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ABSTRACT: In June 2015, a marine heatwave triggered a severe eelgrass Zostera marina die-off
event at the Virginia Coast Reserve (USA), followed by a slow and spatially heterogeneous recov-
ery. We investigated the effects of heat stress on seagrass loss and recovery. Using hourly summer
water temperature measurements from 2016—2020, we developed a novel approach to quantifying
the stress of ocean warming on seagrass meadows. We defined 2 metrics: cumulative heat stress (as
heating degree-hours, HDHs) and heat stress relief (as cooling degree-hours, CDHs), relative to a
28.6°C eelgrass ecosystem thermal tolerance threshold previously determined at this site from
aquatic eddy covariance measurements. These metrics were compared to spatiotemporal patterns
of summertime eelgrass shoot density and length. We found that the healthiest parts of the meadow
benefited from greater heat stress relief (2—3x) due to tidal cooling (inputs of cooler ocean water
through ocean inlets) during warm periods, resulting in ~65% higher shoot densities compared to
the center of the meadow, which experienced higher heat stress (2x) and less relief. We also calcu-
lated the amount of heat stress preceding the eelgrass die-off in summer 2015, and found that this
event was triggered by a cumulative heat stress of ~100—200°C-hours during the peak growing sea-
son. Sulfur isotope analyses of eelgrass leaves and sediment also suggested that sulfide toxicity
likely contributed to eelgrass decline. Overall, our metrics incorporate physiological heat toler-
ances with the duration and intensity of heat stress and relief, and thus lay the groundwork for fore-
casting seagrass meadow vulnerability and resilience to future warming oceans.
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1. INTRODUCTION

Climate change is a major threat to coastal ecosys-
tems worldwide. In the past few decades, the increased
occurrence of extreme heating events, such as mar-
ine heatwaves —periods of at least 5 consecutive
days when water temperatures exceed a local clima-
tological threshold (90™ percentile of 30 yr tempera-
ture data, Hobday et al. 2016) —has led to dramatic
changes in the biodiversity, distributional range, and
physiological function of marine foundation species
and habitats (e.g. Wernberg et al. 2016, Smale et al.
2019). These events can have devastating impacts on
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marine ecosystems, such as mass coral bleaching (e.g.
Skirving et al. 2019, Duarte et al. 2020) and wide-
spread declines in kelp forests (e.g. Wernberg et al.
2016, Thomsen et al. 2019) and seagrass meadows
(e.g. Thomson et al. 2015, Arias-Ortiz et al. 2018,
Berger et al. 2020). Such declines are of significant
concern globally as coastal ecosystems support com-
mercially important fisheries and local economies
(e.g. Costanza et al. 1997, Nagelkerken et al. 2000,
Rees et al. 2010), protect coastlines (Koch et al. 2009),
and play an important role in biogeochemical cycling
and maintaining water quality (e.g. Mateo et al. 2003,
Armitage & Fourqurean 2016, Aoki et al. 2020a). Sea-
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grass meadows in particular are important ‘blue’ car-
bon sinks in the global carbon cycle (Fourqurean et
al. 2012, Oreska et al. 2017, Macreadie et al. 2019).
However, extreme warming events can lead to wide-
spread seagrass loss, and may trigger a rapid and sub-
stantial release of CO, due to remineralization of
buried organic matter (Pendleton et al. 2012, Arias-
Ortiz et al. 2018, Smale et al. 2019, Aoki et al. 2021).
As continued ocean warming and increased frequency
of marine heatwaves are predicted through the 21st
century (Frolicher et al. 2018, Oliver et al. 2019), it is
critical to better understand heat stress impacts on
seagrass meadows.

Seagrass die-off events can occur when water tem-
peratures exceed the thermal tolerance limits of the
species (e.g. Moore & Jarvis 2008, Marba & Duarte
2010, Arias-Ortiz et al. 2018, Berger et al. 2020). Bey-
ond a certain optimum temperature threshold (Ty,),
increasing temperatures damage the photosynthetic
apparatus of the plants (Wahid et al. 2007, York et al.
2013). This leads to a decrease in photosynthesis and,
because respiration is concurrently stimulated, ulti-
mately a carbon deficit in the plant that causes
reduced growth and biomass loss (Moore & Short
2006, Lee et al. 2007, Collier et al. 2011, Ewers 2013).
The temperature threshold for an eelgrass Zostera
marina meadow at the Virginia Coast Reserve (VCR),
USA, was recently determined to be 28.6°C, based on
in situ aquatic eddy covariance measurements of eel-
grass ecosystem metabolism and temperature under
naturally varying environmental conditions (Berger &
Berg 2024, this volume). The VCR is located at the
southern edge of the eelgrass range on the US Atlan-
tic coast (Moore & Short 2006), an area that has
already experienced high temperature-related die-off
events (Moore & Jarvis 2008, Shields et al. 2019,
Berger et al. 2020) and is therefore particularly vul-
nerable to future warming. The most recent die-off
event occurred as a result of a marine heatwave at the
VCRin June 2015 (Berger et al. 2020, Aoki et al. 2021).
The substantial loss of eelgrass biomass that summer
was followed by several years of spatially heteroge-
neous recovery within the meadows, suggesting com-
plex and spatially varying heat stress dynamics.

While it has been established that the eelgrass die-
off resulted from an increased frequency of tempera-
tures above Ty, in June 2015 compared to other years
(Berger et al. 2020), little is known about how the
duration and intensity of heat stress affect eelgrass
loss and recovery, and how these factors might vary
spatially within a meadow. In the coral literature, the
intensity and duration of heat stress are described
using ‘degree heating weeks' as a metric to predict

coral bleaching and mortality (Liu et al. 2014, Hughes
et al. 2017). This metric is a measure of the heating
above a local threshold — maximum monthly sea sur-
face temperature (SST) based on long-term records —
where the temperature anomalies above this thres-
hold are cumulated. A similar metric is needed for
seagrass ecosystems to predict the impact of ocean
warming and extreme heating events.

Seagrass mortality as a result of high water tem-
peratures may be exacerbated by other stressors such
as episodic turbidity and sulfide intrusion, both of
which have direct negative impacts on seagrass sur-
vival (e.g. Greve et al. 2003, Borum et al. 2005, Moore
& Jarvis 2008, Moore et al. 2014). Sulfide is produced
by sulfate-reducing bacteria in anoxic sediments and,
if it diffuses into seagrass tissues, can suppress photo-
synthesis and growth, ultimately leading to seagrass
mortality (e.g. Pedersen et al. 2004, Borum et al. 2005,
Calleja et al. 2007). This may occur during periods of
hypoxia or warming when the oxygen demand from
the plants, the sediments, and the water column is
high (e.g. Holmer & Nielsen 1997, Greve et al. 2003,
Frederiksen & Glud 2006). This sulfide intrusion is
reflected in the sulfur isotopic signatures (8%S) of
seagrass tissues (e.g. Frederiksen et al. 2006).

Our goal in this study was 2-fold. To better under-
stand the response of eelgrass meadows to heat stress,
we formulated 2 heat stress metrics that account for
the intensity and duration of heating and cooling rel-
ative to the local eelgrass ecosystem temperature
stress threshold (28.6°C, Berger & Berg 2024). These
metrics were applied to 4 yr of continuous summer
water temperature data to understand how tempera-
ture stress and relief affected eelgrass loss and re-
covery patterns at our study site following the die-
off eventin 2015 (Berger et al. 2020, Aoki et al. 2021).
We further investigated potential synergistic effects
between heat stress and sulfide intrusion on eelgrass
resilience.

2. MATERIALS AND METHODS
2.1. Study site

The VCR Long-Term Ecological Research (VCR-
LTER) site hosts one of the largest successful eelgrass
restoration projects globally (Orth & McGlathery
2012, Orth et al. 2020). Since 2001, over 70 million
seeds have been broadcast in 4 shallow subtidal coas-
tal bays on the Atlantic side of the Delmarva penin-
sula (Orth et al. 2006, 2020). South Bay contains the
largest of these restored eelgrass meadows (~20 km?
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as of 2018, Orth et al. 2020). This meadow is situated
between a barrier island to the east and a channel
to the west, and is connected to the Atlantic Ocean by
2 inlets north and south of the meadow (Fig. 1). The
eelgrass growing in South Bay is doing so under
favorable water quality, light, and hydrodynamic con-
ditions (Lawson et al. 2007, Moore et al. 2012, Oreska
et al. 2021), in large part due to the limited human
population and development in this region, combined
with the lack of freshwater runoff into the coastal bays
and the sheltering of the lagoons by barrier islands.
This study system is therefore ideal for studying the
isolated effects of warming on eelgrass meadows.
Mean water depth in South Bay is 1.2 m with a tidal
range of 1 m (semi-diurnal tides, Fagherazzi & Wiberg
2009). Sediments in South Bay are predominantly
sandy with a mean grain size of 71 pm (Lawson et al.
2012, Oreska et al. 2017).

In June 2015, the coastal bays at the VCR experi-
enced a marine heatwave, which led to a ~90% de-
cline in eelgrass biomass in regions of South Bay
(Berger et al. 2020, Aoki et al. 2021). Long-term eel-
grass monitoring efforts captured this die-off and the
partial recovery in restoration plots in the center of
the meadow. Aerial imagery and expanded eelgrass
monitoring after the die-off revealed heterogeneous
patterns in eelgrass cover, with lower shoot densities
in the center compared to the outer portions of the
meadow (see below). This implied there was a differ-
ence in exposure to heat stress within the meadow,
and prompted our efforts to better understand the
relationship between temperature and eelgrass loss
and recovery at the landscape scale.

To do this, we conducted a pilot study in June and
July 2016 (1 yr after the 2015 die-off event) where we
set up a network of 4 temperature-monitoring sites
along a north—south transect in South Bay, spanning
the length of the meadow from the center (site O, Fig. 1)
towards the northern and southern inlets. The follow-
ing year (2017), we increased the spatial resolution
of this network by adding 5 more sites, for a total of
9 sites where we monitored summer (May—August)
water temperatures until 2020 (Fig. 1).

Eelgrass shoot density counts and length measure-
ments were made at 5 of the 9 sites during summer
2019. Sites in the southern portion of South Bay (neg-
ative numbers, Fig. 1) were included in our tempera-
ture analyses but were excluded from our eelgrass
measurements due to differences in depth and turbi-
dity to avoid confounding factors when relating the
eelgrass metrics to temperature stress. These sites
were at or below a 1.5 m mean depth limit determined
for eelgrass in the coastal bays at the VCR (Aoki et al.

2020b). The northernmost site (site 5, Fig. 1) repre-
sents the northern edge of the meadow and was also
too deep to sustain dense eelgrass. It was therefore
excluded from our eelgrass density and length mea-
surements. Sites 0 and 4 (Fig. 1) have been part of
other studies (Berger et al. 2020, Berger & Berg 2024)
and are considered the end members of a tempera-
ture gradient identified during our 2016 pilot study.
Site O (‘center site’, 37° 15" 43.6" N, 75°48' 54.6" W), is
located in the less dense, patchier center of the
meadow in which severe marine heatwave effects
were observed (Aoki et al. 2021), and site 4 (‘'northern
site’, 37°16' 34.2" N, 75°48' 44.4" W) is located in the
northern, denser part of the meadow where we
hypothesize the proximity to the ocean inlet medi-
ated the effects of the marine heatwave through tidal
cooling (Fig. 1). We therefore focused on these 2 sites

Sand Shoal Inlet

0 0.5
A I

[ ] Seagrass meadow
O Sites: temperature
® Sites: temperature + seagrass counts

Fig. 1. Study sites in the South Bay eelgrass meadow at the
Virginia Coast Reserve Long-Term Ecological Research
(VCR-LTER) site. Summer water temperatures were mea-
sured from 2017 to 2020 at all 9 sites. Eelgrass shoot densities
were counted every ~2 wk during summer 2019 at 5 of the
9 sites, along the center—north transect (filled-in circles).
Numbers represent site position along the north—south tran-
sect in the meadow
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for most of our comparisons of heat stress and eel-
grass metrics. Berger & Berg (2024) showed similar
water depth and light availability between the center
and northern part of the meadow.

2.2. Water and sediment temperature measurements

HOBO Pendant® temperature loggers (accuracy
+0.53°C and precision = 0.14°C, Onset®) recorded
water temperature every 10 min at each site within
the eelgrass canopy (20 cm above the sediment sur-
face). The 10 min data were then averaged to produce
an hourly water temperature record. Table 1 lists mea-
surement dates and the resulting number of hours in
our record for each year, including our shorter pilot
study in 2016.

In August 2018, we also investigated temperature
stratification in the sediment and water column by
placing temperature loggers 2.5 and 5 cm below the
sediment surface and 2.5, 5, 10, 20, 30, 60, and 120 cm
above the sediment surface at sites 0 and 4 for 20 d.
We performed 1-way ANOVAs on the temperature
records from each site to determine whether tem-
perature varied between the water column (30 cm
above the sediment surface) and the 2 sediment
depths (—2.5 and —5 cm) (n = 2874 hourly observa-
tions). We also examined how much attenuation
occurred in maximum daily temperatures between
the water column and the sediment through 1-way
repeated measures ANOVAs on the daily tempera-
ture maxima at each site. We used post hoc pairwise
{-tests with adjusted p-values to evaluate mean tem-
perature differences between depths when significant
effects (p < 0.05) were found in the ANOVAs.

Prior to each deployment, HOBO temperature log-
gers were intercalibrated against a PME miniDOT®

Table 1. Sampling periods for temperature measurements
conducted in the South Bay eelgrass meadow at the Virginia
Coast Reserve Long-Term Ecological Research site (USA) in
2016—2020. Following a pilot study in 2016 (marked with *)
we expanded our temperature network to 9 sites (see Fig. 1).
Sampling periods were designed to capture summer tem-
peratures in June—August of each year. We also report the
total number of hours on record each year

Year #sites Deployment Total#  Average#
dates hours hours per site
2016 7 20Jun — 20 Aug 7983 1141
2017 15 26May — 190ct 47259 3151
2018 15 31 May — 10Sept 33920 2261
2019 15 14May — 280Oct 58148 3877
2020 15 1Jun — 23 Aug 29785 1986

optode (accuracy +0.1°C) for 12 h under fluctuating
temperatures (~18—45°C). Variability between loggers
was <0.2°C.

2.3. Eelgrass metrics

During summer 2019, eelgrass shoot density was
counted within a 25 m radius of each temperature
logger to capture spatial variation within the meadow.
Eelgrass shoots were counted within 0.25 m? quadrats
(n = 10) thrown haphazardly at each site, and we mea-
sured maximum shoot length as the length of the 3
longest leaves within each quadrat. These data were
collected every 7—14 d from early July to mid-
August. To capture variations in early-summer eel-
grass biomass between the center and northern edge
of the meadow (sites 4 and 0, respectively, Fig. 1), we
also collected shoot density and length measure-
ments once in May.

2.4. Heat stress patterns

Spatial and temporal patterns of temperature stress
and relief in South Bay were evaluated based on the
duration and magnitude of warming and cooling rel-
ative to the eelgrass ecosystem thermal tolerance
threshold (Ty, = 28.6°C, determined from >350 h of in
situ eelgrass ecosystem metabolism measurements
via aquatic eddy covariance; Berger & Berg 2024) at
each site and during each summer. We cumulated the
hourly water temperature anomalies above 28.6°C for
each 24 h period in our temperature record (Fig. 2b).
The resulting variable, daily heating degree-hours
(HDHs), was calculated as:
when T;>Ty: HDH = zh: (T — Tw) (1)

i=1
where Ty, is the temperature threshold and T; is the
temperature at hour i. Daily HDHs were calculated
for i = 1 to h = 24 (Table 2). Higher daily HDH
values reflect more extreme water temperatures dur-
ing the 24 h period (e.g. Fig. 2a,b). This metric was
therefore used to identify the most prominent warm-
ing events each summer as successive days with
elevated temperatures (high HDH values). Once
these events were identified, we calculated the total
HDHs as per Eq. (1) but for the entire duration of the
heating event (e.g. Fig. 2c, Table 2). We then com-
pared the severity of heating events between years
by comparing mean HDHs per day (i.e. average daily
heat stress during an event), calculated by dividing
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Fig. 2. [llustration of heat stress metrics used in this study. (a)
Based on an hourly temperature record from site 0 (Fig. 1) on
12—13 July 2019, we identified the temperature anomalies
above (warm colors) and below (cool colors) the local eelgrass
ecosystem temperature stress threshold (Ty,) of 28.6°C. (b) For
each 24 h period, these temperature anomalies were cumu-
latively summed, resulting in daily heating and cooling de-
gree-hours (daily HDHs and CDHs, respectively). (c) HDHs
and CDHs were also cumulated over an entire heating event,
illustrated here by 2 hot days, resulting in one value for heat
stress (total HDHs) and one for heat stress relief (total CDHs)

total HDHs by the duration of the heating event
(number of days, Table 2).

We took into account relief from heat stress during
heating events by assessing spatiotemporal variations
in the amount and duration of cooling (temperature
< Ty,) due to tidal input of cooler oceanic waters. We
calculated total cooling degree-hours (CDHs, Table 2,

Fig. 2) using Eq. (1) for T; < Ty, as well as CDHs per
day (CDH / n days):

when T;<Ty: CDH = i (T; — Tin) (2)
i=1

Heat stress was related to spatiotemporal patterns in
eelgrass shoot density and length during summer 2019
using simple linear regressions between eelgrass met-
rics (shoot density, shoot length) and heat stress met-
rics (mean HDHs and CDHs per day). Our small sam-
ple size (n = 5 sites, Fig. 1) prevented us from using a
multivariate approach. The effects of heat stress on
eelgrass growth during the summer were then assessed
by comparing changes in shoot density during the nat-
ural meadow expansion and die-back periods at the
center and northern sites (sites 0 and 4, respectively).

We also estimated the amount of heat stress neces-
sary to cause an eelgrass die-off event similar to the
one we observed in 2015. In 2015, eelgrass shoot den-
sity decreased by ~25% (from 316 to 230 shoots m—2,
Berg et al. 2019) between 27 April and 27 June —
a period during which we would normally expect a
significant increase (Orth & Moore 1986, Berger et al.
2020). This observed decrease in shoot density sug-
gests the 2015 die-off (which ultimately resulted in a
90 % loss of eelgrass) had started between these sam-
pling dates. Because we had no in situ water tempera-
ture measurements in 2015, we used available data
from the National Oceanic and Atmospheric Admin-
istration (NOAA) National Data Buoy Center for the
nearby Wachapreague, VA (Stn WAHV2, ~39 km
from South Bay). We first evaluated how well these
records could serve as proxy for water temperatures
at our main study site (center site, site 0, Fig. 1) by
comparing the amount of heat stress (total HDHs) cal-
culated from both the buoy and in situ temperature
records for summer heating events when the datasets
overlapped (2016—2020). We then used the Wachap-
reague temperature record to calculate heat stress
from 27 April to 27 June 2015 and estimate the mini-
mum total HDH value that could trigger an eelgrass
die-off event, in comparison to the total HDHs from
other years (2012—2014 and 2016—2020) where no
decrease in shoot density was observed.

2.5. Sulfide presence in sediment and
eelgrass tissue

To detect sulfide intrusion in eelgrass tissues as a
possible contributor to the eelgrass die-off, we ana-
lyzed the sulfur isotopic signature of eelgrass leaf sam-
ples collected from biomass cores taken at the center
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Table 2. Variables and definitions of the metrics used to quantify heat stress in this study

Heating degree-hour (°C-hours): HDHs represent the amount of heating above a temperature
threshold (Ty,), calculated as the cumulative sum of hourly water temperature anomalies above Ty,.
High HDH values reflect more extreme heating in terms of duration and/or magnitude of high water

To allow for better comparison of heating events between years, mean HDHs per day are calculated as
total HDHs/n days during the heating event. They represent the average heat stress of a typical day

Cooling degree-hour (°C-hours): CDHs represent the amount of cooling, or thermal stress relief, when
temperatures drop below Ty, calculated as the cumulative sum of hourly water temperature anomalies
below Ty,. Higher absolute CDH values reflect longer and/or more extreme relief from thermal stress

Similar to mean HDHs per day, mean CDHs per day represent the average thermal stress relief during

Variable name Definition
HDH
temperatures
Daily HDHs HDHs cumulated over each 24 h period
Total HDHs HDHs cumulated over an entire heating event
Mean HDHs per day
during the event
CDH
Total CDHs CDHs cumulated over an entire heating event
Mean CDHs per day
a typical day during the event. Calculated as total CDHs/n days

site in June and/or July 2012—2019 (n = 3 cores per
collection date, n = 33 cores total). Sediment samples
were also collected in some years and were included in
this analysis (n = 15 samples). These samples were col-
lected adjacent to the eelgrass biomass cores using
5 cm deep and 2.5 cm wide cut-off syringe corers. Eel-
grass leaves were rinsed, sorted, dried (at 60°C), and
ground in preparation for the sulfur isotope analyses.
Sediment samples were also dried and ground. All
samples were analyzed at the Marine Biological Labo-
ratory Stable Isotope Laboratory in Woods Hole, MA.

The sulfur isotopic signature (§**S) of eelgrass leaf
tissue indicates whether the leaves obtained their sul-
fur from sulfate (8**S = 21%,) (Rees et al. 1978, Fred-
eriksen et al. 2006) or toxic sulfide gas (8**S = 15—25%)
(Canfield 2001, Bottcher et al. 2004). To assess whether
there was sulfide intrusion during the die-off year
(2015), we compared the §*S of eelgrass leaves and
sediment (8**Seeigrass and 8**Sgeqiments TESpeCtively)
between collection dates (data grouped by year and
month, n = 11). We tested whether the mean 8*Seejgrass
in July 2015 was considered an outlier in our record
by performing Grubbs' test for detecting outliers
(Grubbs 1950) using the 'outliers’ package in R (ver-
sion 3.4.2; R Core Team 2017).

Where we had both 8**Seigrass and 8**Segiment for a
given sampling date, we calculated the proportion of
total sulfur in the plant coming from sulfide (Fgyyige)
(Frederiksen et al. 2006) as:

34 34

8 Seelgrass — 8 Ssulfate ( 3)
34 34

8 Ssediment - 8 Ssulfate

Fouifige =

where 8%Sate is the sulfur isotopic signature of sea-
water. While this was not measured, §%*S 1. Values

are fairly constant worldwide (Rees et al. 1978). We
therefore used 8*Sgjrate = 21%o to approximate F.yjiqe
and evaluate relative changes in the contribution of
sulfide to leaf sulfur in our record.

3. RESULTS

3.1. Spatiotemporal variations in temperature
stress and eelgrass growth

For each of our summer water temperature datasets
(2017—2020), we compared the temperature time
series, daily HDHs, and total HDHs and CDHs over
the most prominent heating events at the center and
northern sites (Fig. 3, Table 3). Fig. 3a shows the tem-
perature time series from 1 June to 31 August 2019 for
both sites. Mean hourly summer temperature at the
center site was significantly higher that of the north-
ern site by 0.7°C (27.2 = 0.05°C and 26.5 = 0.05°C,
respectively, n = 2208 hours, 2-sample ¢-test, p < 0.01).
While the general variations over the summer agreed
fairly well between the 2 sites as shown in Fig. 3, there
were some time periods when temperatures at the
northern site dropped well below those at the center
site. For example, between 18 and 22 July, tempera-
tures at the northern site dropped to ~25.5°C, while
temperatures at the center site remained above the
28.6°C heat stress threshold, only dropping to ~30°C.
Temperatures at the center site varied on a diel basis,
whereas those at the northern site reflected a tidal
cycle (Fig. 3a).

Periods of temperature stress in the eelgrass meadow
each summer were identified using daily HDH values
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(e.g. end of June through most of July 2019, Fig. 3b). 20 July 2019, with a cumulated 75 and 72°C-hours,
The highest daily HDH values (i.e. the days of high- respectively (Fig. 3b, Table 3). Heat stress at the
est heat stress) occurred at the center site on 15 and northern site was ~60 % lower on those days, with only
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Fig. 3. Differences in temperature stress between the center and northern site in the meadow. (a) Hourly temperature time-

series from 1 June to 31 August 2019 at the center site (red) and northern site (blue), relative to the 28.6°C temperature thres-

hold (black line). (b) Daily heating degree-hours (HDHs) relative to 28.6°C at the center (red) and northern site (blue), and (c)

cumulative HDHs and cooling degree-hours (CDHs) relative to 28.6°C at the center (red) and northern (blue) site during the
warmest period of the summer

Cumulative HDHs
and CDHs (°C-hours)

Table 3. Comparison of prominent warming events during summers 2017—2020 including event dates, duration (days), mean
and maximum temperature (°C), maximum daily heating degree-hours (HDH,°C-hours), mean HDHs per day (°C-hours), and
mean cooling degree-hours (CDHs) per day (°C-hours), for the northern and center sites. Dates are given as mo/d

Year 2017 2018 2019 2020

Warmest period 7/2 — /23 6/19 — 7/7 and 6/26 — 7/22 6/28 — 7/30
8/5 — 8/31

Duration 22 19, 27 27 29

Site Center Northern Center  Northern Center Northern Center  Northern

Mean temperature 29.0 27.6 29.0,28.4 28.4,27.9 29.6 28.5 29.4 28.7

Max temperature 32.5 32.6 32.6,32.7 32.7,31.8 33.6 33.4 334 33.5

Max daily HDH 35 21 63, 38 45,21 75 39 47 39

Mean HDH per day 19 9 25,11 16, 8 31 17 30 14

Mean CDH per day —10 —34 —15, =15 —19, =25 —7 —18 -5 —13
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30°C-hours, peaking a few days later at 40°C-hours.
Heating events in 2017—2020 lasted ~3—4 wk, but var-
ied in intensity as can be seen in the daily HDH and
mean HDH and CDH per day values in Table 3. The
most intense warming periods occurred in 2019 and
2020. Each event lasted ~4 wk and had similarly high
levels of heating (mean HDH per day = 30.5 and
15.5°C-hours at the center and northern sites, respec-
tively) and low levels of cooling (mean CDH per day =
—6 and —15.5°C-hours at the center and northern
sites, respectively). Heating events in other years
were less intense as they cumulated less heat (mean
HDH per day values on average 56 % lower) and more
cooling (mean CDH per day values on average 60%
higher) (Table 3).

Over the main hot period in 2019 (late June to late
July, Fig. 3b), heat stress at the center site was 1.8
times higher than at the northern site (total HDH
values of 850 and 460°C-hours, respectively) (Fig. 3c).
The amount of cooling also differed strongly between
the sites. Cooling at the northern site was 2.8 times
greater than at the center site (—494 and —179°C-
hours, respectively). Including all years on record
(2017—-2020), the center site experienced 1.4 to 2.1
(on average 1.8) times more heat stress than the
northern site and received on average half (and as low
as a third) the amount of thermal relief from tempera-
tures below 28.6°C (Table 3).

Fig. 4 shows the differences in the amount of heat-
ing (mean HDH per day) and cooling (mean CDH per
day) over all warm periods (2017—2020) between all
sites along the north—south transect in the meadow.
Maximum heating and minimum cooling occurred at

site 1, one of the central sites (mean HDH per day =
19°C-hours) and decreased by 63% at the northern
edge of the meadow (site 5). This decrease in heating
was concurrent with a 64% increase in cooling
between those sites. There was a similar trend in tem-
peratures from the center of the meadow towards the
southern inlet. Eelgrass metrics used as proxies for
eelgrass growth in 2019 closely followed the observed
heating and cooling trends (Fig. 4). Eelgrass shoot
density and length generally increased from the
center of the meadow northward as the amount of
heating decreased and the amount of cooling in-
creased (433 to 503 shoots m~2 and 45 to 66 cm,
respectively). These relationships were all significant
at the 0.1 level (linear regression p-values = 0.02—0.08
and adjusted R?=0.6—0.8, n = 5, Table 4).

Fig. 5 shows how the difference in heat stress
between the northern site (site 4, Fig. 4) and center
site (site O, Fig. 4) affected temporal eelgrass density
patterns from early July to mid-August 2019. Over the
last 10 d of the growing season, shoot densities
increased substantially more at the northern site (43
vs. 7%). Subsequent decline rates, however, were
comparable (47 vs. 37 %).

3.2. Heat stress and eelgrass die-off events

The long-term Wachapreague buoy temperature
records agreed well with the HOBO temperature data
collected during this study at the center site that
experienced the seagrass die-off. The total HDHs cal-
culated during summer hot events during 2016—2020

(a) (b) (c)
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Fig. 4. Patterns of (a) heating, cooling, (b) eelgrass shoot density, and (c) maximum shoot length along a north—south transect
in the meadow. Heating and cooling at each site were calculated as mean daily heating degree-hours (HDHs) (red) and cooling
degree-hours (CDHs) (blue). Dashed grey line: meadow boundary. Error bars are + SE (n = 20)
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Table 4. Heating and cooling effects on eelgrass shoot den-

sity and length. Regression results (slope B, p-value, ad-

justed R?) for simple linear regressions performed between

heat stress metrics (heating: mean heating degree-hours per

day; cooling: mean cooling degree-hours per day) and eel-

grass metrics (shoot density in shoots m~2 and shoot length
incm) (n=19)

Heating Cooling
Shoot density p=-227% p=14 =5,
p = 0.06, p = 0.08,
adj R? = 0.65 adj R? = 0.60
Shoot length p=—-21=0.5 B=13=+04,
p = 0.02, p = 0.04,
adjR?=0.82 adjR?=0.74

were essentially identical between the 2 sites (Fig. 6a,
R? = 1 and regression slope = 0.99, p < 0.01). Slightly
greater variation was found for calculations between
27 April and 27 June 2018—2020 (Fig. 6b), with differ-
ences of 10—36°C-hours cumulated over the ~2 mo
period when heating events were not targeted. Based
on these results, temperature records from Wachap-
reague are an appropriate proxy for in situ tempera-
tures at our center site when quantifying heat stress
during warming events. We therefore used these
records to quantify local heat stress during the June
2015 marine heatwave and found that warming
between 27 April and 27 June 2015 was more promi-
nent compared to that during the same period in
other years (Fig. 6b). The heating event lasted for an
uninterrupted 2 wk period, reaching maximum peak
daily HDH of 33°C-hours and a total of 220°C-hours.
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Fig. 5. Shoot densities at the center site (red) and northern site

(blue) from 3 July to 12 August 2019. Numbers represent rates

of increase and decline (in %) over the last week of the grow-

ing season and progression into late summer, respectively.
Error bars (SE) are masked by symbols

In comparison, the total HDHs over this time period
in the other years was nearly an order of magnitude
lower, with an average of 33°C-hours. The year with
the second highest amount of heat stress was 2018,
which peaked at a daily HDH value of 27°C-hours and
totaled at 82°C-hours (Fig. 6b).

3.3. Sediment temperatures

Temperatures in the sediment were strongly linked
to water column temperatures. Fig. 7 shows the tem-
perature time series at the northern and center sites
from 6—13 August 2018 in the water column, and 2.5
and 5 cm deep in the sediment. While no temperature

stratification occurred in the water
column, temperature fluctuations were
attenuated from the water column to

= 250
&b 1 5 2.5 and 5 cm deep in the sediment
£ ] % 200 (ANOVAS: F, 45, = 20 and 22 for the
£ 600 5 150 - center and northern sites, respectively,
T 1 T p < 0.05; Fig. 7). Average temperature
o 400 2 100 . .

T i = attenuations were almost negligible,
< 200 4 S 50 et statistically significant (2-sample

(o] £ y y g p
. ol 3 o === t-tests, p > 0.05), with an average
16 '17 18 19 '20 6/7 6/11 6/15 6/19 6/23 6/27 decrease of 0.3°C between the water
Year Date column and 2.5 cm into the sediment,
[ Buoy MMCenter site —2012 ——2015 ——2018 ---2018*  and 0.2°C between 2.5 and 5 cm deep
—2013 2016 ——2019 ---2019"  jp the sediment. The largest tempera-

2014 2017 ——2020 --- 2020*

Fig. 6. (a) Comparison of heat stress (total heating degree-hours, HDHs) be-

tween temperature records from the center site and the National Data Buoy

Center (NDBC) station WAHV?2 during summer hot events in 2016—2020. (b)

Unusually high heat stress (cumulative HDHSs) in June 2015 compared to other

years (2012—2016 buoy records and 2017—2020 in situ records). Asterisks (*)
show cumulative HDHs calculated from matching buoy records

ture differences between the water col-
umn and sediment were found in peak
temperatures during the day (repeated
measures ANOVAs: F, 3 = 148 and
F 50 = 209 for the center and northern
site, respectively, p < 0.05), which
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Fig. 7. Temperature attenuation in the sediment compared to the water column at the (a) northern and (b) center site. Hourly
temperatures from 6—13 August 2018 in the water column (blue) and in the root zone, 2.5 cm (orange) and 5 cm (red) into the
sediment. Dashed grey lines represent midday (12:00 h)

were on average 1°C warmer in the water column than
2.5 cm deep in the sediment, and 1.5°C warmer than
5 cm deep in the sediment (all statistically significant
differences, 2-sample t-tests, p < 0.05). Differences in
minimum temperatures between the water column
and sediment were smaller. On average, minimum
temperatures in the water column were 0.4°C cooler
than in the sediment (non-significant, 2-sample t-
tests, p>0.1).

3.4. Sulfide

The sulfur isotopic signatures (8**S) of leaf samples
from June and/or July 2012—2019 are shown in Fig. 8.
The 8%*S of samples taken outside of 2015 averaged
13.9 = 1.5%0 (+SD, n = 9). From June to July 2015,
however, the §S of eelgrass tissues dropped from
13.5 = 0.7 t0 8.4 = 0.5%, (a value identified as a statis-
tical outlier in our 7 yr record: Grubbs' test, p <0.05, n
= 11), coincident with the eelgrass die-off due to heat
stress. The Fyyiqe Values calculated from eelgrass and
sediment 84S values showed a higher contribution of
sulfide to plant sulfur in July 2015 compared to any of
the previous or subsequent years (34 vs. 16—25%,
respectively).

4. DISCUSSION

Identifying marine heatwaves and other extreme
temperature events and properly quantifying heat
stress are key to forecasting changes in marine eco-
systems induced by climate change. This study quan-
tified the duration and intensity of heat stress based

on extensive local water column temperature mea-
surements and a known eelgrass ecosystem heat tol-
erance threshold derived from aquatic eddy covariance
measurements at the same site. Here, we propose the
first heat stress metrics linked to the ecological re-
sponse of an eelgrass meadow that include both heat-
ing and cooling effects.

We found that both the timing of heating events in
eelgrass meadows and their spatial location with
respect to cooling modulated the ecological impacts
of extreme warming, and that heat stress at the scale
of hours to days can strongly impact eelgrass density.
The initiation of heat stress during the early growing
season, with the possible added effects of sulfide toxi-
city, triggered the eelgrass mortality event we ob-
served in 2015. The impact of the heatwave depended
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Fig. 8. Timeseries of the 'S of eelgrass leaves collected in

June (black) and/or July (red) of each year from 2012 to

2019. Numbers represent the proportion of sulfur in the eel-

grass tissue coming from sediment sulfide (Fyysqe €xXpressed
as a percentage). Error bars are = SE
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on spatial location within the meadow, with sites far-
thest from the ocean inlet experiencing less cooling
during incoming tides and greater heat stress, which
resulted in lower shoot density and canopy height.

This study advances our understanding of seagrass
meadow response to heat stress, and improves our
ability to quantify the intensity and duration of both
heating and cooling. Defining metrics for monitoring
heating and cooling that impact seagrass biomass
lays the groundwork for forecasting seagrass meadow
vulnerability and resilience to future warming oceans
and more frequent temperature extremes.

4.1. Heat stress metrics

Increased ocean temperatures and more frequent
severe heating events are impacting seagrass meadows
globally (e.g. Thomson et al. 2015, Arias-Ortiz et al.
2018, Berger et al. 2020), yet we lack appropriate mea-
sures to quantify heat stress that can help manage
seagrass ecosystems in the face of climate change.
The 2 most common metrics are based on climatologi-
cal thresholds: marine heatwaves are defined based
on the 90" percentile of mean SSTs (Hobday et al.
2016), and degree heating weeks are defined based on
mean monthly maximum SSTs (Liu et al. 2014). Both
of these rely on long-term records of SSTs and are
valuable in identifying periods of unusually high tem-
peratures. However, they do not take relief from heat
stress into consideration and are sometimes deemed
insufficient as sole metrics for explaining different
degrees of seagrass loss. For example, Strydom et al.
(2020) found that degree heating weeks alone could
only explain ~22% of observed spatial variations in
seagrass loss in Australia. We argue that heat stress
calculations need to be based both on the inherent
vulnerability of a species or ecosystem to temperature
stress (i.e. temperature threshold), and the duration
and intensity of both heating and cooling on hourly
time scales. Previous studies in other locations have
shown both plasticity and adaptation of eelgrass to
local temperatures, and so determination of tempera-
ture thresholds should be both species- and location-
specific (Reynolds et al. 2016, Duarte et al. 2018,
DuBois et al. 2020). The contribution of different com-
munity components may vary across locations, so it
is important to establish system-specific temperature
thresholds, as these different components may re-
spond differently to increasing temperatures (Murray
& Wetzel 1987).

In this study, we used the temperature tolerance
threshold of 28.6°C for the eelgrass meadow in our

study system, which we determined from a decade of
in situ aquatic eddy covariance measurements of eel-
grass ecosystem metabolism (Berger & Berg 2024). In
comparison, the thresholds for defining marine heat-
waves at the VCR were determined based on 24 yr
temperature records to be on average 27.6°C in June
and 29.4°C in July (Aoki et al. 2021). Due to the mis-
match between the climatological thresholds and the
physiological heat stress temperature threshold for
this eelgrass ecosystem, heating events that cause
negative ecological impacts may or may not meet the
definition of a marine heatwave. Furthermore, we
have demonstrated that hourly-scale heating and
cooling influence the ecological impact of heating
events on eelgrass meadows, whereas marine heat-
waves require the temperature to remain elevated
above the climatological threshold for at least 5 suc-
cessive days. The climatological definitions aid in
comparing marine heatwave events through time and
space, but they do not fully capture the ecological
impacts of warming oceans. For seagrass ecosystems,
more specific metrics that capture finer temporal vari-
ations in temperature, such as the HDHs and CDHs
defined here, are needed to identify and evaluate heat
stress impacts.

These novel metrics allowed us to compare the
intensity of heat stress between sites within the same
meadow (Fig. 4), thus providing a more refined pic-
ture of heat stress dynamics at smaller spatial scales
(~200 m) compared to the coarser resolution of satel-
lite-derived SST images (e.g. 1 km?). HDHs were also
useful in comparing heating events between years,
particularly events of similar duration but contrasting
intensity (Table 3), and mean HDHs per day were use-
ful in comparing the cumulated heat stress over heat-
ing events of different lengths. For example, both
2018 and 2019 had a 27 d warm period. However, the
2018 event was about half as intense as the 2019
event, with peak HDH values at the center site of
38°C-hours (2018) and 75°C-hours (2019), and mean
HDHs per day of 11°C-hours (2018) and 31°C-hours
(2019) (Table 3). Comparing daily HDHs enabled us
to identify the most intense periods of heat stress in
the temperature record, which might have been
missed had we only used average weekly tempera-
tures (Fig. 3).

The inclusion of cooling effects in our metrics
(CDHs) also provided more information about daily
temperature conditions where periodic cooling can
provide relief from cumulative heat stress. Our analy-
sis showed that neighboring sites within the same
meadow can experience contrasting patterns of heat-
ing and cooling (Figs. 3 & 4). The tidally-driven north-
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ern site (site 4) often exhibited more extreme tem-
perature fluctuations throughout the day, with
periods of high temperatures followed by cooler
periods of relief driven by the input of colder ocean
water during flood tides (Figs. 3 & 7). In contrast, the
center site (site 0), which experienced nearly double
the heat stress, exhibited less extreme temperature
fluctuations, as seen in the lower (2—3x) CDHs,
which indicate less stress relief and therefore less tidal
influence. Krumhansl et al. (2021) similarly showed
that seagrass sites with less water flow were warmer,
exhibited less temperature variability, and had lower
productivity and resilience. CDHs would also be a
useful differentiator between sites that may have the
same cumulative HDHSs over the duration of a heating
event, but different temperature profiles. In compari-
son to our northern site described above, which
experiences short pulses of high temperatures fol-
lowed by cooler periods of heat stress relief, another
hypothetical site could have the same total HDH
value at the end of a heating event, without having
experienced any relief from heat stress. This site
would have experienced less extreme temperatures
relative to Ty, but the heat stress experienced would
be more persistent rather than intermittent. Our work
therefore suggests that it is critically important to
include both the cumulative heating and cooling rel-
ative to a temperature threshold in future studies to
tease out the effects of ocean warming on coastal mar-
ine ecosystems.

4.2. Heat stress effects on eelgrass biomass

Shoot densities and lengths were ~65% higher at
sites that experienced less heating and more cooling
(with a mean HDH per day to CDH per day ratio of
0.4) compared to sites at the more heat-stressed
center of the meadow (mean ratio of HDH to CDH =
1.4 for the 3 most stressed sites, Fig. 4). Our results
document a general trend of more thriving eelgrass at
sites that benefit from proximity to the ocean inlet
and more pronounced tidal cooling (Fig. 1). These
findings agree with those of Moore et al. (2012), who
found higher eelgrass expansion in meadows that
experienced tidal cooling. Including more sites in
future studies could help tease out the relative impor-
tance of HDH and CDH in driving patterns of eelgrass
shoot density and length. The effects of tidal cooling
are also evident in the differences in shoot density
change between the center and northern sites during
the growing season (7 and 43% increases, respectively,
Fig. 5). This difference between the 2 sites (36 %) is

much larger than the difference in meadow thinning
at the end of the growing season in late summer (10 %).
This suggests that heat stress plays a more important
role in eelgrass expansion during the growing season,
as opposed to the late summer during natural eelgrass
senescence. This is further supported by the observed
decline in eelgrass shoot density between 27 April
and 27 June 2015 (Berg et al. 2019), a period during
which heat stress was considerable (Fig. 6b).

4.3. Role of co-stressors

While high water temperatures are recognized as a
main driver of eelgrass die-off events (e.g. Marba &
Duarte 2010, Arias-Ortiz et al. 2018, Berger et al. 2020,
Aoki et al. 2021), our results suggest sulfide toxicity
may have also contributed to the eelgrass mortality
we observed in 2015 (Fig. 8). Multiple studies have
previously connected seagrass mortality to the com-
bined effects of high water temperatures and sulfide
intrusion (Greve et al. 2003, Borum et al. 2005, Holmer
& Hasler-Sheetal 2014), despite sulfide intrusion
alone not always driving seagrass declines (Moksnes
et al. 2018). Elevated temperatures cause an increase
in oxygen demand from seagrass tissues, which — com-
bined with potentially low oxygen availability (e.g.
during ecosystem respiration at night and/or during
slack tide in dense canopies) —may lead tissues to
become hypoxic and thus susceptible to sulfide intru-
sion (Greve et al. 2003). Our results indeed suggest a
higher proportion of sulfide intake by eelgrass leaves
in 2015 compared to other years (Fyg0 = 25 and 34%
in 2014 and 2015, respectively, Fig. 8). McGlathery
(2018) showed a higher proportion of dead eelgrass
biomass just after the die-off even started in June
2015 (above and belowground dead:live biomass ratio
= 1.4) compared to early summer ratios consistently
<1 in other years (on average 0.7 for 2014, 2016, and
2017, n = 7). Based on our findings that, while damp-
ened, temperature fluctuations in the sediment fol-
lowed those of the water column and could reach sim-
ilarly high temperatures (>28.6°C, Fig. 7), we suspect
the initial warming in June 2015 led to increased res-
piration rates in the sediment which, combined with
newly added organic matter from the onset of the die-
off event, led to higher sulfide concentrations in the
sediment. Coupled with the weakened resistance to
sulfide intrusion of heat-stressed eelgrass, we con-
sider it likely that sulfide toxicity exacerbated the eel-
grass decline. However, it is also possible that the
eelgrass in the meadow interior was already more
sensitive to heat stress if some sulfide intrusion was
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already occurring (Goodman et al. 19995) as a result of
higher sediment organic matter content (2.6—3%) —
and therefore higher sulfide production — compared
to sites closer to the edges of the meadow (1—1.4%)
(Oreska et al. 2017). This highlights the need to con-
sider synergistic feedbacks between co-stressors
when assessing future impacts of marine heating on
seagrass ecosystems (Lefcheck et al. 2017). The com-
bined effects of 2 stressors —in this case high tem-
peratures and sulfide toxicity —likely had a stronger
negative effect on eelgrass survival compared to
exposure to heat stress only (Moreno-Marin et al.
2018). While light availability has generally not been
considered a stressor in the coastal lagoons at the
VCR (Lawson et al. 2007, Moore et al. 2012), it is pos-
sible that the increased windiness (Juska & Berg 2022)
and precipitation in this region (Najjar et al. 2000,
Polsky et al. 2000) will result in light availability
becoming a more important stressor, as it is in other
nearby areas (e.g. Moore & Jarvis 2008, Moore et al.
2014). Sulfide intrusion and high temperatures both
negatively impact seagrass photosynthesis and in-
crease light requirements to remain productive (e.qg.
Marsh et al. 1986, Goodman et al. 1995, Moore et al.
1997, Lee et al. 2007, Staechr & Borum 2011, Ewers
2013, Kim et al. 2020). The added effects of reduced
light availability on this decreased photosynthetic
efficiency would exacerbate the negative impacts of
temperature and/or sulfide intrusion on eelgrass
growth and survival. This should be taken into ac-
count in future studies.

4.4. High temperature-induced die-off events

Because of the close match between the amount of
heat stress calculated for summer heating events at
the Wachapreague station and at our center site, we
were confident in using the Wachapreague buoy
record from 2015 to accurately estimate the amount
of heat stress that initiated the die-off event (Fig. 6a).
Given the small-scale (<1 km) differences in heat
stress within South Bay, this record could not have
been used to directly estimate HDH at another site in
the meadow. This highlights the challenge of using
non-site data as a proxy for in situ conditions, and we
recommend deploying temperature loggers (HOBO
Pendant® temperature loggers are relatively inexpen-
sive) in areas of interest for continuous monitoring or
to derive relationships between in situ data and more
publicly available long-term records.

Heating in June 2015 lasted much longer (~2 wk)
and reached a higher daily HDH than early summer

heating in other years. It also cumulated a total of
220°C-hours, more than 2.5 times the amount cumu-
lated in the second hottest June (82°C-hours in 2018,
Fig. 6b). These results suggest that the amount of heat
stress during the growing season capable of trigger-
ing an eelgrass die-off event is likely to fall in the
range of ~100—200°C-hours. Although this estimate is
broad, it provides a first baseline for determining the
suitability of potential restoration sites in this region,
and for predicting future changes in eelgrass cover
under future ocean warming scenarios.

Future increases in the frequency and severity of
high-temperature events (including marine heat-
waves) may present a challenge for the resilience of
seagrass meadows and their ecosystem services
(Duarte et al. 2020). While there is evidence of sea-
grass adaptability and plasticity in response to marine
heatwaves that could mediate resilience to sub-
sequent heat stress, it is still unclear whether these
processes will keep up with global change and
whether they last interannually and intergenera-
tionally (Reynolds et al. 2016, DuBois et al. 2020,
Jueterbock et al. 2020, Nguyen et al. 2020). Jueter-
bock et al. (2020) and Nguyen et al. (2020) have
shown that the molecular changes associated with the
seagrass metabolic response to heat stress can be
memorized for several weeks after a heating event
and thus confer greater resilience to subsequent
events. This may explain why the timing of heating
events matters, and why an early-summer marine
heatwave in 2015 caused such a pronounced eelgrass
decline, compared to marine heatwaves in July that
were not associated with eelgrass loss (Table 3, Berger
et al. 2020). In addition to this, spring and early
summer represent the peak growing season for eel-
grass (Orth & Moore 1986), with peak production
(Berger et al. 2020) and accumulation of non-struc-
tural carbohydrate reserves (Burke et al. 1996). These
reserves are necessary for the plants to survive
periods of reduced net photosynthesis during stress-
ful summer conditions and the fall and winter (Burke
et al. 1996). Unusual heat stress during this critical
period could cause the plants to deplete the reserves
they would need to last through the heating event or
the rest of the summer, which would lead to biomass
loss. This explanation was also proposed by Moore et
al. (2014) and Shields et al. (2019) after 2 early-season
heating events in 2010 and 2015 caused eelgrass
losses in the Chesapeake Bay.

Future ocean warming and increasingly frequent
marine heatwaves underscore the need for a full
understanding of heatwave impacts on seagrass eco-
systems to better characterize seagrass habitat suit-
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ability in a changing climate. This includes under-
standing the inherent ecosystem vulnerability to heat
stress (Ty,) and the variability of both heating and
cooling effects. Additional research is needed to
understand how the timing and seasonality of heating
events contribute to seagrass decline, including the
effects of winter warming, which can also deplete sea-
grass energy reserves, leading to early flowering and
spring mortality (Sawall et al. 2021).
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