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1.  INTRODUCTION

Disease outbreaks can be particularly damaging
when they affect ecosystem engineers such as corals,
oysters, and seagrasses (Burge & Hershberger 2020).
In seagrasses, wasting disease is one of myriad

 stressors associated with global population declines
(Way cott et al. 2009, Martin et al. 2016, Sullivan et al.
2018). The largest known outbreak of wasting dis-
ease occurred in the 1930s along the European and
North American coastlines of the Atlantic Ocean
(Renn 1936). During this outbreak, eelgrass Zostera
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marina meadows suffered up to 90% mortality.
Impacts of the outbreak include altered sediment
distribution, disrupted coastal food chains, and re -
ductions in fisheries and migratory waterfowl (Short
et al. 1988). In recent years, the dominant temperate
seagrass of the Northern Hemisphere, eelgrass, has
declined in some critical estuaries on both the US
Atlantic and Pacific coasts (Lefcheck et al. 2017a,
Harenčár et al. 2018), though stabilization and in -
creases of some eelgrass populations have also been
observed (Shelton et al. 2017, Lefcheck et al. 2017b).
Causes of the degradation of these complex ecosys-
tems are likely multi-factorial and are poorly under-
stood. Although disease testing is rarely done, eel-
grass wasting disease (EWD) outbreaks and elevated
temperatures are hypothesized to be contributing to
recent eelgrass declines in North America (Groner et
al. 2014, Martin et al. 2016, Lefcheck et al. 2017a,
Harenčár et al. 2018, Sullivan et al. 2018).

While marine disease outbreaks are frequently
linked to short-term changes in temperature (Burge &
Hershberger 2020), impacts of long-term warming on
disease, particularly marine heatwaves, are less well
explored (Harvell et al. 2019, Burge & Hershberger
2020). This is likely because few long-term data sets
on disease prevalence in the oceans exist, and recog-
nition of heatwaves as an important oceanographic
phenomenon is recent, having only received a techni-
cal definition in 2016 (Hobday et al. 2016). Heatwaves,
which occur when seawater temperatures exceed a
threshold (usually the 90th percentile) of seasonally
varying averaged temperatures for at least 5 consecu-
tive days, are increasing in severity, duration, and in-
tensity (Hobday et al. 2016, Oliver et al. 2018). The
longest heatwave described to date occurred in the
northeast Pacific Ocean from mid-2014 through 2016.
Frequently called ‘the blob’, this heatwave was un-
precedented in duration, intensity, and geographic
scale. It was driven by both warm surface waters com-
bined with unusually weak coastal winds that hin-
dered upwelling events (Gentemann et al. 2017). Im-
pacts of the heatwave in clu ded mass mortality of
planktivorous seabirds, widespread harmful algal
blooms, changes in plankton productivity and compo-
sition, and an outbreak of seastar wasting disease in
numerous species, including the sunflower star Pyc-
nopodia helianthoides, a keystone predator (Cavole
et al. 2016, Gentemann et al. 2017, Harvell et al.
2019). These examples demonstrate that heatwaves
can have dramatic and lasting ecosystem impacts,
and underly the critical need to understand how these
prolonged stressors alter host−pathogen interactions,
particularly in ecosystem engineers.

EWD is caused by an opportunistic pathogen,
Labyrinthula zosterae (Lz), that falls within the Laby -
rinthulomycetes (Muehlstein et al. 1991). Lz causes
intracellular infections in leaf tissue, where it moves
along a secreted mucus network to spread. Disease
signs include black or brown lesions with defined
borders and, often, a pale necrotic center (Muehl -
stein et al. 1991). Lz is sensitive to temperature, with
faster in vitro growth documented at 18°C compared
to 11°C for a strain isolated from the Salish Sea in
WA, USA (Dawkins et al. 2018). Long-term studies
(e.g. Bull et al. 2012) are needed to understand the
full effect of temperature on EWD in the field and
determine potential drivers of outbreaks. Recent
studies have correlated heatwaves to substantial sea-
grass die-offs (Strydom et al. 2020), reduced restora-
tion success (Aoki et al. 2020), and changes in fatty
acid composition (Beca-Carretero et al. 2018), show-
ing that seagrasses are sensitive to warming condi-
tions. Little is known about how prolonged tempera-
ture shifts alter seasonal and multi-year patterns in
EWD prevalence and severity or how these changes
may influence the impact of EWD on populations
(Bull et al. 2012, Groner et al. 2014, 2016, Dawkins et
al. 2018, Sullivan et al. 2018, Brakel et al. 2019).

To investigate the extent of EWD and evaluate the
hypotheses that EWD prevalence and severity are
correlated with ocean warming, we surveyed eel-
grass at 9 sites in the San Juan Islands, WA, spanning
the years before, during, and after the 2015−2016
heatwave in the northeast Pacific. We quantified pat-
terns of mid-summer EWD prevalence (% population
diseased) and severity (% of an eelgrass blade with
lesions) in the San Juan Islands from 2013−2017 and
identified correlations between seasonal variation in
remotely sensed seawater temperatures and field
measurements of EWD prevalence, EWD severity,
and eelgrass shoot density. To understand the associ-
ation between Lz and EWD lesions, we quantified Lz
infection loads in and adjacent to EWD lesions in
field-collected plants.

2.  MATERIALS AND METHODS

2.1.  Survey design

Annual EWD surveys were conducted from 2013−
2017 in late July through early August (days of the
year 201−223) at 9 sites in the San Juan Islands,
located within the Salish Sea in the Northeast Pacific
(Fig. 1, Table 1). The sites were initially surveyed in
2013 (Groner et al. 2016). All sites were then re-
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Fig. 1. Average remotely sensed
sea surface temperatures for the
San Juan Island region during
winter (labelled year‘W’; Janu-
ary− March) and mid− late spring
(labelled year‘S’; May− June)
from 2013−2017. Numbers in -
dicate survey sites: 1: Shoal Bay;
2: Ship Bay; 3: Picnic Cove; 4:
North Cove; 5: Mosquito Pass; 6:
Indian Cove; 7: Fisherman Bay;

8: False Bay; 9: Beach Haven
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 surveyed in 2015 and 2017, and a subset was sur-
veyed in 2014 and 2016. The timing of these surveys
(mid-summer) captures the period when EWD preva-
lence and severity are approaching maximum levels
(Short et al. 1988). Additional sampling was con-
ducted at one site, Beach Haven, in 2016 to verify Lz
as the etiologic agent of EWD lesions.

At each site, eelgrass samples were collected by
hand at 2 m intervals along two 50 m transects laid
parallel to the shore, 4 m apart, in the intertidal
region. The midpoint between transects was placed
~1 m below mean lower low water (MLLW), with the
shallowest transect between −1 and +1 MLLW and
the deepest transect between −3 and −1 MLLW. Each
50 m transect was subdivided into five 10 m sections,
and in each section the second oldest leaf was col-
lected from 10 randomly selected shoots. The second
oldest leaf was chosen for measurement of EWD
because the disease is highly variable in medium-
aged leaves such as this, providing a valuable metric
for comparison within and across sites. Shoot density
(number m−2) was measured in 0.12 m2 quadrats at 0,
25, and 50 m along the transect in 2013, and was not
measured in 2014. In 2013, sampling occurred be -
tween 19 and 24 July. To minimize variation due to
cumulative stress from summer low tides, all subse-
quent annual surveys (2014−2017) were conducted
on the same tide series. The survey methods were
slightly modified in 2015; transects were lengthened
to 60 m and one shoot was sampled every 1 m along
the transect. Shoot density was measured in 0.25 m2

quadrats at 10, 30, and 50 m.

2.2.  Measurements of EWD lesions

Collected leaves were taken to the University of
Washington Friday Harbor Laboratories, WA, and
kept at ambient seawater temperature until process-

ing (typically <24 h). Length and width of each leaf
were measured, and leaves were diagnosed with
EWD if they had lesions with irregular, dark, necrotic
centers surrounded by a black border. Prevalence
(presence/absence of EWD) was scored between 2013
and 2014, and severity (the proportion of the blade
area with lesions) was also estimated from 2015− 2017.
Due to the constraints placed by the extensive
training and laboratory hours needed to correctly
identify and measure EWD lesions, a protocol was de-
veloped in 2016 to digitize images of sampled
eelgrass blades and measure lesions digitally (Boese
et al. 2008). All data collected in 2016 and 2017 were
archived and analyzed digitally. Each leaf was
cleaned, placed between 2 clear plastic sheets, and
scanned at a resolution of 400−600 dpi using a Canon
CanoScan 9000F Mark II scanner, creating a digital,
high quality, permanent color image. The scanned
image was used to diagnose and measure EWD le-
sions and measure leaf area. In 2016, measurements
of leaf disease severity were made by a trained tech-
nician using ImageJ (Schneider et al. 2012). In 2017,
measurements of lesion area and leaf area were aided
by a machine-learning-powered web application.
The web application assisted the technician by dis-
playing the original scanned image overlaid with a
disease prediction from a machine learning model.
The human expert could then refine the prediction
using the web application to obtain the lesion and leaf
area metrics. To ensure that the change in methods
did not alter the results, we compared severity meas-
urements made using (1) the hand measurements vs.
ImageJ (n = 60), and (2) the ImageJ measurements vs.
the web app (n = 199) for a subset of samples, using a
Bland-Altman test. For the first comparison, the Im-
ageJ severity measurements were slightly larger
(mean bias: 1.3%; 95% CI = −0.4 to 2.9%). For the
second comparison, the ImageJ severity measure-
ments were also slightly larger (0.9%; 0.3 to 1.4%).

2.3.  Methods for acquiring remotely sensed 
sea surface temperature data

To relate EWD patterns to sea surface temperature
(SST), remotely sensed SST data were acquired for
our study area. SST values for all field sites were
acquired for Dec 2012 to July 2017 (Fig. 1). Tempera-
ture values were extracted by geographical informa-
tion system (GIS) tools via the Jet Propulsion Labora-
tory (JPL) OPeNDAP portal (JPL 2015). Group for
High Resolution Sea Surface Temperature (GHRSST)
Level 4 daily observations were acquired from the
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ID Site Latitude (°N) Longitude (°W)

1 Shoal Bay 48° 33.215’ 122° 52.499’
2 Ship Harbor 48° 30.307’ 122° 40.202’
3 Picnic Cove 48° 33.942’ 122° 55.448’
4 North Cove 48° 42.287’ 123° 03.221’
5 Mosquito Pass 48° 35.346’ 123° 10.208’
6 Indian Cove 48° 33.773’ 122° 56.078’
7 Fisherman Bay 48° 31.572’ 122° 55.088’
8 False Bay 48° 28.975’ 123° 04.451’
9 Beach Haven 48° 41.460’ 122° 57.120’

Table 1. Locations of eelgrass survey sites. Site ID corres-
ponds with the locations in Fig. 1
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NASA JPL. The GHRSST product masked out all
land, and each pixel in the temperature imagery
repre sents an SST value over a 1 × 1 km area. Three
sites (North Cove, Indian Cove, False Bay) were
identified at locations out of the ocean mask in the
GHRSST product. For those sites, we extracted the
nearest available ocean pixel within 2 km.

The procured remotely sensed SST data were a
blended result from the Moderate Resolution Imaging
Spectroradiometer (MODIS), Advanced Very High
Resolution Radiometer (AVHRR), Advanced Along
Track Scanning Radiometer (AATSR), Spinning En-
hanced Visible and Infrared Imager (SEVIRI), Ad-
vanced Microwave Scanning Radiometer-EOS (AM-
SRE), Tropical Rainfall Measuring Mission Microwave
Imager (TMI), Geostationary Operational Environ-
mental Satellite (GOES) Imagery, and Multi-Func-
tional Transport Satellite 1R (MTSAT-1R) radio meter
(JPL 2010). A 2-dimensional variational data assimila-
tion (2DVAR) method for blending the SST data from
multiple observing platforms was used to generate
the assimilated daily SST measurements (Chao et al.
2009). The spatial resolutions of AVHRR and MODIS
SSTs are as high as 1 km. The frequent coverage and
high spatial resolution of these infrared SSTs are suf-
ficient for generating the blended SST fields on cloud-
free days. Although thermal remote sensing cannot
sense temperature with the presence of clouds or high
concentrated aerosols (Wan 2014), longer wavelength
microwave radiation can penetrate through cloud
cover, haze, dust, and all but the heaviest rainfall.
Consequently, microwave data from TMI (25 km) and
AMSR-E (25 km) as well as in situ records from drift-
ing and moored buoys were used to take part in the
blending of the data set to produce continuous obser-
vations for the study re gion. A comparison of these
fields using in situ observations specified that the
blended SSTs via 2DVAR are accurate to less than
1°C in root-mean-square errors, comparable to the
conventional SST observations (Chao et al. 2009).

2.4.  Analysis of field data

Generalized linear mixed models and model selec-
tion, using Akaike’s information criterion adjusted for
small sample size (AICc) values, were used to quantify
correlations between temperature metrics and multi-
year trends in EWD prevalence, severity, and shoot
density at all 9 sites using data from the 2013−2017 an-
nual summer surveys and identify the best fitting
model for each response variable (R v.4.0.3, packages
‘lme4’ [Bates et al. 2015] and 'AICcmodavg' [Mazerolle

2020]). Correlations between predictor variables and
EWD presence or absence at the 9 survey sites were
investigated using logistic regressions (n = 4829 eel-
grass blades). Linear regression was used to quantify
correlations between predictor variables and the
severity of EWD in diseased blades between 2015 and
2017 (n = 2304). Linear regression was also used to
quantify correlations between predictor variables and
EWD density at all 9 sites using mean densities per
transect from the shallowest and deepest transects
from the 2013 and 2015−2017 surveys (n = 68). Predic-
tor terms evaluated for all response variables via
model selection included year, transect location within
a site (low intertidal or high intertidal), leaf area, and a
variety of temperature metrics (described below). In
addition, EWD prevalence was included as a predictor
variable for shoot density. Site was included as a ran-
dom effect in all models.

Correlations between temperature, depth, year,
and response variables were evaluated for each suite
of models with the R package ‘climwin’ (Bailey & van
de Pol 2016). We used this package to calculate and
run models for all combinations of mean tempera-
tures for time periods ranging from 1−6 mo in dura-
tion for the 6 mo prior to the date that the samples
were collected. For each response variable (EWD
presence, EWD severity, or shoot density), AICc was
used to pick the best fitting model. Tests of so many
combinations of temperature metrics can lead to
overfitting of models and spurious correlations (Bai-
ley & van de Pol 2016). To evaluate this possibility,
we used the ‘randwin’ function to test the best model
on 100 data sets with randomized climate data.
Results from the best-fit model were compared to the
distribution of results from the 100 randomized data
sets to evaluate the probability that they fell within
the 95% CI of the randomized results. Small p-values
(i.e. p < 0.05) increase confidence that the effect of
climate variables in the best fit model are not spuri-
ous. All best-fit models were examined for collinear-
ity between predictor variables.

2.5.  Methods for DNA extraction and 
quantitative PCR of Lz from eelgrass blades

A total of 28 eelgrass leaves with distinct EWD
lesions of the type from which Lz can be readily cul-
tured (i.e. dark black or brown in color without a
white center) were collected from Beach Haven, WA,
on 31 July 2016. To control for infection age, young
leaves (1st or 2nd youngest within sheath) with solid,
dark lesions and no other signs of degradation were
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selected and processed within 24 h of collection
using sterile techniques. After rinsing each leaf with
reverse osmosis water, epiphytes were scraped from
the surface of the leaf. To further clean the outer sur-
face, the leaf was placed in sterile seawater and vor-
texed for 30 s on high. One ~2 cm2 lesion was sam-
pled from each leaf and extracted by cutting around
the edge of the lesion. A similarly sized sample of
green tissue with no lesions was selected from the
same leaf ~3−5 cm distance from the lesion sample.
The cut section was rinsed with reverse osmosis
water, flash-frozen in liquid nitrogen, and stored at
−80°C until DNA extraction. Frozen tissue (~60 mg)
was ground to a fine powder using a Qiagen Tissue -
Lyser II (25 Hz speed for 5 min).

Following published protocols (Groner et al. 2018a),
DNA was extracted using the Qiagen DNeasy Mini
Plant Kit. Lz cells were used for a standard curve (pre-
viously described in Groner et al. 2018a); the range of
the cell curve was 1.37− 13 720 cells reaction−1. Lz
DNA equivalents (Lz cells mg−1 of tissue) were quanti-
fied using quantitative PCR (qPCR) (Bockelmann et
al. 2013, as modified by Groner et al. 2018a). The
qPCR assay targeted the internal transcribed spacer
(ITS) region (Bockelman et al. 2013) using the follow-
ing forward (Laby_ ITS_ Taq_f: 5’-TTG AAC GTA
ACA TTC GAC TTT CGT-3') and reverse (Laby_ ITS_
Taq_r: 5'-ACG CAT GAA GCG GTC TTC TT-3') pri -
mers and TaqMan probe (Laby_ITS_probe: FAM-5'-
TGG ACG AGT GTG TTT TG-3'-MGB-NFQ). Each
20 μl reaction included 10 μl of TaqMan Fast
Universal PCR Master Mix (Applied Biosystems by
Life Technologies), 400 nm of each primer, 15 μg BSA,
100 nm probe, and 1−2 ng total DNA (1/10 dilution of
extracted DNA). The cell curve was run in triplicate,
and samples in duplicate in 96-well microplates using
an Applied Biosystems 7500 Fast Real-Time PCR
 System with the following reaction conditions: 95°C
for 20 s followed by 40 cycles of 95°C for 3 s and 60°C
for 30 s. The reaction efficiency ranged from 101.2−
102.9%, and R2 > 0.99 for the standard curve. The
 detection limit was set at 1.37 cells. Amplification of
1.37 cells was achieved for all reactions in each cell
curve.

2.6.  Characterization of Lz loads 
in EWD lesions

The qPCR assay was used to detect and quantify Lz
DNA abundance in paired lesioned and visually
healthy leaf tissue from the same leaf (n = 28). Previ-
ous studies have confirmed the presence of Lz cells

in lesioned eelgrass tissue with EWD through histol-
ogy, pathogen culture, and inoculation, including the
2013 surveys used in this study (Groner et al. 2014,
2016, Dawkins et al. 2018). However, molecular test-
ing to determine if infections were localized to the
lesioned tissue or systemic throughout the leaf tissue
was lacking for eelgrass collected in the San Juan
Islands (Groner et al. 2018a).

3.  RESULTS

3.1.  Field surveys of mid-summer EWD 
prevalence and severity

EWD was present at all sites for all field sampling
events; site-level disease prevalence (proportion of
samples that were infected) ranged from 5−95%
between 2013 and 2017; the highest levels for most
sites occurred in 2017, when prevalence exceeded
60% at every site (Fig. 2a).

The best fitting model for the probability that a
blade would be diseased included leaf area, transect
depth (high intertidal or low intertidal), year, and the
mean temperature for the month prior to sampling
(conditional r2 = 0.21, marginal r2 = 0.17) (Table 2,
Fig. 3). Disease risk among sites was positively corre-
lated with leaf area, temperature, and was higher in
the high intertidal transects compared to the low
intertidal transects. The risk of EWD was similar from
2013−2016 but increased substantially in 2017
(Fig. 3). There were no other models with ΔAICc < 3
relative to the best fitting model (Fig. 4a). Compari-
son of the best-fit ‘climwin’ model against results of
100 data sets with randomized temperature data
showed that the temperature effect was unlikely to
be due to model overfitting (p < 0.0001).

Between 2015 and 2017, the average severity of
visibly diseased plants approximately doubled each
year, from 0.8% (percent of the blade with visible
lesions) in 2015 to 1.6% in 2016 to 3.4% in 2017
(Fig. 2b). The best fitting model included terms for
year, leaf area, and the mean temperature for 1 mo
beginning 3 mo prior to sampling (conditional r2 =
0.14, marginal r2 = 0.07) (Table 2, Fig. 5). EWD sever-
ity was negatively correlated with leaf area and tem-
perature. After controlling for the effects of leaf area
and temperature, disease severity was slightly lower
in 2016 and much higher in 2017 compared to 2015.
This difference is illustrated in Fig. 3, which depicts
the predicted disease severity for Beach Haven.
Numerous additional models had a ΔAICc < 3 rela-
tive to the best fitting model (Fig. 4b). These models



incorporated temperature windows that did and did
not overlap with the best fitting model. This suggests
that while temperature is important in predicting dis-
ease severity, the data set used in this analysis could
not identify the most predictive temperature window.
No other temperature windows were collinear with
predictor variables. Comparison of the best-fit model
against analytical results of 100 data sets with ran-
domized temperature data showed that the tempera-
ture effect was unlikely to be due to model overfit-
ting (p = 0.0003).

Eelgrass shoot density was most
affected by the year and site of the
survey. Relative to 2013, all other sur-
vey years had lower density. Inter-
tidal eelgrass shoot density declined
by nearly 60% between 2013 and
2015 (from 237 ± 139 to 98 ± 57
shoots m−2) and remained at similarly
low levels through 2017 (Fig. 2c). The
best model for shoot density included
the term year (conditional r2 = 0.68,
marginal r2 = 0.47) (Table 2). While
AICc values from one ‘climwin’ mo -
del indicated that a term for the aver-
age temperature for the 2 mo period
that began 7 mo prior to sampling
improved model fit relative to a mo -
del without this temperature term
(ΔAICc = 7.6), this result was likely
spurious. Comparison of this model
against 100 ‘clim win’ models with
ran domized climate data indicated
that the detected temperature effect
was spurious, as effect size for the
temperature effect in the best-fit
model was not statistically different
from a model with randomized tem-
perature data (p = 0.95). Therefore,
we conservatively presented the mo -
del without a temperature term.

For all of the above models, winter
temperatures (beginning 7−4 mo prior
to sampling) were strongly collinear
with the fixed effects of study year;
therefore, confounding of these vari-
ables prevented determination of how
winter temperatures may have been
correlated with response variables
(EWD presence, EWD severity, or eel-
grass density).

3.2.  Characterization of Lz loads in EWD lesions
from field-collected samples

All 28 field-collected eelgrass sections with visu-
ally identified EWD lesions had high concentrations
of Lz while the corresponding leaf sections taken
from visually healthy tissue on the same leaf were
negative for Lz (Fig. 5). Lesioned tissue samples had
Lz DNA equivalent to 434 ± 132 (mean ± SE) cells
mg−1 wet tissue, while Lz DNA in the paired green
tissue was below the qPCR detection limit.
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Fig. 2. Patterns of (a) eelgrass wasting disease (EWD) prevalence (% infected),
(b) EWD severity, (c) eelgrass shoot density, and (d) sea surface temperature
(SST) in the San Juan Islands from 2013−2017; EWD severity was calculated
only for 2015−2017. In (d), Group for High Resolution Sea Surface Temperature
(GHRSST) averaged temperatures were used to calculate means; dashed lines:
mean SSTs averaged across January, February, and March; solid lines: average 

across July. In (a−c), black lines: averaged responses; shaded areas: SE
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4.  DISCUSSION

Our results document a region-wide
reduction in eelgrass shoot density in
the San Juan Islands, followed by an
increase in EWD prevalence and se ve -
rity. The timing of the increasing dis-
ease outbreak (during and after the
2015−2016 heatwave) contributes to a
growing body of literature suggesting
that marine heatwaves may intensify
host−pathogen interactions and drive
de clines in ecosystem engineers (Cald -
well et al. 2016, Harvell et al. 2019).
This timing of the heatwave may have
exacerbated already stressed eelgrass
meadows, as indicated by the shoot
density declines that occurred before
the heatwave. 2015 and 2016 were the
warmest years on record in the San
Juan Islands (Gentemann et al. 2017),
and both winter and spring tempera-
tures were 1−1.5°C warmer than the
other 3 survey years (Figs. 1 & 2).
These conditions coincided with an
outbreak of EWD. At the beginning of
the heatwave, shoot density had de-
clined by 60% in intertidal meadows
relative to 2013 values and remained
low throughout the rest of the study.
EWD prevalence increased at some
sites in 2016 and at all sites in 2017. By
2017, the mid-summer prevalence was
above 60% at all sites. The severity of
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(a) EWD presence Estimate SE z p

Intercept −13.82 2.63 −5.3 <0.0001
Temperature 0.48 0.08 5.6 <0.0001

(for month prior to sampling)
Temperature 0.89 0.39 2.3 0.02

(January and February)
Leaf area (dm2) 0.1 0.01 6.9 <0.0001
Shallow 0.17 0.07 2.5 0.01
Year 2014 −1.23 0.24 −5 <0.0001
Year 2015 −1.1 0.59 −1.9 0.06
Year 2016 −0.54 0.51 −1.1 0.29
Year 2017 2.3 0.23 9.9 <0.0001

(b) EWD severity Estimate SE df t p

Intercept 0.219 0.034 971 6.4 <0.0001
Temperature (for 1 mo, −0.014 0.003 2011 −4.7 <0.0001

3 mo prior to sampling)
Year 2016 −0.018 0.006 2299 −3.2 0.001
Year 2017 0.013 0.006 2216 2.2 0.028
Leaf area (dm2) −0.004 0.001 2289 −4.9 <0.0001

(c) Eelgrass shoot density

Intercept 237.3 22.6 15.2 10.5 <0.0001
Year 2015 −138.2 20.2 55.7 −6.8 <0.0001
Year 2016 −166.6 22.0 56.5 −7.6 <0.0001
Year 2017 −163.4 20.2 55.7 −8.1 <0.0001

Table 2. Best fitting models for disease status, disease severity and eelgrass
shoot density in mid-summer in the San Juan Islands. Model results for the
(a) probability that an eelgrass leaf would be diseased during 2013−2017;
(b) severity of eelgrass wasting disease (EWD) from 2015 through 2017.
(c) Results of best fitting model for eelgrass shoot density during 2013−2017
(excluding 2014). For all models, the earliest year of data and the site of Beach
Haven served as the reference case. In the first model, the reference case was
the lower intertidal transect. Model selection was performed to minimize
Akaike’s information criterion for small sample size (AICc) scores. Bold font 

indicates significance (p ≤ 0.05)

Fig. 3. Predicted eelgrass wast-
ing disease (EWD) (a) preva-
lence and (b) severity at Beach
Haven, WA, as a function of leaf
area and temperature. Predic-
tions are based on the mo dels 

presented in Table 2
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EWD infections doubled each year between 2015 and
2017, accompanying the steep rise in prevalence.
While a longer time-series would be valuable for bet-
ter un derstanding pre- and post-outbreak conditions,
the data collected document increasing EWD preva-
lence and severity coinciding with and extending be-
yond the 2015−2016 heatwave.

Mid-summer EWD prevalence was positively cor-
related with early summer temperatures (i.e. aver-
aged across the month prior to sampling), while mid-
summer EWD severity was negatively correlated
with spring warming (i.e. monthly averaged temper-
ature 3 mo prior to sampling). A link between EWD
and temperature has been identified in past studies
(e.g. Bull et al. 2012, Dawkins et al. 2018, Brakel et al.
2019). For example, Labyrinthula sp. has been found
to grow faster at warmer temperatures (18°C com-
pared to 11°C) in culture (Dawkins et al. 2018). In a
14 yr field study (1997−2010), increased EWD preva-
lence and EWD-driven declines in August in the Isles
of Scilly were associated with warmer temperatures
in July (Bull et al. 2012). Laboratory studies have also
shown that the effects of temperature on EWD are
de pendent upon other conditions. For example, un -
der laboratory conditions, high temperatures (27°C
compared to 22˚C) in combination with low light in -
creases EWD and plant mortality (Brakel et al. 2019).
The higher prevalence of disease found at shallow
depths may have been driven by localized variations
in temperature that would not have been accounted
for in the remotely sensed temperature data used in
the analysis. During summer low tides, shallower
transects are exposed to air temperatures for longer
periods. Increased disease prevalence of plants in
shallower intertidal transects has been observed in
previous studies in this region (e.g. Groner et al.
2014).

The correlation between warmer temperature and
decreased EWD severity is likely due to temperature
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Fig. 4. Difference in Akaike’s information criterion adjusted
for small sample size (ΔAICc) values between ‘climwin’ mo -
dels of (a) eelgrass wasting disease (EWD) presence and (b)
EWD severity. For each scenario, all models included the
predictors described in Table 2, but the temperature metrics
were varied to include mean temperatures across a variety
of time windows (from 1−7 mo long) beginning 7 mo prior to
sampling events (y-axis) and ending 0 mo prior to sampling
events (x-axis). The ΔAICc value is the difference between
the model with and without the temperature predictor. Note 

that the values of the color keys differ between panels

Fig. 5. (a) Labyrinthula zosterae (Lz) DNA detected using
quantitative PCR in lesioned and visually healthy eelgrass
tissue sampled from the same plant (n = 28); error bars:
±1 SE. (b) Eelgrass segments showing lesioned (left) and 

healthy tissue (right)
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causing eelgrass growth to outpace Lz growth. Dis-
ease severity is calculated as a proportion of blade
area. Larger eelgrass blades have consistently lower
disease severity than smaller blades, likely because
the rapid expansion rate of the larger blades exceeds
the rate the EWD lesions spread. During warm
springs, blade growth is likely further accelerated
and may outpace lesion growth so that EWD severity
is negatively correlated with warmer spring temper-
atures. The inverse effects of temperature on disease
transmission and progression suggest that both EWD
metrics as well as eelgrass growth rates are required
to assess the health of eelgrass beds. In years with
conditions promoting accelerated plant growth, eel-
grass may experience more disease, but may also
experience fewer impacts of disease as a result of
greater photosynthetic capacity. In contrast, both
severity and disease prevalence were higher in 2017,
suggesting that some conditions can promote both
disease transmission and progression. The disease
severity documented in this study represents a single
timepoint across a changing trajectory. Disease se ve -
rity typically increases throughout the summer and
would be expected to peak 1−2 mo after the surveys
in this study were completed. Mortality of eelgrass is
typically associated with higher levels of disease
severity than were observed in this field study (e.g.
Groner et al. 2018a). The sublethal impacts of EWD
are not well studied.

Due to the limited among-site variation in winter
temperature within years and high multicollinearity
between winter temperature and ‘year’ effects, this
study had little statistical power for detecting effects
of winter temperature on disease prevalence or seve -
rity. Winter warming is a common risk factor for other
infectious marine diseases with pronounced seasonal
cycles, including epizootic shell disease in American
lobsters (Groner et al. 2018b) and several coral dis-
eases (Caldwell et al. 2016), although the impact of
winter heatwaves on subsequent summer disease is
not well explored. Little is currently known about the
low temperature tolerance of Lz or any aspects of its
over-wintering biology. Further work to investigate
the impacts of winter warming on EWD will be
 valuable to identify the role of winter temperature
variability.

While we assessed the correlations between tem-
perature metrics and EWD metrics, numerous other
environmental and ecological changes in the Salish
Sea accompanied the 2015−2016 heatwave, includ-
ing increases in harmful algal blooms, altered food
webs with increases in warm water species and
lower overall biomass, and shifted phenology of key

ecological events (such as plankton blooms, which
can impact light availability to eelgrass) (Cavole et
al. 2016). Although temperature has been previously
shown to increase the risk of EWD and is correlated
with EWD prevalence in this study, it is realistic to
also investigate other synergistic factors as contribu-
tors to infection risk.

Eelgrass is a highly plastic plant, and changes in
morphology and shoot density can reflect both adap-
tive plasticity to changing environmental conditions
or declines in condition (Backman 1991, Bertelli et al.
2021). However, the continued lack of recovery in
shoot density after a 60% decline detected at the be-
ginning of the heatwave in 2015 signals a potential
threat to the continued viability of the intertidal por-
tion of these eelgrass meadows and suggests that
other factors may have been reducing eelgrass popu-
lations prior to the heatwave. We did not identify an
effect of temperature on shoot density, possibly due to
the relatively low sample size for this response vari-
able. Nonetheless, the high levels of disease and
strong negative effect of the years during and after
the heatwave (2015−2017) on eelgrass density suggest
that conditions during the heatwave reduced eelgrass
resilience following an initial decline. Abrupt and
persistent changes in the community structure of nu-
merous marine ecosystems have been documented in
response to the occurrence of this same heatwave in
the Gulf of Alaska, suggesting that many ecosystems
have reached alternative equilibria or are recovering
slowly (Suryan et al. 2021). In a study of eelgrass resil-
ience across ~225 km of eelgrass meadows in Atlantic
Canada, sites with high mean temperatures, in shal-
lower locations with fewer currents, and with high le -
vels of short-term temperature variation experienced
the greatest re ductions in resilience (Krumhansl et al.
2021). This was hypothesized to occur because the
plant carbon demand increases with temperature.
When carbon is not available externally it may be pro-
vided from the rhizome, resulting in an overall re -
duction in below-ground carbohydrate storage and
potentially reducing capacity to respond to future
stressors (Fraser et al. 2014). It is unknown if con -
tinued exposure to disease may cause similar reduc-
tions to below-ground biomass. Many of the sites de-
scribed in our study meet the environmental criteria
associated with re duced resilience to stressors in At-
lantic Canada. Continued monitoring of a subset of
these eelgrass sites has continued and will be valu -
able for quantifying meadow recovery and potential
density-dependent feedbacks on transmission.

Our molecular work verified that Lz is concen-
trated within the distinctive black lesions character-
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istic of EWD. High concentrations of Lz DNA within
lesions and the lack of detectable Lz DNA in adjacent
healthy green tissue confirm that the pathogen is
localized. This finding is consistent with earlier histo-
logical analyses (Groner et al. 2014) and confirms the
presence of Lz in these lesions.

This study highlights the importance of evaluating
the impact of long-term exposures to warming on
host−pathogen interactions. The correlations be tween
SSTs and EWD prevalence and severity suggest that
conditions prior to and associated with the 2015−2016
marine heatwave played a role in the intensifying out-
break. However, this conclusion does not exclude the
possibility that the drivers of this outbreak were multi-
factorial and may have also in clu ded factors aside
from temperature such as turbidity and/or changes to
the leaf microbiome (Sulli van et al. 2018). Future re-
search on understanding the mechanism(s) driving the
correlations between temperature and disease, meas-
uring the population-level impacts of EWD, and iden-
tifying factors that influence the resilience of this criti-
cal ecosystem engineer to disease will improve our
understanding of this complex disease.

Data availability. Data and code for analyses are available at
https://github.com/mayagroner/Eelgrass- wasting-surveillance-
2013-2017.
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