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Eelgrass meadow response to heat stress. I.
Temperature threshold for ecosystem production
derived from in situ aquatic eddy covariance
measurements
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ABSTRACT: As seagrass meadows are increasingly threatened by warming oceans and extreme
heating events, it is critical that we enhance our understanding of their ecosystem response to heat
stress. This study relied on our extensive database of hourly eelgrass Zostera marina ecosystem
metabolism to determine, for the first time, the temperature stress threshold (Ty,) of Z. marina
meadows under naturally varying in situ conditions. Eelgrass ecosystem metabolism was measured
using the aquatic eddy covariance technique in a 20 km? meadow at the Virginia Coast Reserve
(USA). We constructed and fitted a non-linear multivariate model to identify 28.6°C as the thres-
hold above which substantial negative effects on net photosynthesis occur. On average, daytime
oxygen fluxes decreased by 50% on afternoons when Ty, was exceeded, which shifted daily net eco-
system metabolism from metabolic balance to net heterotrophy and therefore a loss in carbon. This
study highlights the vulnerability of eelgrass meadows to future warming projections.
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1. INTRODUCTION

Seagrass meadows provide valuable ecosystem ser-
vices to coastal areas (e.g. Costanza et al. 1997, Beck
et al. 2001, Koch et al. 2009) and play an important
role as significant carbon sinks in the global carbon
cycle, due to high rates of primary production and
carbon burial in their sediments (Duarte et al. 2010,
Fourqurean et al. 2012, Oreska et al. 2017). However,
seagrass ecosystems worldwide have been declining
in part due to increasing global temperatures and
local extreme events during which water tempera-
tures 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). Such
die-off events not only cause the loss of seagrass eco-
system services but also trigger substantial CO, emis-
sions from seagrass meadows through the remineral-
ization of previously buried organic matter (Pendleton
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etal. 2012, Arias-Ortiz et al. 2018). To better anticipate
changes in seagrass ecosystems under future warming
scenarios, it is critical to enhance our understanding
of how seagrass ecosystems respond to heat stress.
Temperature effects on seagrass growth are com-
plex and not fully clarified. It is well-known that in-
creasing temperatures stimulate seagrass photosyn-
thesis until reaching an optimum temperature
threshold (Ty,) (e.g. Marsh et al. 1986, Lee et al. 2007).
Beyond this threshold, increasing temperatures cause
thermal damage to the photosynthetic apparatus
(Wahid et al. 2007, York et al. 2013), and the photo-
synthetic efficiency of the plant declines (e.g. Marsh
et al. 1986, Abe et al. 2008, Niu et al. 2012). Respira-
tion, however, increases more rapidly than photosyn-
thesis with increasing temperature and continues to
do so well past Ty, (Marsh et al. 1986, Staehr & Borum
2011). This metabolic imbalance leads to a carbon
deficit within the plants, which results in impaired
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growth and loss of seagrass biomass (Moore & Short
2006, Lee et al. 2007, Collier et al. 2011, Ewers 2013).
Therefore, it is no surprise that determining Ty, for
seagrass species has been the focus of many studies
aiming to better understand the impacts of heat stress
on seagrasses (e.g. Nejrup & Pedersen 2008, Collier
et al. 2011, Pedersen et al. 2016, Egea et al. 2019,
Rasmusson et al. 2020).

Eelgrass Zostera marina is a widespread temperate
seagrass species that is particularly at risk of local
extinction at the southern edge of its distribution off
the Mid-Atlantic coast (Koch & Orth 2003, Wilson &
Lotze 2019), due to the expected increase in the
frequency, duration, and intensity of extreme heat-
ing events throughout the 215 century (Frélicher et
al. 2018, Oliver et al. 2019). The temperature thres-
hold for Z. marina has been estimated between 25
and 30°C (Lee et al. 2007). Some studies have re-
lated Ty, to changes in eelgrass biomass or cover,
taking advantage of large spatial scales (ecosystem-
scale) and long time series (~10—40 yr) (Lefcheck et
al. 2017, Richardson et al. 2018, Shields et al. 2019).
However, the temporal resolution of seagrass cover
or biomass data is often coarse (monthly to bien-
nially), and the estimated Ty, may not accurately
reflect the temperature at which seagrasses become
physiologically stressed. Other studies aiming to
determine this critical threshold do so by incubating
leaf fragments (e.g. Marsh et al. 1986, Rasmusson et
al. 2020) or whole shoots (Nejrup & Pedersen 2008)
at discrete temperature intervals (often 2—5°C) and
under controlled light conditions. Leaf fragments
and whole shoots are typically incubated in the
laboratory for a few hours and a few weeks, respec-
tively. Photosynthetic rates and growth parameters
such as new leaf production and leaf elongation are
usually measured at the end of the experiment.
These studies provide valuable insights into the
thermal tolerance limits of seagrass plants but are
difficult to translate to the ecosystem scale given
that they are performed under controlled, static
conditions and often exclude non-photosynthetic
organs (roots and rhizomes) and other autotrophs
and heterotrophs, which together contribute to
whole-plant carbon balance and seagrass ecosystem
response to heat stress.

To more realistically constrain Ty, for eelgrass eco-
systems, it is essential to measure in situ eelgrass
ecosystem metabolism under naturally varying envi-
ronmental conditions. Our goal in this study was to
determine Ty, of a vulnerable eelgrass meadow at the
southern edge of the species’ distribution. To do
this, we relied on our substantial database of benthic

oxygen (O,) fluxes measured by aquatic eddy covar-
iance (AEC; Berg et al. 2003) at the Virginia Coast
Reserve (VCR) (Hume et al. 2011, Rheuban et al.
2014a,b, Berg et al. 2019, Berger et al. 2020, this
study). Benthic O, fluxes are widely used as a proxy
for ecosystem metabolism (e.g. Glud 2008, Rheuban
et al. 2014b, Volaric et al. 2018, Berger et al. 2020,
Berg et al. 2022), and this state-of-the-art in situ
technique is well-suited for measuring instantaneous
changes in seagrass ecosystem metabolism as a
result of naturally fluctuating temperatures, as it is
non-invasive (Lorrai et al. 2010) and measures ben-
thic O, fluxes at a high temporal resolution (Rheu-
ban & Berg 2013) over a 10— 100 m? footprint (Berg
et al. 2007), thus capturing whole-ecosystem pro-
cesses. Preliminary data analyses of summer eelgrass
ecosystem metabolism during cool days (tempera-
tures <25°C, n = 6 days binned by hour-of-day) and
hot days (afternoon temperatures >28°C, n = 7 days)
revealed a strong negative effect of elevated tem-
peratures on eelgrass ecosystem production (Fig. 1).
This clear pattern motivated our further investiga-
tion into the threshold at which this negative effect
occurs. To our knowledge, this is the first time a
temperature stress threshold for eelgrass ecosystem
production was determined from in situ and non-
invasive metabolic measurements.

2. MATERIALS AND METHODS
2.1. Study site

The VCR Long-Term Ecological Research (VCR-
LTER) site, located along the Atlantic side of the Del-
marva Peninsula, is home to the largest successful
eelgrass restoration project in the world (Orth &
McGlathery 2012). This study took place in South
Bay, which contains the largest of 4 previously re-
stored eelgrass meadows at this site (~20 km? as of
2018, Orth et al. 2020; Fig. 2). Our measurements
were conducted at 2 sites in the original restoration
area of the meadow, a 7 km? region located just west
of a barrier island and connected to the Atlantic
Ocean by 2 inlets north and south of the meadow.
This creates a low-energy hydrodynamic environ-
ment where light conditions are favorable to eelgrass
growth (Lawson et al. 2007). Long-term data at the site
also show relatively constant salinity and consistently
high water quality due to the negligible freshwater
inputs into the lagoons and limited human develop-
ment around the VCR, resulting in low sediment and
nutrient loading (Moore et al. 2012, Oreska et al.
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Fig. 1. Preliminary data analyses from aquatic eddy covari-
ance measurements in South Bay show a negative effect of
high temperatures on seagrass ecosystem metabolism. We
compared (a,b) mean temperature and (c,d) associated oxy-
gen (O,) fluxes during 3 h in the morning and 3 h in the after-
noon for a subset of 6 days on which (a,c) water tempera-
tures were relatively cool (14—22°C) and 7 days on which
(b,d) afternoon water temperatures exceeded the 28°C thres-
hold proposed by Moore & Jarvis (2008). These bins were pro-
duced to have similar photosynthetically active radiation
(PAR) levels in the morning and afternoon, to ensure that any
observed differences in O, fluxes would not result from vary-
ing light conditions. Current velocity was also similar be-
tween morning and afternoon hours. Error bars are =SE (n =
18 and 21 hours for cool days and hot days, respectively). As-
terisks designate statistically significant differences between
morning and afternoon hours (2-sample {-test, p <0.05)

2021). South Bay is shallow (mean water depth =
1.2 m) and experiences semi-diurnal tides with a tidal
range of 1 m (Fagherazzi & Wiberg 2009). The eel-
grass meadows of the VCR-LTER are growing close to
the southern geographical limit for Zostera marina
(Moore & Short 2006).

In June 2015, the VCR-LTER region experienced a
marine heatwave, which led to a dramatic eelgrass
die-off event in South Bay (Berger et al. 2020, Aoki et
al. 2021). Long-term eelgrass monitoring efforts at the
6 original restoration plots at the center of South Bay
captured this ~90% decline in eelgrass shoot density
and its slow recovery in the following years (Berger et
al. 2020, Aoki et al. 2021).

Eelgrass ecosystem metabolism was measured by
AEC at 2 sites in South Bay: one in the northern part
of the meadow (‘northern site': 37°16'34.2"N,
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Fig. 2. (a) Study site locations in the South Bay eelgrass

meadow at the Virginia Coast Reserve Long-Term Ecological

Research site (VCR-LTER), on the Atlantic side of the Del-

marva Peninsula (inset). (b) Aquatic eddy covariance systems
deployed side-by-side in South Bay

75°48' 44.4" W) and one in the center of the meadow
(‘center site': 37°15'43.6" N, 75° 48' 54.6" W) (Fig. 2).
The center site is one of the original restoration plots
and has been part of a long-term study (2007 — pre-
sent) on eelgrass ecosystem metabolism measured by
AEC (Hume et al. 2011, Rheuban et al. 2014a,b, Berg
et al. 2019, Berger et al. 2020). In summer 2019, the
northern site was added to our study design, and we
alternated eelgrass ecosystem metabolism measure-
ments between both sites throughout the summer.
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2.2. Eelgrass metabolism measurements by
aquatic eddy covariance

We applied the AEC technique (Berg et al. 2003) to
measure eelgrass ecosystem metabolism as described
in detail by Berger et al. (2020). Briefly, this technique
uses high-resolution (16 —64 Hz) measurements of
dissolved oxygen and current velocity field (x, y, z) to
derive in situ benthic O, fluxes over a 10— 100 m?
footprint, thus capturing ecosystem-scale processes
under naturally varying conditions (e.g. light, flow,
and temperature). The oxygen and velocity sensors
are mounted on a thin, stainless steel frame designed
to minimize disturbances of the natural flow (Berg &
Huettel 2008).

In this study, we used a mix of previously published
(Berg et al. 2019, Berger et al. 2020) and new benthic
flux data, focusing on the spring and summer months
between 2014 and 2018 (n = 60 days). During summer
2019, we measured benthic fluxes for 3 — 7 consecutive
days (usually 1 to 4 deployments, each 24 — 48 h in du-
ration), alternating between the center and northern
site (Fig. 2), totaling 45 days of data over the summer.
For this new sampling period, we used a RINKO-EC
micro planar optode (JFE Advantech) (Berg et al.
2016) to measure dissolved oxygen, as opposed to the
Clark-Type microelectrodes (Unisense) used through
2018. The RINKO-EC sensor was considerably less
fragile, thus ensuring a significantly higher deploy-
ment success rate. The sensor was placed 1.5 cm away
from the edge of the velocity sensor's measuring vol-
ume, which was set at 30 cm above the seafloor. To ac-
count for the time lag between velocity and oxygen
concentration measurements resulting from this dis-
tance, we applied a time-shift correction that maxi-
mized the covariance between fluctuations in O, con-
centration and vertical velocity over a 0 —2 s period.
Because of its tip size (8 mm), the RINKO-EC sensor
can potentially interfere with the velocity measure-
ments. We therefore deployed 2 AEC systems side-by-
side, facing in opposite directions to measure benthic
O, fluxes during flood tide and ebb tide, respectively
(Fig. 2b). This ensured maximum measurement accu-
racy throughout the tidal cycle. The systems were de-
ployed 10 m apart so that their footprints would not
overlap. When processing the data collected by each
system, we excluded data collected while the main
current direction came from behind the sensor. During
slack tide, we treated data on a case-by-case basis,
often averaging the fluxes from both systems.

All AEC deployments also produced water depth
measurements and coincided with measurements of
photosynthetically active radiation (PAR) and water

temperature. We used 2n PAR loggers (Odyssey) to
measure PAR at 5 min intervals and miniDOT® (PME)
optodes (accuracy +=0.1°C) to measure dissolved oxy-
gen concentration and temperature at 1 min intervals.
Both sensors were deployed at the top of the canopy,
30 cm above the sediment surface.

Differences in available light (PAR), water depth,
and current speed between the center and northern
sites during summer 2019 were assessed using 2-
sample t-tests (significance level: 0.05) in the soft-
ware program R (version 3.4.2; R Core Team 2017).
Prior to conducting these {-tests, we screened our
data for outliers (via visual inspection of boxplots and
Cleveland dot plots) and ensured they met the as-
sumptions of normality (through visual inspection of
frequency distributions and Q—Q plots) and homo-
geneity of variances (by visually inspecting fre-
quency distributions and employing Bartlett's test).
Only daytime (non-zero) PAR data were included in
these tests.

2.3. Identifying the temperature stress threshold

To determine the temperature threshold for heat
stress (Ty,) of the South Bay eelgrass meadow, we first
identified subsets in our in situ hourly O, flux data
where the range of temperatures during individual
days was sufficiently large (~25—31°C) to capture the
effects of increasing temperatures on eelgrass ecosys-
tem metabolism and overlap with the 28°C threshold
proposed by Moore & Jarvis (2008). We identified 5
such subsets from June 2015, 2019, and July 2019,
each containing 36 — 89 h of continuous data. Hourly
data in each subset were binned by hour of day to pro-
duce representative diel cycles. We also combined
data from all subsets (n = 356 h = ~15d) into one 24 h
cycle to average over differences in sampling time
and location and to represent an average day of heat
stress in the meadow.

To identify the temperature threshold at which neg-
ative impacts on eelgrass ecosystem production oc-
curred, we fit our O, flux data using a non-linear mul-
tivariate modeling approach using PAR, temperature,
and hour of day as explanatory variables. Under non-
stressful temperatures, our model simply described
a typical photosynthesis —irradiance (P —1I) relation-
ship based on the function proposed by Jassby & Platt
(1976) and previously used on our AEC data (Berg et
al. 2019) (Fig. 3a,d):

Benthic O, flux = P, X tanhé tR (1)
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Fig. 3. Conceptual representation of the model used to determine the temperature threshold (Ty,) above which eelgrass ecosys-
tem production is negatively affected. The model equation (d) is based on a typical photosynthesis —irradiance (P —1I) curve (a)
modified by a factor f (b), which is equal to 1 when temperature <Ty, and is <1 when temperature =Ty, (c) In this model, R de-
creased linearly at a rate ag = 5.11 mmol O, m~2h~! (Juska & Berg 2022) during nighttime hours (see Section 2.3 for details),
and increased during the day by a rate of —az5/7 (5/7 being the ratio of nighttime to daytime hours). The fitting parameters
were P, (maximum net photosynthetic rate); I, (light saturation constant); Ty, (temperature threshold); a, (constant); and Ry,ean
(average respiration). I (PAR), temperature, and O, fluxes were measured data. (e,f) An ideal set of hourly temperature (blue
line), PAR (green dots), and O, fluxes (blue bars). Positive O, fluxes represent a release of oxygen (net photosynthesis), and
negative O, fluxes represent oxygen uptake (respiration). Red line: O, fluxes predicted by our model. Dashed line:
O, fluxes predicted by the P —Irelationship without the modifier (f = 1)

where P, is the maximum net photosynthetic rate, I'is
available light at canopy height (PAR measurement),
Iy is the light saturation constant, and R is respiration.
In our model, the underlying P—1I relationship ac-
counted for variations in R throughout the diel cycle
that result from the production of highly labile com-
pounds produced during the day and consumed at
night (Fig. 3d), with R decreasing linearly at a rate
ag = 5.11 mmol O, m~2 h™! during the night and in-
creasing by a rate of —az5/7 throughout the day (5/7
being the ratio between nighttime and daytime
hours) (Juska & Berg 2022). This rate was determined
from 2115 h of summer O, flux data measured by AEC
at our same study site in South Bay (Juska & Berg
2022). The significantly smaller number of hours used

in this study (n = 356) prohibited us from including oz
as a fitting parameter in our model. In previous
studies, the effects of light and the production and
consumption of labile compounds account for 99% of
the variance in O, fluxes under non-stressful thermal
conditions (Juska & Berg 2022). In this study, we
therefore deemed the effects of current velocity on O,
fluxes to be insignificant compared to the other
drivers, particularly as our data were averaged over
several days (Hume et al. 2011, Juska & Berg 2022).
Deviations of net photosynthesis measurements
from this traditional P—1I relationship (Fig. 3f) can
therefore be primarily attributed to the effects of tem-
perature threshold exceedance. To account for the
drop in production due to heat stress, we included a
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factor f in our model (Fig. 3b) that attenuated the
aforementioned P — [ relationship when temperatures
exceeded Ty, (Fig. 3). For temperatures below Ty,
was equal to 1 (no attenuation). In other words, our
model identified the temperature Ty, beyond which
net photosynthesis deviated from what would be
expected solely based on light levels (Fig. 3c,e).

This fitting model was written in Fortran and run on
each of our 5 subsets of hourly data and the combina-
tion of all 356 h of data. The model outputs were Ty, a
constant oy Ryean (used in R calculations), Py, and I
(Fig. 3d). The program performed on average 16.8 x
108 iterations each run to find the best combination of
parameter values to fit our measured O, fluxes. Be-
cause our model is nonlinear, all reported R?values in
our results come from a linear regression performed
between the observed and predicted O, fluxes.

3. RESULTS
3.1. Site characteristics

Water depth and light availability (PAR) were not
significantly different between the center and northern
sites: with only a difference of 6 cm in water depth
(2-sample t-test, tys = 1.52, p = 0.13, n = 500 h), and
150 pmol m~2 s~ ! in PAR, which represents ~ 7% of
maximum daytime PAR at these sites (2-sample t-test,
tzz = 1.11, p = 0.27, n = 80 h). PAR varied from 0 to
~2000 pmol m~2s~!, the latter being measured at mid-
day during low tide. Current speeds at the center site
ranged from 0.4 to 9.8 cm s~ ! (mean: 2.8 cm s~ !), and
those at the northern site ranged from 0.4 to 13.1 cm
s~! (mean: 4.9 cm s~!). This average difference of
2.1 cm s~ ' was statistically significant (2-sample t-test,
tyo3 = —9.57,p<0.05 n = 500 hours).

times could be identified. P, was much higher at the
northern site (1282 mmol O, m~2 d~!) than at the
center site (540 mmol O, m~2 d!), and the light
saturation constant ([;) increased between June
(mean I, = 982 pmol m~2 s7!) and July (mean I, =

1727 umol m~2 s~ 1) (Table 1).

3.3. Effects of temperature threshold exceedance
on eelgrass production

During days of heat stress, we observed a notable
drop in net photosynthesis compared to what would
be expected under the measured light levels. Fig. 4
displays a side-by-side comparison of our measured
and predicted O, fluxes under cool conditions
(Fig. 4a,c; temperatures averaging 15— 18°C over a
24 h cycle obtained from 429 h of data from April
2015, 2017, and 2018 binned by hour of day) and heat-
stressed conditions (Fig. 4b,d; temperatures averag-
ing 26 —30°C, full composite of 356 h of data—see
Section 2.3). While a P —1 relationship (modified for
diel R variability as in Juska & Berg 2022) accurately
predicted oxygen fluxes during cool days (R? = 0.99),
it would have overestimated afternoon fluxes during
hot days, as shown in Fig. 4b (dashed line) where the
modifier fin our model (Fig. 3) was set to a fixed value
of 1. When our model took into account the existence
of a temperature threshold, the decrease in net photo-
synthesis as a result of heat stress was well predicted
(R? = 0.99, Fig. 4b). In the hour following threshold
exceedance (hour 14.5, Fig. 4b), our model predicted
an O, flux 24% lower than what a simple P —I function
would have predicted (model O, flux = 299 mmol O,
m~2d~'vs. P—1 0, flux = 394 mmol O, m~2d"!). The
largest difference in O, flux predictions occurred at
hour 16.5, where the predicted O, flux under heat

Table 1. Model results from 6 runs on aquatic eddy covariance data from June

3.2. Temperature threshold

2015, 2019, and July 2019 at the northern and center sites (total = 356 h). Ty, =

temperature threshold (°C), a; = parameter where f = 1 — a7 (T —Ty), Rnean =
average respiration (mmol O, m~? d~!), P,, = maximum photosynthetic rate

Our model identified 28.6°C as the
temperature threshold beyond which
negativeimpactsonnetecosystem pho-

(mmol O, m~2d~!), and I, = light saturation constant (umol m~2s~!). Nis given
in hours, and R? is the coefficient of determination, calculated from a
linear regression between observed and predicted O, fluxes

tosynthesis occurred (Table 1). Each

model run fit our data extremely well Warm period  Site T o Rpean Pn I R? N
2 _ _ R

(R7 =0.92—-0.99) and produced tem All data Both 286 02 —242 684 1161 099 356

perature threshold estimates between | jype 2015 Center ~ 20.1 0.7 —127 338 1002 0.97 84

27.8 and 29.5°C, diverging only +3% June 2019 Center 28.1 0.05 —159 442 961 0.96 36

from the average Of 2860C (Table 1) July2019 Northern 27.9 0.2 — 336 825 1130 0.95 80

Th del 1 54 b July 2019 Center 288 0.3 —235 841 1718 0.92 89
e model was only run on , data sub- Late July 2019 Northern 29.3 0.2 —294 1738 2334 092 67

sets; therefore, no clear patterns in Ty, Average 28.6

estimates between sites or sampling



Berger & Berg: Eelgrass meadow thermal tolerance threshold 41
—~ 500 500
"5 4004 (a) Bl Measured flux 400 (b)
a3 APRIL O P-Ifit 300 JUNE/JULY
(S T @ Model fit
5 200+ — -Modelfitr=1 200
£ 100 100
E o 0
X 100 -100
*=, -200 N =429 h -200
O -300- -300
T T T T T T 1 I T T T T T T T T T T T 1
-@- Temperature
20 - _® PAR
R (c) L 2000 —~
o ++++ 1500 30 - I "
o 18- $ S - 1500 g
2 - 1000 - e}
o 28+ g
o 2
g 161 ° - 500 x
o <
= ] 15 " 26 - - o
14 ) L) 0 L 0
m'“ T T T T T I”"_q_ P"-‘ln' T T T T T In'._.r
0 4 8 12 16 2 24 0 4 8 12 16 2 24
Hour Hour

Fig. 4. Oxygen flux (blue bars), temperature (blue dots), and PAR (green dots) measured in (a,c) April 2015, 2017, and 2018 and

(b,d) June 2015, 2019, and July 2019, binned by hour of day (n = 429 and 356 hours binned, respectively). Temperatures in April

ranged from 15.1 to 17.3°C, and summer temperatures ranged from 26.1 to 30.0°C. Yellow dots in (a): oxygen fluxes predicted

by a P —Irelationship. Red dots in (b): oxygen fluxes predicted by our model. Dashed line in (b): predicted oxygen fluxes by our
model if the effects of temperature were not accounted for (fset to 1). Error bars are = SE

stress was 70% lower than that predicted without ac-
counting for temperature. On average, our model
predicted afternoon fluxes ~50% lower than what a
simple P—1I function would have yielded. For our
binned day (Fig. 4b), this difference accounts for a
cumulative 574 mmol O, m~2d™~".

4. DISCUSSION

A key aspect in understanding the response of sea-
grass ecosystems to heat stress is knowing the tem-
perature threshold above which seagrass ecosystem
production is negatively affected. A number of
studies have investigated this threshold for seagrass
plants (e.g. Marsh et al. 1986, Hammer et al. 2018,
Rasmusson et al. 2020) by relying on ex sifu ap-
proaches that are difficult to extrapolate to the eco-
system scale. Here we combined a non-linear multi-
variate model fitting with our extensive database of
hourly benthic O, fluxes measured in situ by AEC
under naturally varying field conditions to identify
28.6°C as the thermal tolerance threshold for a local

Zostera marina meadow. Exceeding this threshold
resulted in a 20 — 70% decrease in net photosynthesis,
which has implications for the carbon balance of eel-
grass meadows and their vulnerability to warming
oceans. The close match observed between our data
set and model predictions (Fig. 4, Table 1) highlights
the effectiveness of integrating continuous environ-
mental and ecosystem metabolism data to determine
a precise temperature threshold.

4.1. Temperature threshold

Our temperature threshold estimate of 28.6°C
agrees well with several other studies conducted on
Z. marina populations near the species' thermal dis-
tribution boundary (Moore & Jarvis 2008, Carr et al.
2012, Shields et al. 2018). Carr et al. (2012) found a
similar threshold of 28.5°C using a vegetation growth
model for eelgrass at the VCR, while Moore & Jarvis
(2008) and Shields et al. (2018) related eelgrass de-
clines in the Chesapeake Bay to temperatures above
28°C. Other studies identified a range for Ty, between
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25 and 30°C (e.g. Marsh et al. 1986, Hammer et al.
2018, Rasmusson et al. 2020). However, these latter
studies involved ex situ incubations at discrete and
coarse temperature intervals (e.g. from 25 or 27 to
30°C) and were therefore unable to identify a precise
temperature threshold (e.g. Hammer et al. 2018 esti-
mated that Ty, fell between 26 and 30°C).

Globally, however, Ty, estimates for Z. marina vary
between 16 and 35°C, and average ~20°C (Lee et al.
2007). This variation is largely attributed to latitude.
Eelgrass populations growing in Massachusetts
(USA), Denmark, and Korea have shown decreased
photosynthesis and growth at temperatures exceed-
ing 20°C (Marsh et al. 1986, Lee et al. 2005, Nejrup &
Pedersen 2008). In China, negative temperature ef-
fects were observed above 16—20°C (Niu et al.
2012). These geographical differences in thermal
stress tolerance suggest there are eelgrass ‘eco-
types,' i.e. different populations that are genetically
adapted to the environmental conditions where they
are growing (Nejrup & Pedersen 2008). Eelgrass
populations adapted to lower temperatures are
therefore likely vulnerable to temperatures exceed-
ing a lower temperature threshold compared to the
28.6°C threshold found in this study for a population
near the thermal boundary of the species' geo-
graphic range. In addition, eelgrasses have been
shown to acclimate to seasonal temperature varia-
tions and become more resilient to subsequent
stressful events (Staehr & Borum 2011, Jueterbock et
al. 2020, Nguyen et al. 2020). Some variability in Ty,
estimates is therefore possible depending on the
timing of the study and chosen eelgrass populations.
Although based on only a few data subsets, our
results seem to support the notion that eelgrass eco-
systems can tolerate slightly higher temperatures
after previous exposure to temperatures exceeding
Ty, as seen in the slight increase in Ty, from June to
July 2019 at the center site (T, increase from 28.1 to
28.8°C) and from early to late July 2019 at the north-
ern site (Ty, increase from 27.9 to 29.3°C) (Tablel).
The center and northern sites experience different
levels of thermal stress and cooling due to their loca-
tion in the meadow relative to the northern inlet
(Berger et al. 2024, this volume). While we did not
find a clear pattern of Ty, between sites (Table 1), it is
possible that with more data, we would be able to
identify a lower Ty, for the less heat-stressed north-
ern site compared to the center site. Out of the 114
days of summer data we have collected since 2007
(Hume et al. 2011, Rheuban et al. 2014b, Berg et al.
2019, Berger et al. 2020, this study), only ~14 met the
criteria for this type of analysis, as we had to find

days with a relatively large temperature range (~25—
31°C) somewhat centered around 28°C.

Temperature threshold estimates may also differ for
eelgrass populations dealing with additional stressors
such as turbidity, as eelgrass light requirements to
maintain a positive carbon balance have been shown
to increase with increasing temperatures (Moore et
al. 2012). This is in line with our results, as I, increased
between June and July (Table 1). Consequently, in
deeper meadows or under more turbid conditions,
eelgrasses stressed by low-light conditions might be
more sensitive to an increase in temperature, and
therefore have a lower threshold for thermal stress.

The large range in published temperature threshold
estimates may also result from different methodolog-
ical approaches. Lab incubations are conducted
under controlled and static environmental conditions
(namely PAR, e.qg. Abe et al. 2008) and for different
lengths of time — from 15— 30 min (Marsh et al. 1986)
to 6 wk (Nejrup & Pedersen 2008). Some may also
only incubate leaf fragments (e.g. Marsh et al. 1986,
Dennison 1987, Rasmusson et al. 2020) instead of
whole shoots. Consequent metabolism measurements
may therefore be overestimated as they exclude the
respiration rates of seagrass roots and rhizomes,
which are important to the carbon balance of the
plant (Pregnall et al. 1984). While whole-shoot incu-
bations include below-ground biomass (e.g. Nejrup &
Pedersen 2008), it may still be difficult to extrapolate
results to represent ecosystem-scale processes where
intact shoots rooted in the sediment are growing
under naturally fluctuating environmental condi-
tions. It should be noted that these laboratory incuba-
tion studies have primarily focused on determining
the temperature threshold for eelgrass leaves or
whole plants, rather than examining the response of
an entire ecosystem or community exposed to natu-
rally varying environmental conditions, as is the cen-
tral focus of our study.

4.2. Assumptions and limitations of this study

In this study, we used eelgrass ecosystem metabo-
lism data to determine a temperature threshold for
eelgrass physiological stress at the meadow scale. We
suggest that prolonged exposure to temperatures
above this threshold could lead to a decline in eel-
grass biomass. We base this on the premise that eel-
grass plants dominate benthic metabolism at our
study site, which has been supported by previous
AEC studies at this site (Rheuban et al. 2014a,b, Berg
et al. 2019, Berger et al. 2020). Our confidence in our
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findings is further supported by the agreement of our
threshold (28.6°C) with the one proposed by Carr et
al. (2012) (28.5°C), which was based on an eelgrass
growth model incorporating site-based parameters
such as shoot density, leaf length, and above-and
below-ground biomass. We caution, however, that
applying the approach used in this study to a meadow
where seagrass is not the driver of ecosystem-scale
processes could lead to inaccurate assessments of
ecosystem temperature stress. In such a case, the esti-
mated temperature threshold may not accurately
reflect the temperature above which sustained warm-
ing might trigger a decline in seagrass biomass.
Indeed, some studies have shown that other compo-
nents of the seagrass meadow community (i.e. ben-
thic microalgae, phytoplankton) contribute substan-
tially to whole-ecosystem metabolism. For example,
Murray & Wetzel (1987) estimated in an eelgrass
meadow that both sediments and phytoplankton con-
tributed to gross primary production (10—25 and
10 —48%, respectively) and respiration (8—23 and
9—73%, respectively). Similarly, in a subtropical sea-
grass meadow, Cox et al. (2020) found that diatoms
accounted for 71 —83% of benthic metabolism. This
underscores the importance of considering ecosys-
tem-specific dynamics when determining tempera-
ture thresholds.

4.3. Effects of thermal stress on
eelgrass metabolism

Our results showed a strong negative effect of tem-
perature threshold exceedance on eelgrass meadow
production (Fig. 4), as reflected in the reduction in net
photosynthesis of up to 70% that coincided with peak
temperature during an average June/July 24 h cycle
(Fig. 4b,d). On average, net photosynthesis was re-
duced by 50% compared to photosynthetic rates under
the same light levels in the absence of heat stress
(Fig. 3b). Nejrup & Pedersen (2008) found a compa-
rable decrease in eelgrass photosynthetic rates above
25—30°C. This decline in net O, flux was attributed to
both the inhibition of photosynthesis at high tempera-
tures and increased respiration. Given a whole-plant
respiratory Q10 value of 1.5 for Z. marina for this tem-
perature range (i.e. a 1.5-fold increase in respiration
for every 10°C increase, Rasmusson et al. 2019), respi-
ration would have only increased by 7% (on the order
of 17mmol O, m~2d ™! based on Ry,cqn) as temperatures
reached their maximum of 30°C (Fig. 4d). This in-
crease is almost negligible compared to the 172 mmol
0O, m~2d~! difference in O, fluxes under heat-stressed

and non-stressed conditions (Fig. 4b), which suggests
that the observed decline in seagrass ecosystem meta-
bolism is primarily due to inhibition of photosynthesis
when temperatures exceed Ty,.

A reduction in photosynthesis at temperatures
above Ty, has negative implications for the carbon
balance of eelgrass meadows. When we calculated
daily metabolic rates (as defined by Hume et al. 2011,
Rheuban et al. 2014b, and Berger et al. 2020) from our
averaged 24 h cycle (N = 356 h, Fig. 4b), we found
that gross primary production (GPP) was ~5% lower
compared to that calculated from fluxes predicted by
a simple P—T function that excluded heat stress
(dashed line in Fig. 4b) (GPP = 224 vs. 236 mmol O,
m~2 d~!). Concurrently, daily respiration was ~5%
higher than that calculated in the absence of heat
stress (— 253 vs. —242mmol O, m~2d~!) While these
differences seem relatively small, they were enough
to result in a negative carbon balance (net ecosystem
metabolism = —30 mmol O, m~% d~'), when in the
absence of heat stress, the meadow would have been
closer to metabolic balance (net ecosystem metabo-
lism = —6 mmol O, m~2d™").

Carbon balance plays a critical role in the response
of eelgrass meadows to stress. Under high-temperature
conditions, seagrass carbon acquisition is reduced,
and the plants allocate more resources to maintenance
or repair processes to withstand heat stress, rather
than allocating resources to growth, reproduction, and
storage (Burke et al. 1996, Sokolova 2013, Moreno-
Marin et al. 2018). This hinders seagrass survival and
resilience through reduced growth and increased
mortality (Marsh et al. 1986, Moreno-Marin et al.
2018) as well as through decreased reproductive per-
formance (Qin et al. 2020, Johnson et al. 2021). This
would result in a reduced ability for eelgrasses to
maintain their habitats and genetic diversity, which
threatens their resilience and potential for adapting to
climate change (Ehlers et al. 2008).

4.4. Future projections for Z. marina meadows

Eelgrass meadows at the VCR are growing at the
southern thermal boundary of the species’ geogra-
phic range (Moore & Jarvis 2008), where summertime
water temperatures often exceed their 28.6°C thermal
tolerance threshold. This highlights the vulnerability
of these ecosystems to the projected increase in
global temperatures and extreme heating events such
as marine heatwaves (Frolicher et al. 2018, Oliver et
al. 2019), despite their ability to acclimate and adapt
to elevated temperatures in the short term (Staehr &
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Borum 2011). It is not yet clear how this adaptation to
heat stress may persist in the long term or be con-
ferred to subsequent generations (Jueterbock et al.
2020, Nguyen et al. 2020). Future warming scenarios
project an average shift of the southern eelgrass
range by 1.4—6.5° N by 2100, which would likely re-
sult in a complete loss of eelgrass in the VCR and
Chesapeake Bay region (Wilson & Lotze 2019). These
regions could see a community shift towards more
heat-tolerant seagrass species, as some regions of the
Chesapeake Bay have experienced a change in the
relative abundance of Z. marina and the more heat-
tolerant Ruppia maritima (Moore et al. 2014, Richard-
son et al. 2018, Shields et al. 2019). This change in
tavor of R. maritima over Z. marina has been largely
attributed to rising temperatures (Richardson et al.
2018, Shields et al. 2019). The consequences of such
community shifts or eelgrass loss on the ecosystem
services of eelgrass meadows, particularly carbon
storage, are unknown and may be extreme. For exam-
ple, the marine heatwave that led to the eelgrass die-
off at the VCR in 2015 led to a 20% loss of previously-
stored sediment carbon that had accumulated over
~15 yr (Aoki et al. 2021). The ongoing increase in
ocean temperatures and severe heating events call for
appropriate metrics to describe the relationships be-
tween these short-term, high-stress events and their
long-term impacts on marine ecosystems.
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