m easurem ents for each site to me-
t er s relative t o mean lo wer lo w wa ter. F or each survey,
we col le cte d 20–25 s h o ots p er meadow, col le ct ing one
s h oo t ap proximately ev ery 3 m, swimmin g p ara l lel to
s h ore to sam ple a t a consistent depth. Given the range
of meadow sizes and extent, we sampled the middle of
e ach me adow to avoid e dge effe cts, ta king 10 big “kicks”
from an edge before beg inning col le ct ions. Fol lowing
each surv ey, w e stored s h oots an d seawat er in Ziploc k
bags on ice until lab processing within 1–4 h. 

Becau se di sea se can vary by leaf age ( Groner et al.
2014 ), we sta nda rdized t he age of t he le a f used f or dis-
ea se an alyses. In the la b, w e remov ed the se cond-ran k
leaf at the top of the she at h, gent ly removed ep i phytes
using flexible rulers, a rra nged leaves on t ransp arencies,
a nd sca nned them using a C annon C a noSca n LiD E 220
scanner at 600 d p i resol u tio n to capture precise images.
Subse quently, we ran a l l images through th e Ee lgrass
Lesion Image Segmen ta tion A n alzer (EeLISA), an ar-
t ificia l intel ligence a pplica tion tha t ra pidly and accu-
rate ly m e asures t he are a of dise ased an d h e alt hy tis-
sue on e elg rass leaves ( Rapp azzo et a l. 2021 ; Aoki et a l.
2022 , 2023 ; Graham et al. 2023 ). We per for med all dat a
o rganizatio n, an alysi s, and vi sua lizat ion in R ( R Core
Team 2023 ). 

We lev erag e d fine-sca le di sea se severity (proportion
of leaf area covered in lesions) as a key indicator for
e elg rass hea lth ( Aoki et a l. 2022 ; Gra ham et al. 2023 ).
To see wh eth er th er e wer e s tatis tic ally signific ant dif-
ferences in mean di sea s e s e verit y bet w een sites, w e ran
a Kruska l–Wa l lis test using th e “krus kal .t est” function,
which is part of the s t ats package (version 3.6.2) in base
R. As data were not norma l ly dist ribute d, we use d a
non-pa ra metric test. 

Eelgrass 20-year change surveys and data analyses

G iv en the r ecent, widespr ead declines in eelgrass in
the Sa n Jua n Isla nds, w e re-surv ey e d e elg rass mead-
ows thro ugho ut the Sa n Jua ns t o identify c han g es in
meado w extent o v er 20 y ears. At 21 embayments, w e
col le cte d towe d underwater video footage along 10 or
m ore ran domly se lec ted transec ts, oriented p erp en-
dicular to s h ore, using a camera mounted on a tow-
fish th at w e tow ed a pproxima tely 1 m a bov e the sedi-
ment surface. At most embayments, we first surv ey ed
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Table 1 Seagrass wasting disease severity and depth at meadows 
throughout the San Juan Islands, Washington, USA, surveyed in 
summer 2023. 

Site name n 
Site depth 

(m) 

Mean disease severity ±
SE 

(% 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 ± 0.25 

North Cove 25 −2.55 0.82 ± 0.54 

North Shore 22 −2.33 1.49 ± 0.81 

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 2.25 ± 1.13 

Fisherman’s Bay 23 −1.72 5.38 ± 1.96 

Hunter Bay 21 −1.66 1.07 ± 0.71 
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n 2003/2004 and s ubsequently re-s urv ey ed in summer
023 using the same set of t ranse cts. We ana lyze d the
ideo footage to identify eelgrass presence or absence
t 1 s interval s, a ssociat ed eac h observatio n wi th GPS
nd depth data, and ca lcu late d the length of the v eg e-
ate d port ion of t ranse cts in ArcGIS, a ge og raphic in-
o rmatio n system so ftware. To as ses s wh eth er m eadows
han g ed ov er time, w e compared the v eg etated len gth
long repeat transects at each site using p aire d t -tests
 i a the “t.test” function in base R. If data were not nor-
a l ly dist ribute d, we use d a Wi lcoxon sig ne d-ran k test

nst ead . We v isu a lize d the sha l low and de ep e dges of
eadows at each site with boxplots of the depths of a l l

 elg ras s o bservatio ns per si te d ur ing t he init ia l survey. 

esults 

isease surveys 

i sea se severity varied am ong th e 11 init ia l sites
Kruska l–Wa l lis test, χ2 (10, n = 251) = 60.12,
 < 0.001; Table 1 ). S it e-leve l m e an dise as e s e verity
an g ed from 0% at Beach Haven, Orcas Is lan d, an d
alse Bay, Sa n Jua n Isla nd to 5.38 ± 1.96% SE at Indian
ove , S haw Is lan d. Init ia l ana lyses indica te tha t deeper
eadows had re duce d di sea se—p art icu lar ly th ose be-

ow −2 m mean lower low wa ter—com p are d to sha l-
o wer meado ws ( Table 1 ). 

elgrass 20-year change analysis surveys 

 it es with e elg rass de clines out numbere d sites with in-
reases 3 to 1 in the Sa n Jua n Isla nds ( Table 2 ). Most sites
ith e elg rass de clin es were s ha l low. L osses o ccurred

hro ugho ut the bed but were often most pron oun ced
n sha l low are as ne ar t he he ad of t he bay. At some
ocations, s uch as Wes tcott Bay an d Blin d Bay, ee lgrass
omp letel y dis appe ar ed fr om the sha l lower head of the
mb ayment. We observe d the o p posit e patt ern at sit es
it h incre ases in e elg rass cover. Here, e elg rass tende d

o grow at deeper depths and gain s w ere mostly found
n the subt ida l ( Fig. 3 ). 

iscussion 

Key fin d i ngs fro m lo ng-term eelgras s mo nito ring 
Fro m 10 years o f surv eyin g sea gras s was ting dis eas e 
dynamics in the San Juan Is lan d s, Wa s hington, an d 

20-yea r cha nge a na lyses of e elg rass meadows, we 
foun d th e following: 

(1) High di sea se prevalence was associated with 

war ming oce an tem pera tures along the Pacific 
Co ast, USA ( Groner et a l. 2021 ; Aoki et a l. 2022 ; 
Graham et al. 2023 ). 

(2) A 10-y ear surv ey s h owe d reg ion-wide de clines in 

e elg rass shoot den sity (av erag e 14.05% loss across 
a l l sites) and increases in sea gras s was ting dis- 
eas e pre valence (av erag e 9.17% incr ease acr oss a l l 
si tes), wi th a 56.14% increase d pea k in preva lence 
in 2018 ( Fig. 1 ). 

(3) Me an dise as e s e verity was three times lower in 

de eper, subt ida l meadows comp are d to sha l lower, 
intert ida l meadows at the same site ( Graham et al. 
2023 ; Fig. 2 ). 

(4) At 21 embayments in the San Ju an Isl ands, 13 sites 
w ith intertid al an d s hallow su btidal ee lgrass de- 
c lined , while 4 sites with deeper eelgrass beds were 
stable and 4 increased over 20 years ( Fig. 3 ). 

(5) Dro ne mapp ing in so me locatio ns det ect ed sea- 
gra ss wa sting di sea se ( Aoki et al. 2023 ; Yang et al. 
2023 ). 

We advance the hypothesis that he alt h is one use-
ul proxy for e elg rass resi lience and is a valuable tool
or as ses sing resilien t and a t-ris k m e adows for f uture
 reservatio n. We s ugges t di sea se surveys can h e l p p in-
 oint sp ecific me adows t hat ar e mor e r esilient t o c li-
ate and pathogenic s tres sors and that can be pri-
 ri t ize d for fu ture co nservatio n effo rts, directly su p-
orting the statewide effort to protect 10,000 acres
 ∼4050 ha) of the Washingt on stat e e elg rass a nd k elp
n the next 16 years (SB 5619, 2022). Our study sup-
orts th e em er gin g hypot hesis t hat some de eper e el-
rass meadows are refugia a gains t c limat e and dis-
ase s tres sors, as we found re duce d di sea se at deeper
i tes, co nsistent wi th p revious s tudies ( Jako bs so n-Tho r
t a l. 2018 ; Gra ham et a l. 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 11 t = −4.52 < 0.001 Decline 

Blind Bay 2003–2023 Wilcoxon 38 W = 0 < 0.001 Decline 

Fisherman Bay 2003–2023 Paired t -test 23 t = −2.07 0.050 Decline 

Garrison Bay 2003–2023 Wilcoxon 13 W = 0 0.006 Decline 

Hunter Bay 2002–2023 Paired t -test 14 t = −3.72 0.003 Decline 

Picnic Cove 2004–2023 Wilcoxon 13 W = 0 < 0.001 Decline 

Pr ev ost Harbor 2003–2023 Paired t -test 10 t = −3.59 0.006 Decline 

Reef Net Bay 2006–2023 Wilcoxon 14 W = 30 0.173 Potential 
decline ∗

Secret Harbor 2010–2023 Wilcoxon 11 W = 0 < 0.001 Decline 

Shallow Bay 2003–2023 Paired t -test 12 t = −4.4 < 0.001 Decline 

Shoal Bay 2003–2023 Wilcoxon 17 W = 0 < 0.001 Decline 

Swifts Bay 2004–2023 Paired t -test 23 t = −5.41 < 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 = 61 0.092 Potential 
increase ∗∗

Salmon Bank 2003–2023 Wilcoxon 13 W = 69 0.021 Increase 

Thatcher Bay 2003–2023 Paired t -test 14 t = 3.51 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 

∗Anal ysis of ad ditional samples, taken in diff er ent y ears, suggests substantial decline in an area not cov er ed by the simple random sample of transects 
repeated in 2006 and 2023 
∗∗Significant at alpha = 0.1 
Data w er e tested using either pair ed 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. 
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a nalyses, we a im to exa min e th e re lations hip between
me adow st ab ili ty and di sea se ri sk. O ur resu lts a lig n
with re cent ana lyses o f a 12-year resto ratio n p roj e ct
in Virginia, wherein depth was a crit ica l pre dictor of
both e elg ras s res to ratio n s ucces s an d resilien ce fol-
lowing marin e h eat wave disturb ance; e elg rass at in-
t ermediat e depth s, ran gin g from −0.8 to −1.5 m be-
low me an se a lev el, surviv ed lon g er followin g restora-
tio n co mpared to shallower or deeper sites ( Aoki et
al. 2020 ). Th e sam e like l y app lies to e elg ra ss clim ate
and di sea se r efugia, which pr esumab l y exist a t in ter-
media te depths. Na turally, th ere is n ot a “on e-size-fits-
a l l” appro ac h t o marine co nservatio n and c limat e re-
siliency, so our s ugges t ed approac h of using dis eas e
as an indicator for e elg rass resi lience may not be ap-
p rop riate fo r a l l meadows glob a l ly. How ev er, it can be
a valuable tool in some regions, such as the North-
e ast Pacific, t hat have high dis eas e le ve ls an d dra-
mat ic e elg rass de clin es coin ciding wit h war ming oce an
tem pera tures. 
Fu ture-p roo fing foundatio n al h ab i tats ( Jackso n et al.
2014 ; Wo o d et al. 2019 ) for c limat e resilience is the
m an agement ch a l lenge of our time. As climate s tres s
con tin ues to in tensify, pin poin t ing pre dict or s of fu-
tur e r esilience to pr ote ct va lua ble ha bitats s h ould be a
first line of attack, as con servin g ha b i tats is faster and
les s risk y and cos t ly t han restor in g damag ed ha b i tats
( A rico 2024 ). New, clim ate-sm art resto ratio n m eth ods
can then serve as us eful, s eco ndary app roach es. In deed,
un derstan din g driv ers of e elg rass hea lth can h e lp in-
fo rm resto ratio n app roach es an d m e et—or exce e d—
hab i t at t arget go a ls and improve sp ecies mo dels un-
der future c limat e c han g e scena rios ( Wa rd a n d Be h es hti
2023 ). A cent ra l tenet of resto ratio n ecology is t hat t he
dama ging s tres sor(s) mus t b e removed b efor e r estora-
tion can be s ucces sful ( Ho b bs a nd Ha r r is 2001 ), and
thi s i s n ot possi ble a s clim ate s tres s in tensifies. Recen t
analyses of 82 eelgras s res to ratio n p rojects spanning the
Wes t Coas t, USA, indica ted tha t 32.3–59.6% o f resto ra-
tion plots were uns ucces sful, depen ding on h ow suc-
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Fig. 3 Boxplot of eelgrass depth observations during the initial survey of a 20-year change analysis at 21 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 ( −1.4 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 w er e mostly stable or increasing. 
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ess was defined ( Wa rd a nd Beheshti 2023 ). As such, it
an be much more valuable and effe ct ive to pro act i vel y
rot ect stable , heal thy hab i tats such as e elg rass rather
han so lel y rel ying o n resto ratio n to revive deg rade d
ab i tats. 

Designing c limat e-smart MPAs is a power f ul ap-
 roach fo r co n servin g resilient m arine h ab i tats. On-
 oin g monitorin g program s c an prov ide valu able in-
igh ts in to th e h e alt h and st ab ili ty o f marine species,
uch as the Washington State Dep art men t of Na tural
esources’ Su bm er g ed Veg etatio n Mo ni to ring P rogra m
 C hrist iaen et a l . 2022 ), whic h trac ks t he st atus and
rends of sea gras ses s tat ewide . Int eg rat ing hea lth met-
ics into similar mo ni to ring p rogra ms ca n provide a n-
th er valuable in dicato r fo r resilien ce an d hig hlig ht key
i tes fo r co nservatio n and/o r resto ratio n activi ties such
 s a ssi sted evol u tio n. Of cour se , wh en deve loping cre-
t ive, t im e ly m eth od s for m arine co nservatio n, i t is im-
erative to share and le ar n from s ucces sfu l conservat ion
pp roaches fo r ot her mar in e foun dat ion spe cies. Whi le
 limat e-smart co nservatio n app roac hes suc h as identi-
ying c limat e refugia and a ssi sted evol u tio n are still rel-
ti vel y new in the sea gras s world ( Pazza glia et al. 2021 ),
h ey are m ore advan ced fo r co ra l re efs d ue to co rals’

or e narr ow t her mal tolera nces a nd thre e de cades of
atast rophic de clines from ocea n wa rming. As such,
oral r esear ch ca n inf orm potent ia l fu ture-p roo fing ap-
roac hes t o help secure the survival of s eagrass es and
t her mar ine foundat ion spe cies. For example, whi le
 limat e fore cast ing s h ows cora l re efs that are vu lnerable
o f uture he at and dise ase s tres s ( Maynard et al. 2015 ),
t also indicates locations with a history of heat s tres s
h at h ave be en va luable a reas f or natura l sele ct io n fo r
 uture he a t resilience ( Drury 2020 ; F ox et al. 2021 ). Just
 s di sea se surveys hig hlig ht deeper, he alt hier eelgrass
eadows as p rio ri ty co nservatio n si tes in the No rth-

a st Pacific ( Grah am et al . 2023 ), so t oo do these c limat e
roj e ct ions s h ow key cora l re efs f or ta r g et ed , proactive
o asta l managemen t a pproac hes, inc l uding b re e ding for
 her mal tolerance or preservation as refugi a. R ecent ef-
o rts in co ral co nservatio n incl ude t he se a rch f or “su-
er corals” ( Pal umb i et al. 2014 ; Mo rikawa and Pal umb i
019 ; Col to n et al. 2022 ), he at-resist ant genotypes that
 ay exi st a s remn ant po p u lat ions in heat-st resse d areas.
One approac h t o fu ture-p roo fing co ra l re efs is to

 ssi st evol u tio n o f heat o r di sea se t olerance . Mu lt i-
le grou ps wo rldwide are wo rking to select for heat-
esi stant coral s, inc luding St eve Pal umb i a nd his tea m,
h o see k ou t co ra l re efs tha t are un usua l ly heat resis-

a nt a nd ha rbor unusua l genet ic st rains ( Pa l umb i et al.
014 ; Mori kawa and Pa lumbi 2019 ; Cornwel l et a l. 2021 ;
a l ker et a l. 2022 ). Wor king in Palau, th eir team vi-

ua l ly eva l uates co ral bleaching and mo rtali ty follow-
ng s h ort-term h eat s tres s ( Cornwel l et a l. 2021 ; Wa l ker
t al. 2022 ) and aims to identify “super reefs” that have
xperien ced an d s urvived unus ual wa rming a nd could
e p rio ri t ize d fo r fu ture co nservatio n effo rts. Fo r ex-
mple, reci p rocal co ral tra nspla nts s h owed t hat t hose
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from warmer areas had en hance d t her ma l resi lience
comp are d to cora ls from cooler reg ions ( Pa lumbi et a l.
2014 ). Furt her, af ter t he 2015 he at wave in American
Samo a, nursery cora l stock from heat tolerant parents
demonst rate d two to three times less bleaching than
co rals fro m less hea t toleran t paren ts ( Morikawa and
Pal umb i 2019 ). They named this approach of raising
t her ma l ly resi lient cora l g enotypes “con servation en gi-
neer ing” ( Mor ikawa and Pal umb i 2019 ). Various ap-
proac hes t o con servation en g ine ering are underway in
m any h ab i tats wo r ldwide ( Ibáñe z et a l. 2013 ; Hav en s et
al. 2015 ; Pazzaglia et al. 2021 ). What stands out in these
examples is the use of proxies in init ia l desig n to expe-
dite th e tim e n e e de d to sele ct o p t ima l genotypes. For ex-
a mple, resea rc her s and co mmuni ty grou ps in Fiji work
c losely t o desig n sma l l, loca l ly m an age d prote cte d ar-
e as t hat are refuges for heat tolerant corals, their photo-
symb io nts, an d diverse reef–fis h as sembla ges ( Clements
et al. 2012 ). As o ur oceans face mo unt ing st ressors,
we must app l y these types of creative co nservatio n ap-
proac hes t o ot her mar in e foun dat ion spe cies. 

A key co mpo nent o f c limat e-smart resilience and
fu ture-p roo fin g ecosystem s is the a b ili ty o f pla nts a nd
anim al s to evo l ve in response to s tres sors. Resilient
hab i tats are either prot ect ed from localized s tres so rs o r
inhab i ted by genotypes that can wit hst and t he s tres s. We
s ugges t that s ucces sfu l co asta l m an a gement s t rateg ies
f or f oundat ion spe cies such as e elg rass wi l l invo l ve (1)
p inpo intin g ha b i t ats t hat are resilient t o c limat e s tres s
and (2) identifying or eng ine ering resi lient genotypes.
Our focus in this paper is to s h ow an approach to rapidly
ident ifying e elg rass me adows t hat ar e r esilient t o c li-
m ate and di sea se s tres sors. How ev er, it is key to un-
derst and t hat successf u l ly m an ag ing reg iona l founda-
t ion spe cies wi l l li kel y invo l ve preserving a po rtfolio o f
both s tres sed and resilient sit es t o a ssi st evol u tio n o f re-
sistance to heat and pathogenic s tres so rs. W hile an un-
he alt hy site may not likely t hr ive in t he f u ture, i t may
h arbor unu sual heat- or di sea se-resi stant genotypes. In
this way, one way f orwa rd to clim ate-sm art m an age-
ment is to ma inta in a portf olio of “go o d and bad” sites
tha t encom pass a variety o f enviro nmental co ndi tio ns
to ma inta in genetic va ria n ts ( F ox et al . 2021 ; Colt on et
al. 2022 ). 

Although we emph a size the value of identifying and
con servin g resilient sites as a first line of att ack, f uture-
p roo fing sea gras ses wi l l a lso invo l ve m an aging for ther-
mal tolerance ( Serrano et al. 2021 ). New work is un-
derway t o t est approac hes t o eng ine er ing he at resis-
t ance in se a gras ses. In the firs t repo rt o f s tres s mem-
ory in sea gras ses, plan ts tha t were exposed to an ini-
t ia l, simu late d heat wave had significantly higher pho-
tosy nthetic c apacit y, le af growt h, and chlorophyll a con-
tent when exposed to a second sim ula ted hea t wave,
comp are d to plan ts tha t had not exper ienced t he ini-
t ia l heat wave ( Nguyen et a l. 2020 ). Further, re cent
exper iments wit h t he Mediter rane an se a gras s Posi d o-
ni a o ceani ca dem onst rate d that se e d lings prime d to
a sim ula ted warming event per for med better than 

unp rimed co ntr ols, r eflected by impr oved p hysio logy
and growth rates and high exp ressio n o f genes as-
soci ated w ith s tres s, ph otosynth esis, an d epigen etics
( Pazzaglia et al. 2022 ). Exper iments wit h eelgrass ex-
posed to a sim ula ted hea t wav e rev ea le d th at previou s
he at tre at ments a ltere d plant m orph ology an d growth
across mu lt iple generat ion s and y ears ( DuBois et al.
2020 ) and that cold-wat er adapt ed plants co uld no t re-
co ver ( F ranssen et a l. 2011 ). Re cent meso cosm exp er-
im ents also dem onstra ted tha t eelgrass exposed to el-
e vated s eawat er t emperatures ( + 5.6 

◦C) for 1–2 years
had co mp ro mised s h o ot pro duction rates and elevated
di sea se prevalen ce an d severity in th e summ er, in di-
ca ting tha t war ming oce an tem pera tures could im pact
long-term e elg rass de clines in Puget Sound, Washing-
to n, USA ( Brei ter et a l. 2024 ). Col le ct iv ely, this w ork
s ugges ts that the thermal co ndi tio ns in which plants
live influen ce th eir h eat toleran ce; exposing sea gras ses
to increased thermal s tres s could prime them for future
warming co ndi tio ns o r they could be b red fo r t her mal
resilience ( Pazzaglia et al. 2021 ). 

A fro nt line o f attac k in c limat e-smart co nservatio n
is dev elopin g met rics of resi lience that ca n a id rapid,
w ide-sc ale as ses sments to predict future s ucces s. While
the sensi tivi ty o f co rals t o bleac h wh en h eat s tres sed is
an extrem e ly useful m etric o f co ndi tio n, o ther fo unda-
tion taxa such as sea gras ses do not reliab l y b leach, and
oth er m eas ures of s tres s an d resilien ce are n e e de d. We
s ugges t the use of sele cte d di sea se syn drom es of sea-
gras ses s uch as e elg rass that are known to vary with
heat s tres s as indicat or s and init ia l p roxies fo r h eat- an d
di sea se-resi sta nt genotypes a nd loca tions. Iden tifica tion
o f p r esumptive r esilient m eadows an d gen otypes is only
the beginning, bu t p roxies fo r resilience can s h orten th e
tim e n eeded to fu ture-p roo f marine hab i tats. As such,
w e sugg est that e elg rass dis eas e can be a useful indica-
to r fo r m eadow resilien ce. 

These col le ct ive examples provide an o p tion for a
way f orwa r d in futur e-pr oofing our co asta l e cosystems
f or resilience. Ma nagers ca n detect a n d in co rpo rate re-
silient sites or refugia into MPA n etwor ks to h e lp ma-
rine or ganism s surviv e in rapidly chan gin g environ-
m ents. At th e sam e tim e , impact ed sit es can natura l ly
select for rare, heat- or di sea se-to lerant indi v idu al s th at
cou ld be use d in a ssi sted evol u tio n app roach es, in clud-
ing resto ratio n focused o n resilient genotypes. To ef-
fe ct i vel y safeguard these valuable marine ecosystems
a gains t c limat e and di sea se s tres sors, we s ugges t an ap-
proach that not only protects and con serv es a port-
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olio o f hab i t ats t hat are conne cte d ( Har r ison et al.
020 ; Gignoux-Wo lfso hn et al. 2024 ) and at risk from

ong-term loss from anthropogenic s tres sor s (e .g., over-
shing, poll u tio n), bu t also as sis ts evol u tio n to en-
ance species r esilience. Mor e br o ad ly, conservat ion

nit iat ives such as MPAs, management, and resto ratio n
 f hab i tats such as e elg rass ne e d to be st rateg ica l ly im-
lemented in tar g eted a reas a nd expa n ded to in crease

mpac ts ( Lang hammer et al. 2024 ). 
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