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Sea surface temperature (SST) has increased worldwide since the beginning of the 20th 
century, a trend which is expected to continue. Changes in SST can have significant 
impacts on marine biota, including population-level shifts and alterations in community 
structure and diversity, and changes in the timing of ecosystem events. Seagrasses are 
a group of foundation species that grow in shallow coastal and estuarine systems, where 
they provide many ecosystem services. Eelgrass, Zostera marina L., is the dominant 
seagrass species in the Northeast United States of America (USA). Multiple factors 
have been cited for losses in this region, including light reduction, eutrophication, and 
physical disturbance. Warming has the potential to exacerbate seagrass loss. Here, we 
investigate regional changes in eelgrass presence and abundance in relation to local 
water temperature using monitoring data from eight sites in the Northeastern USA (New 
Hampshire to Maryland) where a consistent monitoring protocol, SeagrassNet, has 
been applied. We use a hurdle model consisting of a generalized additive mixed model 
(GAMM) with binomial and beta response distributions for modeling eelgrass presence 
and abundance, respectively, in relation to the local summer average water temperature. 
We show that summer water temperature one year prior to monitoring is a significant 
predictor of eelgrass presence, but not abundance, on a regional scale. Above average 
summer temperatures correspond to a decrease in probability of eelgrass presence 
(and increased probability of eelgrass absence) the following year. Cooler than average 
temperatures in the preceding year, down to approximately 0.5°C below the site average, 
are associated with the highest predicted probability of eelgrass presence. Our findings 
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INTRODUCTION

Sea surface temperature (SST) has increased worldwide since the 
beginning of the 20th century (Hartmann et al., 2013; NOAA, 2016a; 
NOAA, 2016b). In the Northern Hemisphere, SST is projected to 
rise by approximately 0.05 to 0.5°C per decade to the end of the 
21st century (Alexander et al., 2018), with warming expected to 
be amplified in shallow coastal waters (Oczkowski et al., 2015). 
The primary cause of increasing SST is climate warming due to 
increasing amounts of greenhouse gases being released into the 
atmosphere by anthropogenic activities, such as the burning of 
fossil fuels (IPCC, 2018). These gases reduce the amount of heat 
that is radiated from the Earth’s surface back into space and the 
upper ocean is absorbing over ninety percent of the excess heat 
retained by the Earth (Bindoff et al., 2007). Changes in SST have 
been shown to vary with season, year, and region (Hartmann 
et  al., 2013) and can have significant impacts on marine biota, 
including population shifts, alterations in community structure 
and diversity, and changes in plant phenology and the timing of 
other ecosystem-level events and processes (Parmesan and Yohe, 
2003; Doney et al., 2012).

Seagrasses are a group of foundation species that grow in 
shallow coastal and estuarine waters. They form extensive 
meadows ranging from a few square meters to hundreds of 
square kilometers and can be found along every continent except 
Antarctica (Green and Short, 2003). Seagrass meadows provide 
many ecosystem services such as improved water quality and 
clarity, increased biodiversity and habitat, sediment stabilization, 
and nutrient accumulation (Orth et  al., 2006). Seagrass 
meadows also store significant quantities of carbon in biomass 
and sediments (Fourqurean et  al., 2012), minimize exposure of 
bacterial pathogens to humans, fish, and invertebrates (Lamb 
et  al., 2017; Reusch et  al., 2021) and support global fisheries 
(Unsworth et  al., 2018). Despite their importance, seagrasses 
are among the most threatened ecosystems on earth, with global 
trends of loss occurring since 1880 (Waycott et al., 2009; UNEP, 
2020; Dunic et al., 2021). The primary causes of loss are sustained 
pressure from coastal development, declines in water quality, and 
climate change, including thermal stress due to rising SST (Short 
and Wyllie-Echeverria, 1996; Waycott et  al., 2009; Wilson and 
Lotze, 2019).

The response of seagrass species to increased water 
temperature depends on their relative thermal tolerances and 
their optimum temperatures for photosynthesis, respiration, and 
growth (Short and Neckles, 1999; Björk et al., 2008). Temperature 
stress on seagrasses can result in altered growth rates, distribution 
shifts, changes in patterns of sexual reproduction, and mortality. 
Temperature stress has been linked to seagrass mortality in 
the  Mediterranean Sea   (Díaz-Almela et  al., 2009; Jordà et  al., 
2012), Australia (Seddon et  al., 2000; Nowicki et  al., 2017; 

Strydom et al., 2020), southeast Asia, and the Caribbean   (Hall 
et  al., 2016; Zieman et  al., 1999), and shifts in the species 
composition of communities dominated by Zostera marina L. 
(eelgrass; Shields et al., 2019). Likewise, increased SST has been 
linked to the northward expansion of Halophila decipiens into 
the Mediterranean Sea (Gerakaris et  al., 2020) and an increase 
in flowering intensity and frequency in Posidonia oceanica and 
Zostera japonica (Ruiz et al., 2017; Qin et al., 2019). Environmental 
factors, such as hypersalinity (Durako and Howarth, 2017; Wilson 
and Dunton, 2018), shallow water depths (Collier and Waycott, 
2014), limited circulation (Koch and Erskine, 2001; Binzer et al., 
2005), and reduced oxygen and light (Moore and Jarvis, 2008) can 
amplify the impacts of temperature stress on seagrass meadows 
(Lefcheck et al., 2017).

The ability of seagrasses to resist the effects of stressors and 
recover from disturbance depends on multiple biotic and abiotic 
factors (O’Brien et  al., 2018). Recovery of seagrass meadows 
following heat-induced disturbance and mortality has been 
attributed to increased genetic diversity (Reusch et al., 2005) and 
the presence of viable seed banks (Moore and Jarvis, 2008; Strydom 
et  al., 2020). The self-reinforcing feedback mechanisms present 
in continuous seagrass meadows create conditions that promote 
further seagrass growth and may buffer against disturbance 
(Maxwell et al., 2017). Fragmented and sparse meadows of slow-
growth species may have reduced capacity to buffer stresses due 
to minimal ability to modify their habitat, therefore, prospects 
for recovery will rely on long-distance dispersal of seeds and 
vegetative expansion (Nowicki et  al., 2017). Prolonged periods 
without recovery can lead to regime shifts in which conditions 
are no longer habitable for seagrass. For example, Moksnes et al. 
(2018) document a local regime shift following the loss of eelgrass 
along the Swedish West Coast.

Eelgrass is the most widely distributed seagrass species in 
temperate marine environments of the Northern Hemisphere. 
The species has a wide temperature tolerance with an optimal 
range between 10 and 25°C (Moore et al., 2006; Lee et al., 2007). 
Exposure to temperatures above 25°C have been shown to cause 
plant mortality (Greve et al., 2003; Reusch et al., 2005; Moore and 
Jarvis, 2008; Moore et al., 2014). For example, in Northern Europe 
the performance and survival of eelgrass was severely impacted 
when plants were exposed to water temperatures ≥25°C during 
a series of heat waves (Reusch et al., 2005; Nejrup and Pedersen, 
2008; Ehlers et al., 2008). Likewise, complete vegetative dieback 
was observed in Chesapeake Bay, VA following a heat wave 
where waters exceeded 30°C (Moore and Jarvis, 2008). Moore 
et  al. (2014) also suggested that short-term exposure to rapidly 
increasing temperature by 4-5°C above the average of normal 
summer months can result in widespread diebacks.

Here, we use data from eight SeagrassNet monitoring sites 
located along the northeastern coast of the United States of 

suggest vulnerability in eelgrass meadows of the Northeast USA and emphasize the 
value of unified approaches to seagrass monitoring, conservation and management at 
the seascape scale.
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America (USA) (New Hampshire to Maryland) to investigate 
changes in eelgrass presence and abundance in relation to summer 
water temperature. SeagrassNet is a global seagrass monitoring 
network that uses a standardized monitoring protocol to detect 
and document seagrass habitat changes and relate them to 
environmental trends. The SeagrassNet program began in 2001 
in the Western Pacific and now includes 126 sites in 33 countries 
(Short et al., 2006; Short et al., 2014). Along the east coast of the 
USA, it is estimated that up to 50% of all eelgrass habitat has been 
lost in the past century, and the prospects for recovery in most of 
this area are low (Green and Short, 2003). More recently, a global 
assessment of seagrass trajectories found eelgrass extent to be in 
rapid decline in the region (Turschwell et al., 2021) where mean 
SST is warming at a rate of 0.4°C per decade (Alexander et al., 
2018), and summer SST has increased more than 2°C since 1902 
(Karmalkar and Horton, 2021). The large geographic coverage 
of our dataset and time-period in which it spans provide an 
opportunity to investigate the influence of changing temperature 
regimes on eelgrass in the Northeast USA.

METHODS

Eelgrass Monitoring
Eelgrass was monitored annually at eight SeagrassNet monitoring 
sites located along a latitudinal gradient on the northeastern 
Atlantic coastline of the USA (Figure 1). The sites vary in their 
geomorphic setting, surrounding land use, tide range, bed size, 
and sources of disturbance (Supplemental Material). Summer 
(June-August) temperatures at each site reflect primarily site 
latitude (Table  1), geomorphic setting, residence time, and 
proximity to oceanic flushing. A SeagrassNet site includes three 
50-m transects that parallel the shoreline along an increasing 

depth gradient. SeagrassNet monitoring sites are chosen to be 
representative of seagrass in the area of interest (Short et  al., 
2005). Seagrass abundance is measured within twelve permanent 
0.25 m2 quadrats positioned at random locations along the 
transects.

Eelgrass was monitored annually at most sites over nine- to 
17-year periods between 2003 and 2021. The years in which 
monitoring occurred varied among sites (Figure 2). We examined 
eelgrass percent cover as an abundance metric that integrates 
shoot density and canopy height, measured during the season of 
peak biomass. Although widgeongrass (Ruppia maritima) grows 
throughout the region, it was present in only three sites and was 
therefore excluded from quantitative analyses. To standardize 
depth among sites and control for the effect of light availability, 
we restricted our analyses to the shallowest transect at which 
eelgrass occurred at each site.

Water Temperature
Continuous temperature records were obtained from various 
sources either within or near the eight SeagrassNet sites. 
Temperature was measured directly within four of the sites using 
temperature loggers (Onset Computer Co. Onset, MA) deployed 
near the substrate surface at one end of the shallow transect. At the 
other four sites, water temperature records from nearby locations 
representative of the monitoring stations were acquired through 
publicly available internet sources (Table 1). We investigate the 
effect of the previous year’s mean summer (June 1 – August 31) 
water temperature on eelgrass percent cover. Evidence suggests 
that the negative effects of high thermal stress on eelgrass persists 
into the following growing season (Lefcheck et al., 2017). Daily 
mean summer temperatures were derived from the continuous 
temperature records. This level of aggregation was necessary to 
account for different temperature sampling intervals among sites. 
Annual summer mean water temperatures were then calculated 
for each site using the daily mean records. Additionally, to control 
for the confounding effect of latitude on water temperature, and 
the likely adaptation of eelgrass to local temperature (DuBois 
et al., 2022),  summer water temperatures within each site were 
centered prior to modeling (Table 1).

Statistical Analysis
Eelgrass percent cover varied on a near-continuous interval from 
0 to 100% (i.e., [0,1])  across all quadrats and sites during the period 
of interest. All instances of percent cover measurements equal to 
1 were converted to 0.99 for model parsimony because there is 
not a meaningful ecological difference between the two values. 
However, since there is an ecologically important distinction 
between absence (percent cover = 0) and presence (percent  
cover > 0) of eelgrass, we used a hurdle model to accommodate 
the presence of zeros in the data (Cragg, 1971; Potts and Elith, 
2006). This modeling framework has the added benefit of 
allowing for inference on two separate ecologically meaningful 
processes related to eelgrass: presence and abundance.

The hurdle model presence and abundance component 
consisted of a generalized additive mixed model (GAMM) with 

FIGURE 1 |    SeagrassNet sites located in Northeast USA.
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binomial and beta response distributions, respectively. Each mean 
response was modeled as a smooth function [denoted s(·)] of both 
year and the centered average water temperature in the preceding 
year using thin-plate regression splines (Wood, 2003). Site and 
quadrat were included as nested random effects to account for 
unmeasured differences (heterogeneity) among SeagrassNet sites. 
The full model specification and model diagnostics are included in 
Supplemental Material.

All analyses were carried out using the R Statistical Computing 
Environment (R Core Team, 2021). Each hurdle model component 
GAMM was fit using the mgcv package (Wood, 2011; Wood et al., 
2016) and visualized using the gratia package (Simpson, 2021).

RESULTS

Summary of Eelgrass Cover and  
Site Temperature
The time-periods in which eelgrass cover was surveyed varied across 
the region. All sites but one had at least 10 years of eelgrass data. 
Average eelgrass percent cover over all years of monitoring across the 
region ranged from 0 to 100 percent and averaged 34.5 percent. The 
frequency of eelgrass presence/absence along a transect fluctuated 
over the sample years within sites, with some sites having relatively 
infrequent observations of eelgrass presence and chronically low to 
no cover (Figure 2).

Site mean summer temperature across the region ranged from 
15.7°C (Salem Sound) to 27.0°C (Tingles Island) (Table 1). Figure 3 
illustrates the variability in summer temperature across the region 
and shows that the range of summer temperature is narrower in 
some sites than others.

GAMM
Centered average water temperature in the preceding year 
was found to be a statistically significant nonlinear predictor 
of eelgrass presence in the following year (approximate  
p-value < 0.0001, Table  2). For preceding years that are hotter 

TABLE 1 | SeagrassNet site locations and time period average of the daily average summertime water temperatures (used for centering) within each site.

SeagrassNet Site Coordinates Average Daily 
 Mean Temperature  
(June-Aug.)

Temperature Record  
Time Periods

n Years Water temperature 
 data source

Great Bay, New Hampshire N 43° 2.5632’ W 70° 31.8294’ 20.9°C 2006-2012, 2014-2020 14 Great Bay National Estuarine 
Research Reserve (NOAA National 
Estuarine Research Reserve System 
(NERRS) 2021); distance from 
monitoring transect 2.5 km

Salem Sound, Massachusetts N 42° 19.9080’ W 70° 29.4000’ 15.7°C 2011, 2013-2019 8 Within monitoring transect
Duck Harbor Beach, Massachusetts N 41° 34.0560’ W 69° 34.3980’ 20.7°C 2003-2018, 2020 17 Within monitoring transect
Pleasant Bay, Massachusetts N 41° 27.0600’ W 69° 34.3980’ 22.3°C 2004-2018, 2020 16 Within monitoring transect
T-Dock, Rhode Island N 41° 34.8402’ W 71° 19.2798’ 20.8°C 2005-2012, 2016 9 Narragansett Bay National Estuarine 

Research Reserve (NOAA National 
Estuarine Research Reserve System 
(NERRS) 2021); T-Wharf Surface, 
distance from monitoring transect 
0.25 km

Fort Getty, Rhode Island N 41° 29.6400’ W 71° 23.8602’ 21.2°C 2005-2007, 2010-2011 5 University of Rhode Island URI 169 
Quonset Point, Surface Sonde 
(NERACOOS, 2021); distance from 
monitoring transect 10 km

Fire Island, New York N 41° 6.0000’ W 70° 31.8240’ 24.3°C 2006, 2008, 2010-2016, 
2019-2020

11 Long Island Shore, Smith Point 
Bridge (LIShore 2021); distance from 
monitoring transect 6 km; and within 
monitoring transect (2019-2020)

Tingles Island, Maryland N 38° 6.7440’ W 75° 6.5640’ 27.0°C 2009-2018, 2020 11 Within monitoring transect

FIGURE 2 | Monitoring years and percent cover of eelgrass (Zostera marina 
L.) within each quadrat over time. Absence of plant cover is depicted with an 
× symbol.
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than average (i.e., greater than the time-period average), an increase 
in average summer water temperature by 0.5°C or more for that 
year is associated with a linear decrease in the predicted probability 
of eelgrass presence the subsequent year (Figure  4). Cooler than 
average temperatures in the preceding year, down to approximately 
0.5°C below the time-period average, are associated with the highest 
predicted probability of eelgrass presence. For eelgrass abundance, 
however, centered average water temperature in the preceding year 
was not found to be a statistically significant predictor (approximate 
p-value = 0.7820, Table 3).

DISCUSSION

We analyzed eight monitoring data sets from locations along 
a latitudinal gradient in the Northeastern USA to investigate 

associations between summer water temperature and eelgrass 
presence and abundance on a regional scale. We found that above 
average summer temperatures corresponded to a decreased 
probability of eelgrass presence (and increased probability of 
eelgrass absence) the following year. Our results showed that 
temperatures down to 0.5°C below the site average, corresponded 
to the highest probability of eelgrass presence. In contrast, we 
detected no association between eelgrass abundance (when 
present) and prior summer average temperature. However, 
eelgrass must survive to grow, so the lack of a statistically 
significant association between eelgrass abundance and prior 
year summer temperature cannot be taken outside of the context 
of the negative association between eelgrass presence and 
average summer temperature and highlights the importance 
of considering multiple fitness metrics when assessing species’ 
response to temperature (Hughes et  al., 2019). Overall, these 

FIGURE 3 | Average daily mean water temperature during June-August each year (blue open circle) for associated years in which eelgrass cover was surveyed. 
Interquartile range and range of observed daily mean water temperatures are plotted in dark and light blue, respectively. The time period average (mean of all daily 
means) is plotted as horizontal red line. Water temperature data were not available for all years at all sites. Displayed here are only the temperature records used in 
the analysis.

TABLE 2 | Eelgrass presence/absence component GAMM (binomial response distribution with logit link function) summary. 

Parametric coefficients:

  Estimate Std. Error z value Pr(>|z|)

Intercept 1.54 0.89 1.73 0.0842
Approximate significance of smooth terms:

  edf Reference df χ2Statistic p-value

s(Site) 6.74 7 252.87 < 0.0001
s(Quadrat within Site) 13.64 95 17.66 0.0653
s(Centered Avg. Temperature) 2.89 9 377.17 < 0.0001
s(Year) 4.50 9 1292.77 < 0.0001
Standard deviations of random effects:

  Std. Deviation      

s(Site) 2.47      
s(Quadrat within Site) 0.39      

Deviance explained = 45.5%
n = 1092

[edf, effective degrees of freedom].
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findings suggest eelgrass meadows in the Northeast USA are 
vulnerable to warming and, further, this vulnerability increases as 
water temperatures rise above the summer mean.

The recovery of seagrass meadows following disturbances can 
vary greatly, depending on the resilience of the meadow, (i.e., its 
ability to absorb changes and continue to persist; Holling, 1973). 
Even when water temperatures are below thermal thresholds, 
high temperature can interact with other stressors to exacerbate 
declines and prevent recovery. Because more light is required at 
higher temperatures for eelgrass to maintain a positive carbon 
balance (Marsh et al., 1986; Moore et al., 1997; Staehr and Borum, 
2011; Beca-Carretero et al., 2018), light limitation and temperature 
increases can combine to cause eelgrass declines (Moore et  al., 
2014). Salo and Pedersen (2014) found that synergistic effects 
of high temperature and low salinity resulted in higher eelgrass 
mortality rates and lower leaf production. Additionally, Neckles 

et al. (1993) showed that high summer temperatures exacerbated 
the negative effects of epiphytes on eelgrass growth. As water 
temperatures continue to increase, these types of negative 
interactions are likely to worsen. The light experienced by eelgrass 
at the different SeagrassNet sites is influenced by water depth, 
tidal range, and water quality. Management actions that aim to 
improve water quality and clarity may also increase eelgrass 
resilience to higher temperatures.

In addition, ecological feedback mechanisms play a major role 
in the resilience of seagrass ecosystems (Maxwell et  al., 2017). 
The degradation of seagrass meadows, and subsequent loss of 
self-reinforcing feedbacks (wherein seagrasses create conditions 
promoting further seagrass growth), can lead to a positive 
feedback loop in which recovery capacity is reduced, which can 
lead to conditions that are unsuitable for seagrass (Duarte et al., 
2009). Thus, the ecological consequences of reduced eelgrass 

FIGURE 4 | Plot of the presence component GAMM fitted smooth with 95% confidence interval for the effect of centered average water temperature in the 
preceding year on eelgrass presence.

TABLE 3 | Eelgrass abundance, given presence, component GAMM (beta response distribution with logit link function) summary. 

Parametric coefficients:

  Estimate Std. Error z value Pr(>|z|)

Intercept -0.27 0.26 -1.06 0.2880

Approximate significance of smooth terms:

  edf Reference df χ2 Statistic p-value

s(Site) 6.66 7 98.61 < 0.0001
s(Quadrat within Site) 0.00 93 0.00 0.8490
s(Centered Avg. Temperature) 0.00 9 0.00 0.7820
s(Year) 3.79 9 1464.38 < 0.0001

Standard deviations of random effects:

  Std. Deviation      

s(Site) 0.71      
s(Quadrat within Site) 0.00      

Deviance explained = 33.9%
n = 713

[edf, effective degrees of freedom].
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presence with higher-than-average summer temperature may 
differ considerably among meadows with chronically high 
versus low eelgrass presence. Moreover, eelgrass meadows of the 
Northeast USA are part of seascapes and exist as metapopulations 
(Olsen et  al., 2004). Connectivity among populations is critical 
for sustaining the eelgrass resources and the ecological services 
they provide at the local and regional scale (Kendrick et al., 2012). 
To prevent irreversible eelgrass losses as waters warm, proactive 
management actions are needed such as transplanting or seeding 
declining meadows with heat-tolerant genotypes and reducing 
synergistic stressors such as reduced light due to nutrient loading 
or turbidity from coastal construction, as well as mechanical 
disturbance to the bottom (such as dock construction over 
eelgrass or fishing practices that involve dredging or dragging 
gear along the seafloor; Neckles et al., 2005).

An important component of future targeted management 
actions to enhance eelgrass resilience to warming may include 
transplanting and seeding of genotypes that are more tolerant to 
warm waters into areas experiencing declines (Björk et al., 2008; 
Unsworth et al., 2015). For instance, Plaisted et al. (2020) planted 
eelgrass shoots collected from multiple populations into mesocosms 
and found resilience to reduced light and increased sediment 
organic matter to be positively associated with source population 
genetic diversity. Transplant and seeding of heat tolerant genotypes 
should occur at the seascape scale (de la Torre-Castro et al., 2014; 
Unsworth et al., 2015). For example, the distribution of eelgrass over 
a large latitudinal temperature gradient within the northeast region 
suggests southerly populations, adapted to warmer conditions, 
could boost resiliency at northern sites. However, a study of 
the seagrass species Posidonia oceanica found that transplants 
originating from the cool-edge of the thermal range performed 
equally well to warm-edge transplants when transplanted into the 
warm-edge of the thermo-geographical range, suggesting cool-
edge seagrass populations may be more resilient to warming than 
expected (Bennett et al., 2022). Transplanting of eelgrass to areas 
that natural dispersal is rare or nonexistent raises other concerns 
which include spreading non-native epibiont species (Carman and 
Grunden, 2010) and disease (Groner et al., 2016). Also, eelgrass 
from southerly locations is potentially adapted to latitudinal 
gradients other than temperature, such as day length or seasonality 
(Clausen and Clausen, 2013; Clausen et al., 2014; Jueterbock et al., 
2021).Finally, eelgrass restoration has experienced low success 
rates due to a variety of factors, including high seed loss due to seed 
predation and bioturbation, and high seedling mortality due to 
light availability and physical disturbances, as examples (Infantes 
et al., 2016).

Local-scale mosaics in environmental stress can also lead to 
gradients in heat-tolerance among eelgrass meadows (DuBois 
et  al., 2022). Importantly, these local temperature mosaics are 
disassociated from latitudinal gradients (Helmuth et  al., 2006) 
and can occur over spatial scales within the natural dispersal 
range of eelgrass and eelgrass associated species. For example, in 
our study, eelgrass in Great Bay, NH experiences average mean 
summertime temperatures 5°C warmer than Salem Sound, MA 
despite its more northerly locale and thus could be a possible 
source of heat-tolerant eelgrass. The potential for local-scale 

population differentiation to buffer the effects of warming without 
the same potential pitfalls of transplanting eelgrass across larger 
geographic distances highlights the importance of identifying 
local phenotypic variation among meadows and protecting 
eelgrass populations that span a variety of environmental 
conditions within regions. To identifyi gradients of heat-tolerance, 
monitoring of seagrass presence, abundance and distribution, as 
well as water temperature must occur at wider spatial scales than 
that which we present here.

Temperature stress may also result in distribution shifts of 
seagrass species. For example, Shields et al. (2019) documented 
a shift in species composition from eelgrass to a more transient 
sub-dominant species, Ruppia maritima (widgeongrass) in 
response to increasing summer temperature regimes. Although 
not included in the present study, increases in widgeongrass 
following eelgrass declines at both Tingles Island, MD and Fire 
Island, NY have been observed (Peck and Plaisted, in prep.). 
These two species co-occur in many areas, and widgeongrass 
has a higher optimum growth temperature (Evans et al., 1986); 
therefore, it has the potential to expand into areas where 
eelgrass recovery is limited by stressful water temperatures. 
Widgeongrass expansion has been documented in a variety 
of systems where it co-occurs with eelgrass, including San 
Diego, CA (Johnson et  al., 2003), northwest Mexico (Lopez-
Calderon et al., 2010), and the Chesapeake Bay (Shields et al., 
2018; Richardson et  al., 2018). The ability of widgeongrass to 
at least temporarily replace eelgrass after its decline may be a 
crucial mechanism of resiliency for these seagrass meadows. 
Widgeongrass ecosystem functions, including trapping 
sediment and improving water clarity, may create a positive 
feedback loop for the recolonization of eelgrass, though the 
extent to which this occurs remains an important area of 
research.

Although our study was limited by the data that were available, 
our results indicate that eelgrass presence on a regional scale 
is threatened by warming waters. Furthermore, differences in 
mean eelgrass presence and abundance among sites coupled 
with the known importance of self-reinforcing feedbacks in 
seagrass ecosystems (Duarte et al., 2009; Maxwell et al., 2017) 
suggests that sites with greater eelgrass presence and abundance 
may be more resilient to temperature stress than sites with 
chronically low eelgrass metrics. Proactive seeding of vulnerable 
sites with heat-tolerant eelgrass may be an important tool to 
combat eelgrass losses associated with rising temperatures in 
the Northeast USA. These topics warrant future research 
including continued regional monitoring of seagrass and water 
temperature at temporal and spatial scales necessary to answer 
both local and seascape level questions (Unsworth et al., 2019; 
Neckles et al., 2012). In summary, by using yearly percent cover 
data paired with high frequency temperature data, we were able 
to assess the impacts of warming on this important foundation 
species at a regional scale. Predictions of future response to 
dominant driving variables under warming conditions and 
factors limiting recovery are needed for managers to identify 
and minimize vulnerability to loss or degradation and reverse 
declining trajectories of seagrass ecosystems.
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CONCLUSION

Our study exemplifies the value of long-term monitoring in 
tracking change in seagrass meadows and relating patterns to key 
drivers. The factors leading to eelgrass presence and abundance 
are complex, though our finding of reduced eelgrass presence 
with increased summer temperature supports other work linking 
eelgrass loss to additive effects of high thermal stress (Lefcheck 
et  al., 2017). Discussion of the management action needed to 
improve the success of eelgrass must include an awareness of the 
role of temperature in exacerbating other stressors.
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