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ABSTRACT

Coastal landscapes are naturally shifting mosaics of
distinct ecosystems that are rapidly migrating with sea-
level rise. Previous work illustrates that transitions
among individual ecosystems have disproportionate
impacts on the global carbon cycle, but this cannot
address nonlinear interactions between multiple
ecosystems that potentially cascade across the coastal
landscape. Here, we synthesize carbon stocks, accu-
mulation rates, and regional land cover data over 36
years (1984 and 2020) for a variety of ecosystems across
alarge portion of the rapidly transgressing mid-Atlantic
coast. The coastal landscape of the Virginia Eastern
Shore consists of temperate forest, salt marsh, seagrass
beds, barrier islands, and coastal lagoons. We found
that rapid losses and gains within individual ecosys-
tems largely offset each other, which resulted in rela-
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tively stable areas for the different ecosystems, and a
4% (196.9 Gg C) reduction in regional carbon storage.
However, new metrics of carbon replacement times
indicated that it would take only ~ 7 years of carbon
accumulation in surviving ecosystems to compensate
this loss. Our findings reveal unique compensatory
mechanisms at the scale of entire landscapes that
quickly absorb losses and facilitate increased regional
carbon storage in the face of historical and contempo-
rary sea-level rise. However, the strength of these
compensatory mechanisms may diminish as climate
change exacerbates the magnitude of carbon losses.

Key words: coastal carbon dynamics; ecosystem
transition; ghost forest; blue carbon; landscape-
scale carbon storage; compensatory mechanismes.

INTRODUCTION

The ability of ecosystems, communities, and pop-
ulations to absorb environmental change and
reorganize so as to retain structure and function
has been a hallmark of resilience and compensation
research (Folke and others 2004; Ghedini and
others 2015). Compensatory dynamics, occurring
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when an environmental change stimulates a
counteracting response that reestablishes equilib-
rium, are expected to be an important stabilizing
mechanism through which communities respond
to environmental change (Gonzalez and Loreau
2009; Ghedini and others 2015). While compen-
satory dynamics have a long history in community
and population ecology (Gonzalez and Loreau
2009), this framework can also provide insights
into the mechanisms that potentially stabilize
ecosystem extent and function, a growing concern
in the face of accelerating changes in global climate
(MacArthur and others 1972; Houlahan and others
2007; Loreau and de Mazancourt 2013; Ghedini
and others 2015). This presents the opportunity to
expand the traditional application of compensatory
mechanisms to explore the novel concepts of spa-
tial and functional compensation, processes neces-
sary for stabilizing entire ecosystems and
landscapes in a rapidly changing climate.

Spatial compensation, an expansion of compen-
sation theory, occurs where losses and gains of an
individual ecosystem in different locations offset
each other, thereby maintaining ecosystem area
within the broader region. The preservation of area
in migrating ecotones, such as the sea-level driven
upland transgression of marshes, poleward expan-
sion of subarctic forests, and upslope migration of
alpine ecoclines, are all examples of the principles of
spatial compensation across a variety of environ-
mental settings (Maher and others 2005; Gamache
and Payette 2005; Schieder and others 2018).
Functional compensation is independent of spatial
compensation and is defined by the preservation of
an ecosystem function, despite reductions in process
rates within ecosystem subunits (that is, subregions
or habitats) due to environmental change (Lawton
and Brown 1993). These compensations may be
realized as heterogenous responses to environmen-
tal changes across the landscape, such as when salt
marsh interiors accumulate increased carbon under
elevated rates of sea-level rise despite losing carbon
through sea-level mediated edge erosion (Herbert
and others 2021). Climate change affects both
ecosystem extent and function, often simultane-
ously, which allows spatial and functional com-
pensation to be used as theoretical frameworks to
examine the legacy effect of climate change on
landscape dynamics.

Climate change is forcing transitions between
coastal ecosystems at an increasing rate that can
lead to large-scale ecosystem degradation and loss
(Bernhardt and Leslie 2013; Doney and others
2012). For example, accelerating rates of sea-level
rise are leading to increased marsh erosion and

degradation as well as the burial of back-barrier
marshes beneath transgressing barrier islands
(Fitzgerald and Hughes 2019; Fagherazzi and oth-
ers 2020; Theuerkauf and Rodriguez 2015). Co-
occurring climate drivers, such as increasing tem-
peratures and elevated atmospheric CO, concen-
trations, further threaten coastal ecosystems by
exceeding the biological limits of foundational
species (Smith and others 2022; Noyce and others
2022). Anthropogenic effects, such as alterations to
sediment budgets, eutrophication, and urbaniza-
tion, can further accelerate habitat degradation
(Hartig and others 2002; Kirwan and Megonigal
2013). There is widespread evidence that direct and
indirect anthropogenic influences have changed
the distribution, extent, and function of habitats
that comprise the coastal landscape mosaic (for
example, Ewers Lewis and others 2019), but these
simultaneous changes to ecosystem structure and
function have unclear effects on regional functions,
including carbon storage. Moreover, impacts have
rarely been examined at the scale of the landscape,
rather than that of an individual ecosystem, where
inter-ecosystem spatial and functional compen-
satory mechanisms can emerge.

As the coastal landscape changes, carbon rich
ecosystems, such as seagrass meadows and salt
marshes, are often replaced with unvegetated sed-
iments that should reduce regional carbon storage
in the absence of compensatory mechanisms and
other landscape-scale interactions between
ecosystems (Mcleod and others 2011; Trevathan-
Tackett and others 2018; Garrard and Beaumont
2014; Aoki and others 2020). Studies have at-
tempted to look at the impact of degraded blue
carbon habitat (that is, marshes, seagrass meadows,
mangroves) on regional and global carbon storage
(Siikamdki and others 2013; Macreadie and others
2017; Ewers Lewis and others 2019), but many of
these studies neglect to consider functional or
spatial gains in distal areas of the coastal landscape.
For example, while marshes drowning under sea-
level rise reduce marsh area and release stored
carbon, increasing sea-level rise drives simultane-
ous increases in carbon accumulation in the marsh
interior (Herbert and others 2021; Guimond and
others 2020). Furthermore, sea-level rise creates
new marsh at the upland boundary additionally
compensating for the spatial and functional losses
at the seaward edge (Smith and Kirwan 2021;
Schieder and others 2018). At the same time, there
is substantial amount of carbon lost from dying tree
biomass during the upland transgression of mar-
shes into forested land (Smith and Kirwan 2021;
Smart and others 2020). Therefore, solely exam-
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ining carbon dynamics in specific carbon-rich
ecosystems is unsatisfactory in understanding how
coastal carbon dynamics are changing regionally.
While similar studies that estimate regional carbon
storage may concentrate on changes in specific
boundaries (He and others 2016; Fryer and Wil-
liams 2021), the nonlinear, non-uniform, and co-
occurring nature of ecosystem transitions within
the coastal zone requires the examination of the
entire coastal landscape mosaic inclusive of the
many terrestrial, intertidal, benthic, and epipelagic
habitats that comprise it.

Here, we synthesize nearly 40 years of carbon
and land cover data across a rapidly transgressing
coastal landscape to show that rapid spatial and
functional compensatory mechanisms maintain
both ecosystem extents and regional carbon storage
despite sometimes substantial ecosystem losses. We
used land cover data from Landsat images between
1984 and 2020 to quantify increases, decreases, and
net changes in ecosystem extent. Multiplying
ecosystem extents by area-specific carbon stocks
produced landscape-scale carbon stocks for both
1984 and 2020. Using the change in regional car-
bon stocks and ecosystem-scale carbon burial rates,
we then calculated the ‘time to replacement’ at the
regional scale, which is an estimate of the time
required for all of the carbon accumulating envi-
ronments in the landscape to replace the carbon
that was lost between 1984 and 2020. Our analysis
shows that compensatory mechanisms largely
maintain the spatial extent of the most dynamic
ecosystems (that is, barrier islands and salt mar-
shes), but that declines in forest and marsh area led
to a small decrease in landscape-scale carbon stor-
age. We calculate that surviving ecosystems com-
pensate for the decadal loss of carbon storage
rapidly, suggesting that compensatory mechanisms
quickly restore functionality at the landscape scale
despite accelerating climate stressors.

METHODS
Study Area

We quantified land cover changes, carbon stocks,
and carbon accumulation rates for a variety of
ecosystems along the Virginia Atlantic coast, a
known hotspot for sea-level rise and ecosystem
transgression in the United States (Chen and Kir-
wan 2022a; Mariotti and Hein 2022). The Virginia
Coast Reserve (VCR) was established in 1970 by
the Nature Conservancy and is the site of the VCR
Long-Term Ecological Research (LTER) project. The
coastal landscape includes 14 undeveloped barrier

and marsh islands, intertidal marshes, tidal flats,
bays, and lagoons that make up the eastern side of
the Delmarva Peninsula along the Virginia Atlantic
Coast (Figure la, b). With a spatial extent >
14,000 ha, this is the largest undeveloped barrier
system along the U.S. Atlantic Coast and, conse-
quently, provides a unique opportunity to study
landscape transformations in the absence of direct
human alteration (Hayden and others 1991). Our
study area is bounded on the east by nine barrier
islands, which range from 3-12 km long and 0.1-
1.0 km wide and are located 2.0-13.5 km offshore
(Deaton and others 2017). The back-barrier land-
scape is a heterogenous mosaic of salt marshes, ti-
dal flats, and subtidal seagrass meadows
surrounded by open water with an average depth
of 1 m and a tidal range of ~ 1.2 m (Figure la, b;
Safak and others 2015; McLoughlin and others
2015). This region experiences some of the highest
rates of relative sea-level rise along the U.S.
Atlantic Coast (5.4 = 0.7 mm y ' from 1978 to
2019) (Sallenger and others 2012; Flester and Blum
2020). Consequently, relatively rapid rates of
marsh migration into coastal forests (upto 4.0 my~
! Jateral migration) and barrier island retreat (up to
1.5 m y ') are quickly reorganizing the coastal
landscape (Figure lc—e; Deaton and others 2017;
Fenster and others 2016; Flester and Blum 2020).
Additionally, the study area includes the largest
recovery of an eelgrass ecosystem to date
(McGlathery and others 2012; Orth and McGlath-
ery 2012; Orth and others 2020). Not only do long-
term data collected show that the VCR is one of the
most dynamic coastal barrier island landscape on
the U.S. Atlantic seaboard (May and others 1983;
Morton 2008; Fenster and others 2016), but the
extensive catalog of long-term monitoring data
available through past research at the VCR makes
this one of the most studied undeveloped coastal
barrier systems in the U.S. (SI Table 1).

Mapping Land Cover Change

To quantify climate-driven land cover change in a
shifting coastal mosaic, we gathered Landsat satel-
lite imagery covering the study area between 1984
and 2020 with cloud cover < 60% from the USGS
EarthExplorer collected by Landsat-5 TM and
Landsat-8 OLI. All images were processed using the
ancillary Quality Assessment dataset to mask out
pixels associated with clouds, cloud shadows, and
ice. We restricted our land cover analysis to the
portion of the landscape between sea-level and
elevations of 2 m above sea-level (NAVDS88)
according to the high-resolution topobathymetric



A. J. Smith and others

0 § 10

[ sand

Landcover types B Water

[ Marsh

Il Land used by human

Figure 1. Land cover maps of the study area, the Virginia Coastal Reserve, on the Delmarva Peninsula in 1984 (a) and
2020 (b) (base map in a and b ArcGIS v10.7). Black boxes in a and b indicate locations of representative ecosystem
transitions common throughout the Virginia Coastal Reserve: barrier island expansion (c), barrier island erosion and
coastal forest reduction (d), and barrier island retreat over back barrier marshes (e). The land cover maps in panels ¢, d
were plotted on top of high-resolution aerial images acquired around 1984 from the U.S. Bureau of Land Management
(displayed in black and white) and 2020 from the National Agriculture Imagery Program (displayed in color) with
respective land cover classifications superimposed atop the imagery.

digital elevation model of the Eastern Shore, which
has a horizontal resolution of 1 m and a vertical
resolution of 1 cm (Faunce and Rapp 2020). This
elevation range excluded deep, permanent waters
within inlet channels and seaward of barrier islands
while including the majority of coastal forests
influenced by sea-level rise in the region (Molino
and others 2021; Chen and Kirwan 2022a). Ima-
gery was further clipped to our region of interest
(that is, the VCR-LTER) before mapping with ran-
dom forest classifier in R (v. 4.1.1, packages of
‘caret’ and ‘randomForest’). Specifically, we classified
the area of interest into five land cover types fol-
lowing the phenology-based algorithm described in
detail by Chen and Kirwan (2022b): Water, Sand,
Marsh, Forest, and lands used by humans (abbre-
viated in this manuscript to Human). The resulting
land cover maps in 1984 and 2020 were thoroughly
validated with high-resolution imagery (< 1 m)
acquired from the U.S. Bureau of Land Manage-
ment and National Agriculture Imagery Program
across the study region that suggest an overall

classification accuracy of 94-96% within the VCR-
LTER (SI Table 2).

Seagrass extent was quantified separately using
seagrass extent data in 2017 collected by the SAV
Monitoring and Restoration group at the Virginia
Institute of Marine Science (vims.edu/research/
units/programs/sav/reports/index.php). In 1984,
the seagrass extent was assumed to be zero due to
extirpation within the VCR (Orth and McGlathery
2012; Orth and others 2020). The spatial extent of
barrier islands, not an explicit class in this paper’s
land cover classification scheme, was calculated
manually by delineating island extents from high-
resolution (< 1 m) aerial photographs acquired
around 1984 (Aerial Photo Single Frames, the U.S.
Bureau of Land Management and USGS Earth
Explorer) and 2020 (the National Agriculture
Imagery Program, NAIP).Using the resulting maps,
we estimated the spatial extent of each of the seven
land cover types in 1984 and 2020, and quantified
the areal change between 1984 and 2020 for each
land cover across the study region (Table 1). We
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Table 1. Cross Tabulation Matrix for Land Cover Change from 1984 to 2020 Showing the Extent of Land
Cover Category Persistence and Change (km?) During the Time Interval

Landcover in 1984 (km?)

Water Forest Marsh Human Sand Seagrass* | Gains
Water 14.7 1.68 14.3 0.09 223 0| 383
4 Forest 0.66 43.9 0.0 433 433 0| 7.16
E Marsh 3.35 6.58 292 0.70 2.52 0| 13.1
'q:) Human 0.01 1.14 0.10 16.4 0.05 0| 1.29
3 Sand 9.07 0.76 11.4 0.04 7.82 0| 202
E E Seagrass*
- = 29.3 0 0 0 0 0| 29.3
Losses 12.2 10.1 25.8 5.12 27.0 0
Net Change 26.2 -3.00 -12.6 -3.84 -6.78 29.3

*Indicates that the change in seagrass extent was quantified using the VIMS seagrass database.

then conducted pixel-wise analysis using the dif-
ferenced land cover map between 1984 and 2020
in ArcGIS (v10.7) to locate areas undergoing
land cover transition and to record the land cover
information associated with these transitions
(Table 1).

Estimates of Regional Carbon Storage

Regional carbon storage was estimated by synthe-
sizing carbon stocks reported in previous work,
with an emphasis on datasets specific to the Vir-
ginia Coastal Reserve ranging from 1990 to 2021
(SI Table 1). Our study focused on four vegetated
systems (forests, marshes, seagrasses, and barrier
islands) known to contribute significant amounts of
carbon to regional and global carbon storage
(Mcleod and others 2011). Unvegetated tidal flats
and bare underwater sediments were excluded
from this analysis because of limited data on spatial
extents and limited influence on coastal carbon
storage, respectively. Our reported carbon stocks
for these systems represent the carbon stored in
soils and living aboveground and belowground
biomass. A majority of the datasets reported both
above- and belowground carbon stocks, except for
barrier islands where a species-specific root-to-
shoot ratio was used to approximate belowground
biomass. Biomass was then converted to carbon
using respective above- or belowground species-
specific conversion factors for marsh grass and
seagrass vegetation. When a conversion factor was
unavailable or the species not listed (for example,
barrier island vegetation, some marsh and forest
species), biomass was converted to carbon using a
standard 50% conversion. Soil carbon measure-

ments for seagrasses and some marsh sites were
quantified directly while soil carbon in barrier is-
lands, forests, and some marsh sites were inferred
from a general or site-specific percent organic
matter (%OM) to carbon relationship. To similarly
scale all ecosystems to a spatially explicit carbon
density (g C m™?), soil %OM and carbon stock
measurements deeper than 1 m, such as those in
salt marshes, were excluded. For ecosystems with
organic matter depths shallower than 1 m, soil
beneath the deepest measurement was assumed to
have no carbon (SI Table 1). Once the carbon stock
was determined for a specific ecosystem type, it was
multiplied by the spatial extent of the correspond-
ing ecosystem in both 1984 and 2020 to estimate
the regional carbon stock of each vegetated
ecosystem. Carbon accumulation rates were cal-
culated from datasets that used cesium-137 (**’Cs)
in salt marshes and barrier islands, and lead-210
(*'°Pb) in seagrasses. In salt marshes, the average
soil carbon accumulation rate was 78.4 g Cm 2y~
! in seagrass meadows the average was 40.0 g C
m~? y~!, and in barrier islands the average was
219gCm 2y L

In addition to these vegetated systems, we con-
sidered carbon stored in the water column as dis-
solved inorganic carbon (DIC). DIC in the water
column was approximated using the CO2SYS
MATLAB 1.1 package and total alkalinity (TA),
pCO,, temperature, and salinity data (Ewers Lewis
and others 2019; Van Heuven and others 2011; Orr
and others 2015, 2018). Hourly water column
pCO,, temperature, and salinity data were collected
in April and June in South Bay in the VCR (Berger
and others 2020). TA was calculated using Cai and
others’ (2010) linear regression, TA = 670.6 + 46.6
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Figure 2. Sankey diagram showing ecosystem transition
between two time intervals, 1984 and 2020, within the
VCR coastal network. Stable pixels—pixels within the
landscape that did not change land cover—are excluded
from this visualization for clarity as stable pixels
comprise ~ 80% of the coastal landscape.

S+ 12.3 pumol kg !, for the Mid-Atlantic Bight,
where S is salinity. The average VCR volume,
979.7 4+ 126 million cubic meters (Mm?), was cal-
culated by multiplying area by average depth in 14
bays and summing the resulting volumes (Safak
and others 2015). The average water-column DIC
concentration was multiplied by the seawater mass
of the VCR lagoon system, 1 Pg, which had been
calculated from average seawater density and the
average volume (Safak and others 2015).

Calculating Time to Replacement

Following Smith and Kirwan (2021), the ““time to
replacement’” metric, ¢, can be used to estimate the
time required for ecosystem carbon accumulation
rates, CAR, to replace losses in carbon stocks, C;
(that is, t, = C;/CAR). In past applications of the
metric, it has been used to look at the carbon lost
and replaced over time at a fixed location (that is,
during the transition from forest to marsh at a gi-
ven point in space). Below, we extend the appli-
cation of time to replacement to the ecosystem and
landscape scales to estimate the amount of time it
takes entire carbon accumulating ecosystems
within the coastal landscape of the VCR to replace
the carbon that was lost from 1984 to 2020.

A meter-scale time to replacement, t,”" (y), can
be defined as the amount of time that the carbon
stock from the loss of a 1 m” of ecosystem x, C, (g C
m™2), could be replaced by a spatially explicit car-
bon accumulation rate, CAR, (g C m2 y™?), of

ecosystem y where the areas of carbon loss and

carbon accumulation are equivalent:
Cx

CAR,

t:neler (

x,y) = (1)
where x and y can be the same or different
ecosystems (Smith and Kirwan 2021). We extend
this equation to consider the regional effect of
carbon loss from a reduced ecosystem area on ¢, as

an ecosystem-scale time to replacement, ¢,°“ (y), as
be defined as:
C,AA
teco — X X 2
U0 = @)

where AA, is the observed change in ecosystem
area within a timeframe (1984 to 2020 in this
study) for ecosystem x (m?), and A, is the time
averaged area of ecosystem y (m?). This equation
can be further modified to consider the sum of all
the carbon accumulating ecosystems, called the
landscape-scale time to replacement, 1,/":

CyAAy

tlm’ld X7Z _
6 E) S .CARA;

®)
where ZiCARiAi is the total carbon accumulation
rate of all ecosystems within the coastal landscape.
Finally, to encapsulate multiple simultaneous
changes in ecosystem carbon storage within the
landscape, the modified form of a landscape time to
replacement can be expressed as:

Cland ( 4)

fy = =4
" Y .CARA;

where Cp,,,; (g) is the net carbon lost at the land-
scape scale across all ecosystems, > (CAR;x* A;) is
the carbon accumulation rate (CAR; g Cm >y ') of
all of the ecosystems (i) within the coastal land-
scape multiplied by the respective ecosystem area
(Air mz)'

REsuLTs

Land Cover Changes and Carbon
Dynamics

The land cover change analyses revealed that over
80% of the study area, the Virginia Coast Reserve
(VCR), remained the same class in 1984 and 2020
(Figure la, b, Table 1). The stable portion of the
landscape with respect to total area was comprised
mostly of temperate salt marsh rather than the
more dynamic landscape features, such as barrier
islands and seagrass. The VCR coastal landscape
was dominated by marsh (70% and 67%), forest
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Table 2. The Spatial Extent (km?) of Land Cover Classes and Ecosystem Carbon Storage (Gg C) in 1984 and

2020 and the Change Between These Dates

Land cover classification 1984 2020 Percent change 1984 2020 Carbon storage change
(km?) (km?) (%) (Gg ©) (Gg C) (Gg C)
Water 26.7 53.0 98 23 23 0
Marsh 318.0 305.4 -4 3711 3564 — 147
Human 21.5 17.7 - 18 N/a N/a N/a
Forest 54.1 51.1 -5 754 712 — 41
Seagrass 0* 29.3 > 100 0* 8.66 + 8.66
Sand/Barrier Islands 34.8 28.0 — 20 75.9 59.4 — 16.5
Total: 4563.9 4366.9 —196.9

*Indicates that there were no detectable seagrass meadows within the study area in 1984. N/A indicates that no carbon stock data was collected for agricultural or urban areas.

Barrier DIC, <1% Seagrass,

Island, i <1%
2% Forest,
17%

Marsh,
81%
a

Barrier DIC, 1% Seagrass,
Island, | <1%

Forest,
1%

16%

Marsh,
82%

Figure 3. Pie charts indicating the contribution of the coastal ecosystem’s carbon stocks (marshes, coastal forests, barrier
islands, seagrass, and DIC in the water column) to the regional carbon budget in 1984 (a) and 2020 (b).

(12% and 11%), and open-water (6% and 12%) in
both years (1984 and 2020, respectively, Table 2).
The proportion of sand land cover class remained
relatively stable at the landscape scale (7%), and
human areas remained < 5% of the landscape in
1984 and 2020 (Table 2). The areas of individual
ecosystems all decreased except for seagrass and
water, which nearly doubled from 26.7 to 53.0
km?. Forest area decreased by 5.5% (54.0 to 51.0
km?) and marsh area decreased by 4.0% (318 to
305 km?). Both sand and human area decreased
by ~ 18% (Table 2). The largest land cover change
observed was seagrass, which increased from ~ 0
to 29.3 km? (increased from ~ 0% to 6.4% of
landscape cover) in response to widespread
restoration efforts beginning in 2000 that returned
seagrass populations that had been extirpated from
the coastal lagoons following marine disease and
hurricane disturbance in the 1930s (Orth and
McGlathery 2012). Conversion of water and marsh
to sand were the dominant contributors to sand
creation (39.9% and 56.3% of sand creation,
respectively) and can be best explained by barrier
island rollover and migration (Figures le, 2). The
dominant driver of forest loss was marsh migration

(64.8%) followed by the elimination of forested
areas on barrier islands (23.9%) (Figure 2). Despite
large increases in marsh area near adjacent upland
edges (6.6 km?), losses of marsh at the seaward side
(14.3 km?) offset these gains leading to a 4% net
loss of marsh area (Table 2). This approach does not
account for any temporary transitions between
classification years.

Area-specific carbon storage ranged from
13.9 + 4.6 (SE) kg C m~? in marshes to 0.30 £ 0.8
kg C m ™2 in seagrass within the VCR (SI Table 1). A
landscape-scale analysis indicated that a majority of
carbon within the VCR region was stored in the salt
marsh (81% in 1984 and 82% in 2020) (Figure 3).
Forest carbon was the second largest contributor to
regional carbon storage (17% and 16%) while
carbon in the water column, seagrasses, and barrier
islands all contributed < 3% to the regional car-
bon storage (Figure 3). Carbon stored in anthro-
pogenic dominated environments (agricultural
fields, residential housing, and urbanized areas)
were not included in regional carbon estimates, but
are expected to contribute negligibly to regional
carbon storage given the limited extent within the
studied coastal domain (Figure la, b). Regional
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Figure 4. (a) The carbon stocks (Gg C) of individual coastal ecosystems in 1984 and 2020. Note the data is presented on a
log scale. The dashed box above the seagrass stock represents the potential increase in seagrass carbon stock if soils were
able to accumulate carbon to comparable depths (that is, 40 cm) (b) Soil carbon accumulation rates (g C m ™2 y~ ') of
coastal ecosystems (mean =+ standard error). *While we assume negligible rates for these ecosystems, we recognize that

there may be some depositional accumulation of carbon.

carbon storage decreased by 4%, from 4563.9 in
1984 to 4366.9 Gg C in 2020 (Table 2; Figure 4).
This landscape-scale loss of 196.9 Gg C occurred
despite large increases in carbon storage in seagrass,
which recolonized in the VCR during the study
period. The dominant driver of this loss was the
reduction of marsh and forested land, which to-
gether accounted for over 95% of the carbon lost
between 1984 and 2020 (Figures 3; 4). These
changes in regional carbon storage were driven by
changes in spatial extent as our estimates do not
consider changing environmental factors that could
impact the carbon density of an ecosystem, such as
temperature, precipitation, atmospheric CO,, age,
or sea-level (Smith and Kirwan 2021).

Landscape-scale Time to Replacement

A meter-scale time to replacement (Eq. 1) can be
defined as the amount of time that the carbon stock
from the loss of a square meter of an ecosystem
could be replaced by a spatially explicit carbon
accumulation rate of a different ecosystem where
the areas of carbon loss and carbon accumulation
are equivalent. For example, the large carbon stock
in 1 m? of forest, Chorest = 13,295 g C m~, would
take 169.6 years to be replaced by carbon accu-
mulation rates in 1 m? of marsh, CAR,,., = 78.4 g
C m2 y' (Eq. I; SI Table 1). However, our land
cover change analysis indicates that within our
study area, far greater than 1 m? of forest was lost
(Table 1). Additionally, we should consider the
entire spatial extent of the marshes within our
study area that were simultaneously accumulating
carbon (Eq. 2). Therefore, when we consider the
cumulative area of marshes within our study area
and the amount of forest lost between 1984 and

2020, the ecosystem-scale time to replacement
(Eq. 2) is 1.7 years—far less than the previous
meter-scale time to replacement. This is driven by
the small area of lost forest (3.0 km?) relative to the
extant marsh (305 km?). When considering the
sum of all carbon accumulating ecosystems (Eq. 3),
the landscape time to replacement for the loss of
forest carbon is reduced to 1.6 years, which is rel-
atively similar to the previous calculation due to
the dominance of salt marshes within the coastal
environment. Finally, when we integrate the
cumulative carbon lost from reductions in all
ecosystems’ extents (Eq. 4), we find that it takes
approximately 7.42 + 0.75 years to replace the
carbon that was lost (that is, 196.9 Gg C) from
1984-2020 (36 years).

DiscussioN

Coastal ecosystems are rapidly migrating in re-
sponse to sea-level rise, leading to a fundamental
reorganization of the coastal landscape (Doody
2013; Deaton and others 2017; Fitzgerald and
Hughes 2019; Kirwan and Gedan 2019). Despite
visible differences in land cover (Figure l1c—e), the
total spatial extent for individual ecosystems
changed very little between 1984 and 2020 (Fig-
ure la, b, Table 1). We attribute this spatial com-
pensation to widespread but equivalent gains or
losses in individual ecosystems (Tables 1, 2). This
indicates that despite significant changes in the
location of individual ecosystems, spatial compen-
sation largely maintains the total extent of each
ecosystem (Tables 1, 2), which is consistent with
observations from a number of other coastal and
terrestrial ecosystems (Turner 2010; Smith and
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Figure 5. Changes in ecosystem carbon stocks in the coastal landscape from 1984 to 2020: forests (dark green), marshes
(light green), DIC (blue; note no change in carbon stock), seagrass (benthic grass icons), and barrier islands (beige
surrounding dark green). The size of the circle superimposed on each ecosystem indicates the magnitude of carbon stock
change (Gg C) from 1984 to 2020 while the color of the circle portrays positive (green) or negative (red) changes. Arrows
and the accompanying numbers represent the soil carbon accumulation rates measured in each of these ecosystems and
follow the same size scale as the circles. *While we assume negligible rates of soil carbon accumulation by the forest and
DIC pools, we recognize that there may be some depositional accumulation of carbon.

Goetz 2021) and for the VCR from 1972-2001
(McGlathery and others 2013). For example, bar-
rier islands tend to migrate landward while main-
taining relative area (Deaton and others 2017), and
marsh erosion is compensated by marsh migration
regionally (Schieder and others 2018). While spa-
tial compensation can be observed within at least
some individual ecosystems of the VCR (Burns and
others 2021; Flester and Blum 2020), this repre-
sents one of the first studies to examine spatial
compensation across multiple ecosystems at the
landscape scale.

The shifting mosaic steady-state concept suggests
that the overall ecosystem composition is main-
tained in a landscape despite shifts in ecosystem
location (Bormann and Likens 2012; Forman
2014). Although our observations of spatial com-
pensation within salt marshes are consistent with
the shifting mosaic steady-state theory, some
ecosystems did not maintain consistent spatial ex-
tents. We observed significant decreases in forested
land and sand and increases in seagrass that were
not compensated elsewhere in the landscape (Ta-
ble 2). Marsh migration into retreating forests was
not compensated for by migration of forests into
adjacent uplands due to topography and anthro-
pogenic land uses, resulting in coastal squeeze of
forested ecosystems (Figure 2) (Torio and Chmura
2013; Pontee 2013). Similarly, the net decrease of
sand within the landscape is driven by erosion and
colonization of barrier island overwash fans that
was not compensated by back-barrier spit elonga-
tion (Figure 2). However, in similar studies, chan-
ges in barrier island extent observed over two
different time frames (from 1984 to 2011 and from
1984 to 2016) were drastically different, a 29%
reduction and a 11% increase in spatial extent

respectively, which emphasizes that temporal scale
and the timing of measurements can dictate
apparent spatial patterns (Zinnert and others 2016,
2019).

The lack of spatial compensation in forested land
compounds with reduced blue carbon storage to
increase the observed reduction in regional carbon
storage (Figures 4, 5, Table 2). Area-specific carbon
storage ranges within the VCR from 11.7 kg C m™2
in marshes to 0.30 kg C m™? in seagrass (SI Ta-
ble 1). Marsh carbon storage, 11.7 kg C m ™2, was
found to be smaller than the average carbon stor-
age in marshes of the conterminous United States
(27.0-28.0 kg C m™?), Europe (26.1 kg C m~?), and
Southeastern Australia (25.3 kg C m™?), but within
the range of measured soil carbon stocks (Holm-
quist and others 2018; Nahlik and Fennessy 2016;
van de Broek and others 2016; Kelleway and others
2016). Although seagrass meadows can store sig-
nificant amounts of carbon (Fourqurean and others
2012), the juvenile stocks in the VCR (< 20 years
old) contain shallow belowground organic carbon
profiles, with organic-rich sediments in the top 3-6
cm that have accumulated since seagrass restora-
tion, far shallower than organic matter depths in
salt marshes, which can extend more than a meter
deep (Oreska and others 2017; Oreska and others
2017). This results in a smaller spatial carbon
density that integrates carbon stored in the top 1 m
despite relatively dense carbon in shallow seagrass
soils. If seagrasses accumulated soil carbon stores at
comparable depths to the other blue carbon sys-
tems, the landscape scale carbon storage of seagrass
would approximately triple (SI Table 1, Figure 4).
Together, we find that positive changes in the
carbon stocks of seagrasses did not compensate for
the loss of carbon from forests and the other blue
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Figure 6. (a) The time to replacement (seconds) of
carbon lost from the reduction of 1.0 m? of the respective
ecosystem on the horizontal axis and replaced by the
entire carbon accumulating power of the respective
ecosystem or landscape in the legend. Ecosystems are
plotted along the horizontal axis in order from least to
greatest carbon density (g C m~2). This increase in carbon
density drives the increase in time to replacement.
Meanwhile, the magnitude of carbon accumulation
rates, which is smallest in the barrier islands and largest
at the coastal landscape scale, decreases time to
replacement within a categorical bin. (b) The time to
replacement (years) of carbon lost from the entire loss of
the respective ecosystem across the VCR on the
horizontal axis and replaced by the entire carbon
accumulating power of the respective ecosystem or
landscape in the legend.

carbon habitats, resulting in a landscape-scale
reduction in carbon stocks (Figure 5, Table 2).
Coastal forests are not typically placed in a blue
carbon context, but studies that examine non-
wetland coastal forest stocks find similarly high
magnitude carbon storage (Smart and others 2020,
2021; Smith and Kirwan 2021; Aguilos and others
2021). The scale of carbon loss observed between

1984 and 2020 (196.9 Gg C) is on a similar scale to
other studies that examine the loss of carbon due to
overwash, urbanization, or wildfire in other sys-
tems (Sirin and others 2020; Zhang and others
2012; Theuerkauf and Rodriguez 2015). While the
propagation of dominant landscape features
through time mirrors the shifting mosaic steady-
state concept, the reduction in regional carbon
storage indicates that landscape-scale compen-
satory functions are temporarily reduced (Fig-
ure 4).

Blue carbon ecosystems are well known to be
vulnerable to a variety of climate and anthro-
pogenic stressors that threaten the persistence of
individual ecosystems and their carbon pools
(McLeod and others 2011). However, the broader
coastal landscape is uniquely positioned to poten-
tially replace carbon lost from individual points
within the landscape because of rapid carbon
accumulation rates across a diverse suite of
ecosystems. Where ecosystems are lost, high car-
bon accumulation rates in surviving ecosystems
may be able to mediate carbon loss (Figure 5;
Elsey-Quirk and others 2011; McLeod and others
2011; Holmgquist and others 2018; Smith and Kir-
wan 2021). For example, despite loss in barrier is-
land volume, the expansion of highly productive
shrubs into barrier island grasslands have com-
pensated for carbon loss (Zinnert and others 2016,
2019; Woods and others 2021). Although the time
to replacement metric has been largely used to look
at the carbon lost and replaced over time at a fixed
location (Smith and Kirwan, 2021), the extension
of the metric to estimate the time required for an
entire landscape to replace lost carbon reveals small
landscape scale legacy affects. Specifically, we find
that it takes approximately 7 years to replace the
4% reduction in landscape carbon storage observed
over 36 years. This metric suggests that surviving
ecosystems quickly replace the amount of carbon
lost during decadal-scale ecosystem transitions.

The carbon loss for minor reductions in ecosys-
tem extents can be replaced by the entire VCR
landscape in a matter of seconds (Figure 6a), but
larger scale ecosystem reductions can have a legacy
effect on regional carbon storage that last longer
than centuries (Figure 6b). As the carbon stock of
the lost ecosystem increases, so does the time to
replacement and the legacy effect of that carbon
loss; carbon lost from 1 m? of forest loss takes two
orders of magnitude longer to be replaced than
carbon lost from 1 m? of barrier island (Figure 6a).
However, the magnitude of the legacy effect of
carbon loss is not only reliant on the magnitude of
loss, but also the rate at which it is replaced. Barrier
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islands are shown to have the slowest regional soil
carbon accumulation rate leading to the slowest
compensatory mechanisms in the VCR (Figure 6b).

Similarly, the area over which carbon is replaced
can greatly affect the rate of recovery. For example,
1 m? of forest loss was estimated to have a legacy
effect of 169.6 years when being replaced by 1 m?
of marsh (Eq. 1; Smith and Kirwan 2021). The le-
gacy effect decreases to ~ 20 s when 1 m? of forest
loss is replaced by the cumulative area of all the
marshes within the VCR (Figure 6a; Eq. 2: 13.9 kg
C/25.7 Gg C y ' =17.7 s). Not only does this
indicate that times to replacement will increase
with marsh loss, but it also indicates that functional
compensation may be scale dependent with weak
compensation at local scales and stronger com-
pensation at larger scales. However, as spatial scales
increase, so does uncertainty in carbon loss. A
global application of the time to replacement metric
could reveal compensatory mechanisms across a
range of spatial scales, but accounting for changes
in carbon storage and accumulation across multiple
spatial and temporal scales remains complex.

To project the legacy effect of complete ecosys-
tem loss on the landscape, we apply the time to
replacement metric to approximate the amount of
time required to replace carbon lost from entire
landscape-scale ecosystem collapse (Figure 6b).
While this scale of collapse is rare, climate change
and urbanization can often result in relatively rapid
and irreversible ecosystem loss seen in deforesta-
tion and seagrass extirpation (Zhang and others
2012; Arias-Ortiz and others 2018). For example, in
the VCR, seagrass became locally extinct due to a
combination of hurricane disturbance and an out-
break of seagrass wasting disease in the 1930's
(Orth and McGlathery 2012; Orth and others
2020). Within the VCR, if all current seagrass was
to experience a similar die-off and the soil carbon
stocks were not preserved within the landscape,
our analysis indicates that the system would be in a
carbon deficit for less than half a year (Figure 6b;
Eq. 4: 8.66 Gg C/25.7 Gg C y ' =0.34 years).
Similarly, if forests were suddenly lost, due to
wildfire or disease for example, the entire coastal
landscape would require approximately 30 years to
replace the lost carbon (Figure 6b; Eq. 4: 754 Gg C/
25.7 Gg C y~ ! = 29.3 years). This emphasizes that
the coastal landscape is resilient even to rapid,
large-scale changes in the carbon dense ecosystems
that comprise it.

These time to replacement calculations are based
on observed carbon accumulation rates and carbon
stocks across a variety of coastal ecosystems, and
are therefore inherently simplistic. They do not

include dynamic aspects of preservation and
decomposition following ecosystem loss, interact-
ing facets of climate change, temporal variability
during ecosystem recovery, or couplings and ex-
changes between ecosystems. Organic matter
preservation between systems following ecosystem
transition may reduce time to replacement esti-
mates in highly connected landscapes: organic
matter produced in marshes contribute to seagrass
soil carbon stocks and salt marsh soils can incor-
porate eelgrass detritus (Greiner and others 2016;
Oreska and others 2017; Prentice and others 2020;
Ward and others 2021). However, the preservation
and connectivity of organic matter between
ecosystems in the coastal environment is highly
variable. On the other hand, recovering seagrass
meadows require a decade for carbon accumulation
rates to be equivalent to mature ecosystems
(McGlathery and others 2012; Greiner and others
2013), which could substantially increase the time
to replacement in seagrass meadows. However,
because marshes rather than seagrasses dominate
carbon storage and dynamics within this study
area, accounting for this lag time in functionality
still results in decadal landscape-scale times to
replacement. While the refinement of these caveats
will improve the accuracy of time to replacement
estimates, the rapid replacement of even large-scale
carbon reductions implies a functional resilience in
the coastal landscape capable of absorbing climate
driven reductions in carbon storage.

Accelerating rates of sea level rise are expected to
have complex, interacting effects on time to
replacement calculations. For example, accelerated
sea-level rise has been shown to increase marsh
carbon loss through drowning and erosion, but also
to increase soil carbon accumulation rates and
biomass in surviving marshes (Theuerkauf and
Rodriguez 2017; Herbert and others 2021; Chen
and Kirwan 2022a; Valentine and others 2023).
Beyond marshes, accelerating sea-level rise is ex-
pected to affect both current and potential habit-
able area for seagrasses, but sediment accretion
within seagrass meadows can partially offset these
losses (Aoki and others 2020). While these bio-
geomorphic feedbacks have been shown to mitigate
functional and spatial reductions in coastal
ecosystems, accelerating rates of sea-level rise are
projected to exceed critical thresholds potentially
leading to widespread ecosystem collapse (Kirwan
and Megonigal, 2013). For example, barrier islands
exhibit differential responses to sea-level rise, but
will likely migrate more rapidly, erode, or drown,
resulting in a net carbon loss (Zinnert and others
2019; Mariotti and Hein 2022). Additionally,
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coastal squeeze along developed coastlines can
undermine compensatory mechanisms and exac-
erbate net carbon loss (Doody 2013; Pontee 2013;
Theuerkauf and Rodriguez 2017) as shown by the
diminishing forested land observed in this study
(Figure 2). Therefore, while compensatory mecha-
nisms have been shown to quickly compensate for
historical losses of carbon, the integrity of these
compensatory mechanisms may be expected to
diminish as global climate change accelerates. To
further examine this, our algebraic time to
replacement metrics could be integrated into
mechanistic models to respond to coastal dynamics
that are expected to change under future higher
sea-level rise scenarios.

CoNCLUSIONS AND IMPLICATIONS

Although compensatory mechanisms have tradi-
tionally been examined in the context of how
populations and communities reorganize following
environmental change, our work expands the scope
of compensatory mechanism theory to encompass
abiotic processes at the scale of entire landforms
(that is, spatial and functional compensation). From
1984 to 2020, we found that the landscape com-
position of a rapidly migrating coastal mosaic re-
mained relatively constant because a majority of
landscape losses were compensated by gains else-
where in the landscape (Table 2, Figure 2). Con-
trary to this apparent stability, there was a slight
reduction in regional carbon storage across the
landscape as critical mature ecosystems were un-
able to spatially compensate losses (Figures 2, 4, 5).

As an immature ecosystem ages, the functional-
ity of the entire system is expected to increase, but
accelerating rates in sea-level rise and resulting
ecosystem transitions could prevent recovery be-
fore net gains in carbon storage are achieved
(Smith and Kirwan 2021). In terrestrial forested
ecosystems, enhanced woody biomass growth fol-
lowing wildfires can result in functional compen-
sation of lost carbon pools (Kashian and others
2006; Smithwick and others 2009), but only if the
system recovers before the next disturbance
(Smithwick and others 2009; Brown and John-
stone 2011). In contrast to these findings, the short
timescales calculated for the replacement of coastal
carbon suggest compensatory mechanisms in the
coastal landscape are uniquely suited to maintain-
ing functional rates that exceed ecosystem rates of
carbon loss. However, when ecosystems with high
carbon accumulation rates are converted to
ecosystems with low carbon sequestration, land-
scape-scale carbon accumulation is reduced. While

spatial compensation in this study conserved
ecosystem area, rapid loss of area in high carbon
accumulating systems, such as the conversion of
mangroves to shrimp farms or seagrasses to bare
mud, results in decreased regional carbon accu-
mulation, in addition to the initial carbon stock
loss (Valiela and others 2001; Aoki and others
2020). Therefore, even if the landscape was able to
quickly replace the large magnitude of lost carbon,
the reduction of blue carbon ecosystems leads to
slower accumulation of long-term carbon stocks in
the coastal landscape.

We estimated that it will take less than 8 years
for the coastal landscape to compensate for the loss
of carbon associated with the landscape changes
observed over 36 years (Figure 6). The pace of
ecosystem transition and loss of local carbon stocks
are fundamentally linked to rates of sea-level rise in
barrier islands, marshes, and coastal forests
(Theuerkauf and Rodriguez 2017; Smith and Kir-
wan 2021; Mariotti and Hein 2022), suggesting that
accelerating sea-level rise rates will further
lengthen the time for carbon pools to recover. Al-
though disturbances associated with climate,
storms, and anthropogenic stressors are ubiquitous
in coastal landscapes, our estimates of short
replacement timescales suggest that functional
compensation is possible despite potentially rapid
moments of carbon loss. Together with our obser-
vations of maintained ecosystem extent, these re-
sults suggest that spatial and functional
compensation are achieved rapidly at the scale of
entire landscapes, and that fast-acting compen-
satory dynamics may quickly compensate for the
carbon lost in rapidly transitioning ecosystems.
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