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Abstract

Coastal marine heatwaves have destructive and lasting impacts on foundational species
and are increasing in frequency, duration, and magnitude. High atmospheric temperatures are
often associated with marine heatwaves (MHW) which are defined as 5-days of water
temperatures above a seasonally varying 90th percentile threshold. In this study we consider the
prevalence of MHW propagation into surficial sediments to cause sediment heatwaves (SHW).
Within a shallow, subtidal seagrass meadow in Virginia, USA, sediment temperature was
measured at hourly intervals at a depth of 5 cm between June 2020-October 2022 at the meadow
edge and central meadow interior. The observed sediment temperature, along with a 29-year
record of water temperature and water level was used to develop a sediment temperature model
for each location. Modeled sediment temperatures were used to identify sediment heatwaves that
may thermally stress belowground seagrass. At both meadow locations, sediment heatwave
frequency increased at a rate twice that of MHWs in the average global open ocean, coinciding
with a 172% increase in the annual number of SHW days, from 11 to 30 days year™ between
1994-2022. Sediment heatwaves at both meadow locations co-occurred with a MHW 79-81% of
the time, with nearly all SHWs having a zero day lag. The top 10% most extreme MHWs and
SHWs occurred between November and April when thermal stress to seagrass was unlikely. In
June 2015 a SHW co-occurred with an anomalously long duration MHW that was associated
with a 90% decline in seagrass from this system, suggesting that SHWs may have contributed to
the observed seagrass loss. These results document heatwave propagation across the pelagic-
sediment interface which likely occur broadly in shallow systems with impacts to critical coastal

ecosystem processes and species dynamics.
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Introduction

Extreme high temperature events are expected to continue increasing in frequency,
magnitude, and duration in the atmosphere and the ocean (Meehl and Tebaldi 2004; Wuebbles et
al. 2017; Frolicher et al. 2018; Oliver et al. 2018). In the marine environment, these discrete
heatwaves, defined as local, seasonally varying prolonged periods (> 5 days) of anomalously
warm (> 90™ percentile) water temperature, may disproportionately stress marine organisms and
vegetated coastal ecosystems relative to longer-term increases in mean water temperature
(Krumbhansl et al. 2021; Serrano et al. 2021). Vegetated coastal ecosystems including, but not
limited to, seagrass meadows, represent 5-8% of Earth’s land surface, yet collectively store 20-
30% of all soil carbon, often referred to as “blue” carbon for its location in oceanic sediments
(hereafter, BC; Fourqurean et al. 2012; Nahlik and Fennessy 2016). While also being a major
global carbon sink (Duarte et al. 2005; Fourqurean et al. 2012), vegetated coastal ecosystems
provide other ecosystem services, including sediment stabilization, erosion protection, nutrient
and pathogen filtration, and habitat supporting fisheries (Hansen and Reidenbach 2012;
McGlathery et al. 2012; Lamb et al. 2017; Unsworth et al. 2018). These ecosystem services are
impacted by marine heatwaves (MHW) that have been implicated in seagrass mass mortality
(Collier and Waycott 2014; Berger et al. 2020; Strydom et al. 2020; Aoki et al. 2021), conversion
of a seagrass meadow from autotrophy to heterotrophy (Berger et al. 2020), and BC loss from
seagrass sediments (Arias-Ortiz et al. 2018; Aoki et al. 2021).

Marine heatwaves are generated by anomalous horizontal advective heat fluxes from
currents and tides, vertical diffusive heat fluxes across the air-water interface, and larger-scale
climate phenomena (Schlegel et al. 2017a; Holbrook et al. 2019). These extreme water
temperature events are associated with atmospheric subsidence and high-pressure blocking,

which enhances vertical heat fluxes by reducing cloud cover, wind speed, and relative humidity
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thereby increasing surface air temperature (Holbrook et al. 2019). Furthermore, reduced wind
speed decreases oceanic upwelling intensity, thermocline depth, and turbulence, thereby
promoting water column stability (Holbrook et al. 2019). Additionally, offshore MHW can be
advected horizontally to coastal regions via anomalous ocean circulation patterns, which can be
exacerbated by local circulation and geomorphic features (Schlegel et al. 2017a; Schlegel et al.
2017b).

In a recent survey of researchers, Macreadie et al. (2019) identified fundamental
questions to advance BC science, including better characterization of disturbance events in
sediments that impact long-term BC storage. While heatwaves are known to occur in the
atmosphere (AHW) and the pelagic environment of vegetated coastal marine ecosystems
(Wiberg 2023), there has been no study of heatwaves based on long-term data in vegetated
coastal marine sediments. This is due to a lack of sediment temperature monitoring over many
years as used in MHW analysis, difficulty in predicting when and where heatwaves will occur,
and perception that sediment temperature is less variable than atmospheric and water
temperature. Nonetheless, MHW events have doubled in duration in recent decades (Frolicher et
al. 2018) and are increasing in frequency (Oliver et al. 2018), threatening above and below-
ground BC storage, ecosystem resilience, and ecosystem services. Understanding MHW transfer
into vegetated coastal sediments is, therefore, critical.

Shallow, subtidal seagrass meadows reduce current flow (Hansen and Reidenbach 2012)
such that water temperature can become several degrees warmer in meadow interiors relative to
meadow edges (Aoki et al. 2021; Berger 2021). This spatial heterogeneity in water temperature
may at times exceed seagrass thermal stress thresholds within interior meadow regions. Such an

event occurred in June 2015 when the restored Zostera marina seagrass meadow in South Bay,
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VA, experienced a 14-day MHW event associated with a 90% reduction in seagrass shoot
density (Berger et al. 2020) and a 20% loss of buried BC (Aoki et al. 2021). The mass mortality
of Z. marina was spatially heterogenous, with the interior meadow region experiencing the
greatest loss. In contrast, the meadow's edge was undisturbed due in part to lower thermal stress
provided by greater oceanic exchange from a nearby inlet (Berger 2021). However, it remains
unclear if the decline in seagrass occurred, in part, due to prolonged extreme sediment
temperature exposure.

To investigate discrete, yet prolonged extreme sediment temperatures, we measured
sediment temperature at 5 cm depth within the interior and edge regions of the South Bay Z.
marina meadow (locations separated by ~1.4 km) for 2.5 years. This record was used to model
sediment temperature in relation to water temperature, water level, day of year, and hour. Using
the long-term modeled sediment temperature, we quantified sediment heatwaves (SHWs)
retroactively within the meadow to address the questions: 1) do heatwaves occur in vegetated
coastal sediments? 2) if so, are there spatial differences and temporal trends in vegetated coastal
SHW characteristics? and 3) specifically, did the MHW in June 2015 produce a concurrent SHW
in South Bay? We hypothesized that MHWs would be transferred into shallow coastal sediments.
However, whether and how frequently sediment temperatures exceed the 90" percentile for 5
consecutive days is unknown with the possibility that sediments buffer temperature extremes
such that exceedances of the threshold are typically short-lived. As the water temperature at the
edge of the South Bay seagrass meadow is cooler due to greater oceanic exchange with an inlet,
we expected that the interior region of the meadow would experience a greater frequency,

duration, and magnitude of SHWs relative to the edge. Lastly, due to the observed spatial
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heterogeneity in seagrass loss following the June 2015 MHW event, we hypothesized the
meadow interior had a concurrent SHW while the edge did not.
Methods

Study Site

The region between the Virginia, USA mainland of the Delmarva peninsula and
Virginia’s 14 coastal barrier islands makes up the Virginia Coast Reserve (VCR). Immediately
west of the barrier island Wreck Island is the shallow lagoon - South Bay, that has a mean depth
of < 1.5 m and tidal range = 1.2 m (Hansen and Reidenbach 2013; Safak et al. 2015). South Bay
is bordered by oceanic inlets to the north and south of Wreck Island and by Man and Boy
Channel toward the mainland to the west (specific latitudes and longitudes of the study are given
below; Figure 1). Z. marina was locally extinct from the VCR system for ~70 years however,
restoration seeding beginning in 1999 has led to a 20.3 km? continuous Z. marina meadow in
South Bay (Orth et al. 2020). In June 2015, a 14-day MHW preceded a 90% reduction in Z.
marina shoot density and a 20% reduction in stored BC within the central region of the South
Bay meadow, which took 2-4 years to recover (Berger et al. 2020; Aoki et al. 2021).

Data Collection

We conducted continuous monitoring of sediment temperature at a depth of 5 cm
between June 2020 and October 2022 at the central (37.2638 °N, 75.8153 °W) and northern edge
(37.2773 °N, 75.8092 °W) of the South Bay seagrass meadow (~1.4 km apart). A depth of 5 cm
was chosen from a visual inspection of where Z. marina rhizomes were most abundant. Sediment
temperature was measured at one-hour intervals using new Onset HOBO pendant temperature
data loggers with a factory temperature accuracy of + 0.53 °C (accuracy <=+ 0.53 °C between 0-
40 °C; factory stated drift resolution < 0.1 °C year!). Within each location (i.e., central and

edge), two data loggers were buried approximately 26 m apart in areas where seagrass shoot
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density was undisturbed (i.e., control sites) and areas where seagrass shoots were experimentally
removed and allowed to recover (i.e., treatment sites; Tassone 2023). There was no difference in
the sediment temperatures within each meadow location for undisturbed versus disturbed sites
based on linear regression slopes and R? of 0.99 (SI Figure 1). We provide additional details on
the experiment and treatment/control plots in the Supplement. The comparison of sediment
temperature of the two types of plots indicated temperature was relatively consistent on the scale
of at least tens of meters in this system. Therefore, sediment temperatures were averaged at each
meadow location.

Water depth was measured continuously at 15-minute intervals between October-
November 2021 using Onset HOBO Water Level Data Loggers. Over this time period, the
meadow edge was, on average, 20 cm deeper (mean depth = 1.5 m) than the central location (1.2
m). Concurrent water temperature was measured within each location at a fixed height by zip-
tying a temperature sensor sheathed in a 1.5-inch diameter steel tube to a vertical PVC pole 20
cm above the sediment surface to compare in-sifu water temperature with in-situ sediment
temperature. Water and sediment thermistors were replaced at monthly intervals between April-
November and were deployed for the entirety of the winter months (December-March). Overall,
sensor malfunction or loss resulted in 1.9% and 3.9% of the sediment temperature data being
missing from the central and edge locations, respectively, while < 0.7% of the water temperature
data was missing from both locations. The observed sediment and water temperature data from
South Bay are publically available via the Environmental Data Initative data portal (Tassone and
Pace 2023).

Continuous meteorological and water temperature monitoring has been ongoing within

the VCR since 1989 and 1994, respectively. Gap-filled daily mean atmospheric temperature
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collected from the VCR Oyster Meteorological Station (37.2909 °N, 75.9268 °W; Groleger et al.
2022), approximately 10 km west of South Bay, was used to determine long-term atmospheric
temperature trends as well as characterize AHW for comparison with MHW. The National
Oceanic and Atmospheric Administration’s (NOAA) Wachapreague, VA tide station (station ID:
8631044; 37.6078 °N, 75.6858 °W) provides publicly-available, continuous hourly water
temperature measurements. This NOAA monitoring station is approximately 38 km north of
South Bay, and the water temperature record from this station was used to confirm the presence
of the June 2015 MHW event (Aoki et al. 2021). Water temperature at this location is collected
at a depth of 1.0 m below MLLW. Monitoring records from this station were accessed via the
NOAA Tides & Currents webpage (tidesandcurrents.noaa.gov/stationhome.html?1id=8631044).
This station's water temperature time series was used to determine long-term water temperature
trends and characterize MHW:s in the VCR. Long-term monthly mean atmospheric and water
temperature trend analyses were conducted using Seasonal-Kendall trend tests with Sen’s slope
estimates using the R package ‘wql’ (Jassby and Cloern 2017; Tassone et al. 2022a). Months
with > 10 missing days were removed prior to trend testing.

Model Development

The lack of long-term sediment temperature time series necessitated the development of
sediment temperature models that used the continuous sediment temperature time series from
each South Bay location as a dependent variable. Multiple-linear regression models of hourly
sediment temperature for each South Bay meadow location were developed using Wachapreague
water temperature and mean-centered water level (both spanning 1994-2022), day of the year
(i.e., 1-365), and hour (i.e., 1-24) as covariates to account for diffusive, advective, seasonal, and
diurnal temperature variability respectively. Using Wachapreague water temperature in our

South Bay sediment temperature models was necessary as this was the only source of a long-
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term hourly water temperature record. This approach assumed that the difference in water
temperature between Wachapreague and South Bay was negligible. This assumption was
supported by the strong, positive linear relationships between concurrent hourly Wachapreague
water temperature and water temperature at the South Bay edge (slope = 0.92, R? = 0.96) and
central sites (slope = 0.96, R? = 0.97; SI Figure 2). Wachapreague time series gaps < 5 hours
were linearly interpolated prior to model development. Model building and validation used a
75:25 split-sample design, where 75% of the hourly observed sediment temperatures (n =
15,168) were randomly sampled and used as the dependent variable during model building. The
remaining 25% of the hourly observed sediment temperatures (n = 5,056) were used to validate
the model predictions. Model validation between the observed and predicted hourly sediment
temperatures for each meadow location was assessed using linear regression. Wavelet transforms
were used to detect the power spectrum in the water and sediment temperature time series at the
central and edge locations using the R package ‘biwavelet’ (Gouhier et al. 2021).

Extreme Event Detection

Aquatic and sediment heatwave detection was determined using the conventional MHW
definition such that a heatwave event occurs when the daily mean temperature exceeds a local,
seasonally-varying 90" percentile threshold for > 5 days and without a drop > 2 days below the
threshold (Hobday et al. 2016). Atmospheric heatwaves used a similar definition as MHWs
however, the threshold duration was > 3 days, with no drop below the threshold during an event.
The difference in these definitions is related to the increased temperature variability in the
atmosphere relative to the water and convention within the atmospheric and oceanographic fields
(Perkins and Alexander 2013; Oliver et al. 2021; Tassone et al. 2022b). The severity of all
heatwaves was classified based on Hobday et al. (2018), which described heatwave event

severity based upon multiples of the difference between the local climatology and the 90"
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percentile threshold and the peak magnitude of the observed temperature. Heatwave event
detection and classification were conducted using the R package ‘heatwaveR’ (Schlegel and Smit
2018). As heatwaves are rare events that can span monthly boundaries, long-term trends in
heatwave metrics (i.e., frequency, duration, intensity) were conducted on annual time series
using non-parametric Mann-Kendall tests with Sen’s slope estimates (“Kendall” and “trend” R
packages; McLeod 2011; Pohlert 2020; Tassone et al. 2022a). Influential data points within the
non-parametric regressions were identified as those points with a Cook’s distance (D) > 4/n,
where 7 is the total number of observations. All statistical analyses were conducted in the R
environment for statistical computing (R Core Team 2022) and are archived on GitHub
(https://github.com/spencer-tassone/SedimentHeatwaves).

Results
Observed Sediment and Water Temperature

Sediment temperature at the central meadow and edge locations followed a northern
hemisphere temperate seasonal cycle. The maximum summer (June-August of 2020-2022)
sediment temperature of the central meadow (32.1 °C) was similar to the edge location (31.6 °C;
Figure 2a). Both locations experienced similar low winter (December-February of 2021-2022)
temperatures of 1.4 °C and 1.5 °C for the central meadow and edge, respectively. Daily mean
sediment temperature at the central meadow was up to 4.1 °C greater than the edge during spring
and summer (Figure 2b). Conversely, the daily mean sediment temperature at the edge was up to
1.1 °C greater than the central meadow during fall and winter.

Sediment temperature seasonality closely followed water temperature seasonality at both
locations (SI Figure 3). The water temperature ranges were 2.6 °C and 2.3 °C greater than the
sediment temperatures ranges at the central meadow and edge locations, respectively. Water

temperature was generally warmer than sediment temperature during summer and cooler than the
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sediments during winter (Figure 3). The temperature difference range between the water and
sediment was 8.6 °C and 6.0 °C at the edge and central locations, respectively. The water and
sediment temperature power spectrum at the edge location had a diurnal (24-hour) and semi-
diurnal (12-hour) periodicity, while the central sites had only a diurnal signal (SI Figure 4).

Modeled Sediment Temperature

All covariates (i.e., water temperature, mean-centered water level, day of the year, and
hour) for the long-term multiple linear regression were statistically significant at the edge
location (p-value < 0.001; Table 1). Similarly, all covariates were statistically significant for the
central site, except for the mean-centered water level (p-value > 0.05; Table 1). There was an
excellent fit between the validation data not used in the construction of the models and the
predicted values from the models (Figure 4). The slope of the linear regression between the
observed and predicted hourly sediment temperature for the central meadow was 0.98 = 0.01 (+
SE) and 0.97 + 0.01 for the edge (R?> > 0.97; Figure 4). Wachapreague water temperature and/or
water level were missing for 2006, 2007, and 2017, limiting modeled sediment temperature
availability for those periods (SI Figure 5).

Heatwaves

Between 1994-2022 there was a total of 125 AHWs in the VCR (Figure 5a). There was
an average (+ SD) of 4 + 2 events year™!, with a mean duration of 4 days and a maximum
duration of 9 days (Table 2). The mean intensity of the AHWs was 2.1 °C above the seasonally
adjusted 90™ percentile threshold and was up to 15.7 °C above the threshold. AHWSs occurred
more in summer (35%), with the other seasons sharing between 21-22% of the remaining AHWs
(Figure 6). All of the top 10% most intense AHW occurred between November-March, with 67%
(n = 8) occurring in winter and the remaining 33% occurring in fall (n = 2) and spring (n = 2).

Atmospheric heatwave frequency had a positive linear increase over the study period; however,
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this trend was not statistically significant (p-value > 0.05). Similarly, the annual total number of

AHW days had a positive trend that was not statistically significant (Figure 5b). Cook’s D;

values for the annual total number of AHW days were > 4/ n in 1998 and 2014, suggestive of
influential outliers in the regression model (D; = 0.17 and 0.15 respectively). Additionally, there
was a long-term air temperature trend with a slope of 0.032 °C year™ (p-value < 0.001).

There were 67 MHWs during the 29-year study period, averaging 3 + 2 events year™!
(Figure 5c). The mean MHW duration was 8 days and ranged up to 26 days (Table 2). The mean
MHW intensity was 1.3 °C above the seasonally adjusted 90™ percentile threshold and was up to
6.5 °C above the threshold. MHWSs occurred most often in summer (34 %), followed by winter
(25%), spring (24%), and fall (16%; Figure 6). The top 10% most intense MHWSs occurred
during winter (n = 4) and spring (n = 3) between December-April. Heatwave frequency in the
water column significantly increased over the study duration at a rate of 0.09 events year™ (p-
value = 0.024; Figure 5c). The annual total number of MHW days significantly increased by 0.67

days year™! (p-value = 0.022; Figure 5d), representing a 172% increase in the annual total number

of heatwave days between 1994 (11 days) and 2022 (30 days). D; exceeded 4/ n for the annual
total number of MHW days in 1995, 2020, and 2021 (D; = 0.19, 0.35, 0.15 respectively). The 14-
day duration of the June 2015 MHW event that impacted Z. marina in South Bay was in the 94"
percentile of all Wachapreague MHW events between 1994-2022. Lastly, the long-term water
temperature trend was 0.041 °C year! (p-value < 0.001).

Among the two SHW locations, there were 66 and 64 SHWs at the central and edge
locations, respectively (Figure 5e, g). Annual SHW frequency was, on average, greater at the
central meadow location (3 £ 2 events year™') relative to the meadow edge (2 + 2 events year™';

Table 2). The mean and maximum duration of SHWs were equal among locations, averaging 8
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days and ranging up to a maximum duration of 25 days (Table 2). Similarly, the mean SHW
intensity relative to the 90" percentile threshold was equal among locations (mean = 1.2 °C)
however, the maximum intensity relative to the 90" percentile threshold was marginally greater
at the central meadow location (max = 5.8 °C) relative to the edge location (max = 5.7 °C). Both
central and edge locations had the greatest proportion of sediment heatwaves occur in summer
(35% and 36%, respectively), followed by spring (26% and 27%, respectively), winter (23% and
20%, respectively), and fall (both 17%; Figure 6). The top 10% most intense SHWs occurred
between November-April. Sediment heatwave frequency at both locations significantly increased
at a rate of 0.10 events year! (p-values < 0.015; Figure 5e, g). The annual total number of SHW
days significantly increased at an equal rate of 0.67 days year™! for each location, representing an

increase from an average of 11 SHW days in 1994 to 30 SHW days in 2022 (p-values < 0.041;

Figure 5f, h). Cook’s distance was > 4/n at the central sites in 2020 (D; = 0.45) and at the edge
sites in 1995 (Di = 0.14) and 2020 (D; = 0.47).

Of the 67 MHW events, 33% started during an active AHW event. Of those 22 co-
occurring AHW and MHW events, the MHW lagged the AHW on average by 1 + 1 day, with a
maximum lag of 4 days. Sediment heatwaves co-occurred with an active MHW 79% of the time
at the edge and 81% of the time at the central meadow location. Furthermore, the average lag
time between MHWs and SHWs was zero days at both locations, and up to 1 day at the central
meadow location. The 14-day MHW in June 2015 associated with the observed aboveground
seagrass dieback co-occurred with a SHW at both locations (Figure 7). There was no lag between
the June 2015 MHW and SHWs, with each persisting for 14 days (June 12, 2015 — June 25,

2015). Additionally, there were three atmospheric heat spikes (i.e., daily mean temperature > 90™
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percentile threshold for a duration < 3 days) and a single 3-day AHW (June 21-23, 2015) that
occurred during the MHW and SHWs (Figure 7).

Discussion

The results answer our three original questions about 1) SHW occurrence, 2) SHW
spatial patterns and temportal trends, and 3) whether the June 2015 MHW produced a concurrent
SHW. First, SHWs were documented based on the modeled sediment temperature dynamics over
a 29-year period. SHWs were similar at the central and edge locations and increased over the
time period. Finally, there was a concurrent SHW at both sites during the 2015 MHW.

MHWs were generally incorporated into shallow coastal sediments as 79-81% of the observed
SHWs co-occurred with an active MHW. All but one of the SHWs that coincided with a MHW
had a zero-day lag, suggesting that extreme water and sediment temperatures are in phase and
strongly coupled.

MHWs in the VCR and SHWs in South Bay are increasing in frequency and annual total
number of heatwave days between 1994-2022. There was a low number of annual MHWs and
SHWs at the beginning of the record (1994-1997) and a high number of MHWs and SHWs at the
end of the record (2019-2022) accounting for the the positive trend in MHWs and SHWs over
time. For the water column, the linear rate of MHW frequency increase (0.09 events year™') was
2x greater than the open ocean global average of 0.045 events year™ (Oliver et al. 2018). This
increase in MHW frequency was accompanied by a 172% increase in the annual total MHW
days from 11 in 1994 to 30 in 2022. The increase in the annual number of MHW days was less
than the globally averaged open ocean (Oliver et al. 2018) yet in agreement with the coastal
ocean region of the temperate north-Atlantic (Lima and Wethey 2012; Thoral et al. 2022).
MHWs in the VCR are anticipated to increase in the future based on a recent model projection

(Wiberg 2023).
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For the sediments, the linear rate of SHW frequency increase at both locations was 0.1
events year'|, which is marginally greater than the increasing rate of MHW frequency in the
VCR. This greater rate of SHW frequency increase than MHW and ~20% non-synchronous
SHW with MHW suggest an additional sediment heating mechanism or that MHW:s at the
NOAA Wachapreague tidal station differ somewhat from those in South Bay (~38 km southeast
of the NOAA tidal station). The lack of long-term (> 20 years) continuous water temperature
records from South Bay limits the ability to test for spatial differences in MHWs. Nonetheless,
the annual rate of total SHW days at both locations matched MHWs, increasing from 11 to 30
days year™!' during the study period.

The central meadow and edge locations had commensurate increasing rates of SHW
frequency, annual total SHW days, the proportion of co-occurrence with MHWs, and SHW
characteristics. These results did not support the hypothesis that SHW metrics would be greater
at the central meadow relative to the edge due to greater oceanic exchange that reduces heating at
the edge. Evidence of greater oceanic exchange at the meadow edge was observed as the pelagic
and sediment temperature power spectrums exhibited semi-diurnal (12-hour) and diurnal (24-
hour) periods, while the central location solely exhibited diurnal periods (SI Figure 3).
Additionally, pelagic and sediment temperatures during the summer were often greater at the
central location relative to the edge, but during winter, when the most extreme MHWSs and
SHWs occurred, the meadow edge was typically warmer than the central meadow.

The high proportion of MHW and SHW co-occurrence suggests that horizontal advective
heat fluxes (transport of heat via tides and currents) within the South Bay lagoon drive SHWs in
this system. The relatively low co-occurrence of AHW and MHW in South Bay (33%) further

supports that horizontal rather than vertical heat flux (direct atmospheric heating of water and
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sediment) is the dominant driver of SHWs in this shallow coastal system. Coastal MHWs are
driven, in part, by broad-scale processes such as anomalous oceanic and atmospheric circulation
patterns, as well as local-scale influences such as circulation and bathymetric features (Schlegel
et al. 2017a; Schlegel et al. 2017b). Moreover, the seagrass meadow we studied is shallow with a
depth of < 0.25 m during some neap tides, therefore direct heating of the sediments from the
atmosphere is possible. Overall, these features all affect temperature dynamics in the nearshore
environment, with potential to cause heterogenous heat accumulation in some shallow locations
promoting the possibility of MHWs especially with climate warming (Wiberg 2023). While
attribution of MHWs was outside the scope of the present study, MHWs in South Bay can occur
without an adjacent coastal ocean MHW (Aoki et al. 2021). Additionally, seagrass is known to
alter circulation patterns in South Bay (Hansen and Reidenbach 2012) however, the presence of
MHWs after seasonal seagrass senescence suggests additional features may promote localized
MHW development.

Aboveground seagrass biomass loss from the central South Bay meadow region
contrasted against the undisturbed seagrass at the meadow edge following the 14-day MHW in
June 2015 suggested that the central meadow area had a concurrent SHW while the edge did not.
This hypothesis was partially supported as a SHW at the central location started and ended on the
same day as the June 2015 MHW. However, a concurrent SHW at the meadow edge also co-
occurred with the June 2015 MHW. Differences in observed seagrass loss may be due, in part, to
spatial differences in absolute sediment temperature between the meadow edge and interior,
spatial differences in sediment organic matter (Oreska et al. 2017), hydrogen sulfide (H2S)
production (Berger 2021), and the extened duration of the MHW event. While Z. marina become

thermally stressed at 28.6 °C (Berger 2021), heatwave metrics (i.e., climatology, 90 percentile
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threshold) are localized in space and their thresholds vary throughout the year. Having species
specific knowledge of an organism’s thermal stress threshold becomes important when linking
MHWs to species-level impacts, particularly when the thermal stress threshold is exceeded for
multiple days. While thermal stress thresholds are common for the aboveground portion of
vegetation, much less is known about thermal stress related to the belowground portions of these
organisms. The SHW in June 2015 at the central meadow location exceeded 28.6 °C for three
consecutive days while the SHW at the meadow edge did not exceed the Z. marina thermal stress
threshold. Additionally, high sediment temperatures are associated with increased HoS
production in marine sediments and increased sulfide isotope concentration in seagrass tissues
(Berger 2021), which have sub-lethal and lethal impacts on Z. marina (Goodman et al. 1995;
Pedersen et al. 2004; Hoffle et al. 2011; Dooley et al. 2013). Furthermore, H>S can become
concentrated in marine sediments during organic matter decomposition (Dooley et al. 2013) and
the fraction of organic matter in South Bay seagrass meadow sediments is up to 3x greater within
the central meadow relative to the edge (Oreska et al. 2017). Lastly, while the intensity of the
June 2015 MHW was moderate, the 14-day duration of the event was extreme, putting it in the
94" percentile of all MHWSs observed during the study period. Strydom et al. (2020) modeled
seagrass loss from a world heritage area following a MHW event and found MHW duration to be
a significant predictor of seagrass loss. The duration of the MHW, increased H>S production in
the meadow interior, and presence of a co-occurring SHW that exceeded the Z. marina thermal
stress threshold at the meadow interior but not the meadow edge likely contributed to the spatial
differences in observed Z. marina loss (Aoki et al. 2021) following the June 2015 MHW.
Anomalously high sediment temperature events likely have ecosystem and species-level

consequences. Optimal microbial temperatures during winter, when SHWs are most intense, are
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often 20 °C greater than ambient temperatures (Joint and Smale 2017) such that a SHW in winter
could increase ecosystem respiration while primary production remains low due to light-
limitation and seasonal phenology of marine plants. Additionally, summer SHW may enhance
sediment respiration rates above primary production if the primary producers become thermally
stressed. The enhancement of winter and summer ecosystem respiration might reduce sediment
BC stocks, potentially impacting the ability of seagrass to sequester carbon and reducing the
valuation of seagrass in carbon markets (Oreska et al. 2020). At a species level, surficial
sediments in subtidal seagrass meadows do not typically provide thermal refugia for sessile and
slow-moving organisms during MHWs, given the high proportion of MHW-SHW co-occurrence.
This coupling could negatively impact ectothermic benthic marine organisms such as bivalves,
foraminifera, and polychaetes which significantly contribute to bioturbation and biogeochemical
cycling (Ouellette et al. 2004; Deldicq et al. 2021; Romén et al. 2023). Additionally, the intensity
of short-term MHWs can have contrasting impacts on the biogeochemical processes of benthic
macrofaunal communities such that nutrient cycling rates are enhanced during moderate MHW:s
and depressed during strong MHWs (Kauppi and Villnds 2022). Nonetheless, some organisms,
including blue crabs (Callinectes sapidus), may benefit from increasing SHWs, particularly in
the winter, as elevated bottom water temperatures are predicted to increase overwinter survival
(Glandon et al. 2019).

Future studies should consider the vertical profile of SHWs to better understand the depth
to which heatwaves propagate and how SHWs impact critical ecosystem processes, including BC
storage, and biogeochemical cycling, as well as temperature-dependent processes such as
ecosystem metabolism and species distributions. Moreover, subsequent studies should consider

the role of sediment temperature in un-vegetated systems and where there may be a greater



416  decoupling between water and sediment temperature, such as in deep meadows, systems with
417  high turnover, or greater canopy heights.

418 Sediment heatwaves at a depth of 5 cm regularly co-occur with MHW events in the

419  shallow, subtidal vegetated coastal sediments of South Bay, VA. Furthermore, MHWs and

420  SHWs significantly increased in frequency as did the annual total number of heatwave days

421  during the 29 years between 1994-2022. While there were differences in pelagic and sediment
422  temperature periodicity, there were no substantial differences in SHW metrics between the

423  central and edge meadow locations. The June 2015 MHW associated with the 90% decline in
424  aboveground seagrass density, 20% loss in BC stocks, and metabolic conversion of the meadow
425  from autotrophy to heterotrophy (Berger et al. 2020, Aoki et al. 2021) coincided with SHWs at
426  the central and edge meadow locations which may have contributed to observed patterns in

427  seagrass loss.

428 Overall, these results document SHWs in vegetated coastal sediments and indicate these
429  events likely occur in a variety of aquatic systems. While our sediment temperature model did
430  not account for how seagrass metrics (i.e., differences in canopy height, density, biomass) may
431  impact sediment temperature, future studies should consider how these factors impact sediment
432 temperature dynamics. Inclusion of seagrass metrics might improve the accuracy of our sediment
433 temperature model, particularly between the years 1999-2007 when South Bay was actively
434  undergoing a state change due to restoration efforts. Lastly, our study highlights the value of
435  long-term monitoring programs, such as NOAA’s Center for Operational Oceanographic

436  Products and Services (CO-OPS) and NSF’s Long-Term Ecological Research (LTER) program,

437  to characterize emergent climate change signals such as coastal marine and sediment heatwaves.
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614  Tables & Figures

615  Table 1. Multiple linear regression model characteristics for South Bay sediment temperature.
616  The long-term mean was removed from the Water Level variable prior to model development.

Location Variable

Estimate + SE  Variable p-val. Adj.R? Model p-val.

Edge

Central

Intercept

Water Temp. (°C)
Water Level (m)
Day of Year

Hour

Intercept

Water Temp. ( °C)
Water Level (m)
Day of Year

Hour

0.782 £ 0.034

0.879 £ 0.001

-0.744 + 0.053

0.0050

0.01 +£0.002

0.513 £0.029

0.934 +£0.001

0.022 + 0.045

0.003+0

0.02 £ 0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.623

<0.001

<0.001

0.974 <0.001

0.982 <0.001




617  Table 2. Heatwave characteristics for the VCR atmosphere at Oyster, VA, water column of
618  South Bay, VA, and the sediments at the edge and central South Bay meadow locations.
619  Frequency results are the annual mean number of events + standard deviation.

Variable Atmosphere Water Edge Central

Total Events 125 67 64 66
Frequency (events year 1) 4 +2 F+2 222 3J#2
Mean Duration (days) 4 8 8 8
Max Duration (days) 9 26 25 25
Mean Intensity - Rel. Thres. (°C) Zi 1.3 1.2 1.2

Max Intensity - Rel. Thres. ( °C) 157 6.5 5.7 5.8
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Figure 1. Map of the study area along with the position of sediment temperature thermistors (not to scale). Two temperature
thermistors were buried to a depth of 5 cm at the meadow edge and central meadow interior which were approximately 1.4 km apart.
Within each location, thermistors were spaced 26 meters apart. NOAA’s tidal monitoring station at Wachapreague, VA, is denoted by

a star in the right panel and is approximately 38 km north of South Bay.




624
625
626
627
628
629

301

251

201

151

101

51 |—Edge
— Central

Hourly Sediment Temperature (°C)

iy
o

Pos. = Central > Edge 1 (b

%)

§3.5_ Neg. = Edge > Central o,
T 3.0 &
8

£ 2.57

(7}

= 2.0

o

£ 1.5

2 1.0

(7}

& 0.57

@

= 0.0

=

‘m -0.5

(]

<1 -1.09

c o T © Kol = c o - o o = c (=2} T
3 268 8 ¢& 2 3 2 6 8 ¢ < 3 2 6
2020 2021 2022

Figure 2. Hourly sediment temperature for the edge and central locations within the South Bay
seagrass meadow (a). Daily mean difference in sediment temperature between the edge and
central locations within South Bay (b). Positive values indicate that the central site was warmer
than the edge, whereas negative values indicated that the edge was warmer than the central site.
Dots represent the daily mean difference, while the smoothing line was produced using locally
weighted polynomial regression.
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Figure 3. Observed hourly difference between water and sediment temperature for the edge and
central locations. Positive values indicate that the water temperature was greater than the
sediment temperature, whereas negative values indicate that the sediment temperature was
greater than the water temperature.
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635  Figure 4. Sediment temperature model validation for the edge (top) and central meadow (bottom)
636  locations of the South Bay seagrass meadow. The red dashed lines represent the 1:1 line, while
637  the blue lines represent the line of best fit from linear regression.
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638  Figure 5. Annual heatwave frequency for the VCR atmosphere (a), the South Bay water column
639  (c), edge (e), and central meadow (g) sediments. Linear regression of the annual total number of
640  heatwave days for the atmosphere (b) water column (d), edge (f), and central meadow sediments
641  (h). NA refers to years when NOAA water temperature and/or water level data was unavailable
642  such that MHW and SHW analyses were not possible.
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643  Figure 6. Total number of heatwaves per season for the atmosphere and water column, as well as
644  the central meadow and edge sediments.
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Figure 7. Concurrent heatwaves in the atmosphere (a), water column (b), edge sediments (c), and
central meadow (d) sediments. Areas under the curve between the daily mean temperature and
90" percentile represent heatwave conditions. The purple horizontal line in b, ¢ and d represent
the 28.6 °C thermal stress threshold for Z. marina.



