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The development and expansion of ponds within otherwise vegetated coastal marshes
is a primary driver of marsh loss throughout the world. Previous studies propose
that large ponds expand through a wind wave-driven positive feedback, where pond
edge erosion rates increase with pond size, whereas biochemical processes control
the formation and expansion of smaller ponds. However, it remains unclear which
mechanisms dominate at a given scale, and thus how, and how fast, ponds increase
their size. Here, we use historical photographs and field measurements in a rapidly
submerging microtidal marsh to quantify pond development and identify the processes
involved. We find that as small ponds emerge on the marsh platform, they quickly
coalesce and merge, increasing the number of larger ponds. Pond expansion rates
are maximized for intermediate size ponds and decrease for larger ponds, where
the contribution of wave-driven erosion is negligible. Vegetation biomass, soil shear
strength, and porewater biogeochemical indices of marsh health are higher in marshes
adjacent to stable ponds than in those adjacent to unstable ponds, suggesting that
pond growth rates are negatively related to the health of the surrounding marsh. We find
that the model of Vinent et al. (2021) correctly predicts measured pond growth rates
and size distribution, which suggest the different mechanisms driving pond growth are a
result of marsh drowning due to sea level rise (SLR) and can be estimated by simplified
physical models. Finally, we show that all relevant processes increasing pond size can
be summarized by an empirical power-law equation for pond growth which predicts
the temporal change of the maximum pond size as a lower bound for the total pond
area in the system. This gives a timescale for the growth of ponds by merging and
thus the critical time window for interventions to prevent the irreversible pond expansion
associated with large scale pond merging.

Keywords: microtidal, saltmarsh, merging, biogeochemical, geomorphology, pond, pool, hydrology

INTRODUCTION

Marshes buffer coasts from storms, sequester carbon, improve water quality, and provide rich
habitats for fish and wildlife (Shriver et al., 2004; Barbier et al., 2011; Möller et al., 2014; Nahlik
and Fennessy, 2016; Zhu et al., 2020). Sea level rise (SLR) and reduced sediment supply threaten
the sustainability of marshes (Reed et al., 1999; Kirwan and Megonigal, 2013; Weston, 2014).
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While marshes have some ability to survive SLR by migrating
into adjacent uplands and accreting soil vertically (Pethick, 1992;
Temmerman et al., 2003; Kirwan et al., 2016; Fagherazzi et al.,
2019), in many regions of the world they are eroding laterally,
accreting less than the local rate of SLR, and converting to
open water through the development of unvegetated ponds in
the marsh interior (Stevenson et al., 1985; Day et al., 2000;
Carniello et al., 2009).

Ponding is a primary driver of marsh loss in submerging
marshes, and as such is considered an important indicator of
marsh health (Kearney et al., 1988; Nyman et al., 1994; Mariotti
and Fagherazzi, 2013; Mariotti, 2016; Schepers et al., 2017; Wang
et al., 2021). While salt marsh vegetation enhances sediment
deposition through flow baffling and resists soil erosion through
root material (Allen, 1990; Pethick, 1992; Mudd et al., 2010;
Vandenbruwaene et al., 2011), loss of vegetation can lead to
sediment export and irreversible marsh collapse (DeLaune et al.,
1994; van Huissteden and van de Plassche, 1998; Day et al.,
2011; Temmerman et al., 2012) such that vegetated marshes and
unvegetated ponds may be viewed as alternative stable states
(Wang and Temmerman, 2013; Belzen et al., 2017; Schepers et al.,
2020a). Indeed, marshes with large proportions of unvegetated
area tend to export more sediment than those with large
proportions of vegetated area (Ganju et al., 2013; Ganju et al.,
2020), suggesting a positive feedback where pond development
leads to sediment export, and potentially runaway marsh loss.

Ponds form through a variety of mechanisms, though the
process usually begins in the interior marsh with a local loss
or dieback of vegetation (DeLaune et al., 1994; Hartig et al.,
2002). Physical mechanisms include disturbance events such
as herbivory, bioturbation, ice scour, and wrack deposition
(Pethick, 1974; Wilson et al., 2014). Ponds may also initiate
through vegetation mortality associated with waterlogging
stress affecting soil biogeochemistry and implying toxicity to
vegetation, whereby root zone degradation leads to erosion and
subsidence of otherwise cohesive marsh soils (Kearney et al.,
1988; Nyman et al., 1993; Johnston et al., 2003; Spivak et al., 2017).
These processes depend on the hydrologic properties of a marsh,
especially its hydroperiod, elevation relative to tidal datums,
and connectivity to channels. For example, ponds typically form
and are most prevalent in the marsh interior, far from the
tidal channels that deliver sediment and drain waterlogged soils
(Redfield, 1972; Kearney et al., 1988; Schepers et al., 2017; Vinent
et al., 2021). These processes are expected to accelerate with SLR,
especially in marshes with limited sediment supply and low tidal
range (Millette et al., 2010; Wilson et al., 2009; Schepers et al.,
2017; Vinent et al., 2021; Wang et al., 2021).

Ponds tend to grow until they intersect tidal channels which
may promote vegetation recovery under favorable sediment
balances (Wilson et al., 2014; Mariotti, 2016), or else accelerate
pond erosion (Schepers et al., 2020a; Wang et al., 2021). For
large ponds, wave-driven erosion depends on ponds exceeding
a critical width necessary for the development of wind waves,
thought to be in the range 200–1,000 m (which corresponds to
areas in the range 3× 104−8

× 105 m2, assuming circular ponds)
in US Atlantic and Gulf Coast marshes (Mariotti and Fagherazzi,
2013; Ortiz et al., 2017). However, the processes by which ponds

smaller than this critical width expand remain poorly understood.
Peat collapse, rotational slumping, and current-induced sediment
transport have been identified as potential contributors (Kearney
et al., 1988; Day et al., 2011; Spivak et al., 2017; Schepers et al.,
2020a). A recent model (Mariotti et al., 2020) simulates pond
formation, expansion and merging in Barnstable, MA, with a
particular focus on processes driving marsh edge erosion. In
contrast, the model of Vinent et al. (2021) simulates pond
dynamics simply as a result of marsh drowning due to SLR. The
multiplicity of model assumptions and parameters can benefit
from calibration and validation through empirical information.

Here we define and measure different rates of pond growth
to show that both the rates and mechanisms of pond expansion
depend on pond size and that the expansion of small ponds
is driven largely by the coalescence of individual ponds and
the health of surrounding marsh. By comparing our results
with predictions of Vinent et al. (2021)’s model, we show
that measured rates of pond formation, biochemical expansion
and the initial stages of merging are consistent with marsh
drowning due to SLR.

MATERIALS AND METHODS

Study Area
We studied the distribution of ponds in a portion of the
Blackwater National Wildlife Refuge, near the headwaters of the
Blackwater River, a tributary of the Chesapeake Bay (Maryland,
United States) (Figure 1). This area is part of the mid-Atlantic
SLR hotspot (Sallenger et al., 2012), with rates of relative
SLR that are more than twice the global average (Ezer et al.,
2013). Twentieth century relative SLR rates (3.83 mm yr−1 at
Cambridge, MD; NOAA Station 8571892) generally exceed local
accretion rates of 1.7–3.6 mm yr−1 (Stevenson et al., 1985).
Marshes in the study area are microtidal, low in elevation,
sediment deficient, and heavily ponded (Stevenson et al., 1985;
Ganju et al., 2013).

Approximately half of the marshes in the Blackwater National
Wildlife refuge have been lost to ponding since 1938 (Scott
et al., 2009; Schepers et al., 2017). Marsh ponding increases
with distance from the river mouth at Fishing Bay (Figure 1),
following gradients in elevation, sediment supply, and tidal range
(Schepers et al., 2017). The upper reaches of the Blackwater
River, where this study is focused, are characterized by strong
sediment export especially during northwesterly winds, when
winds are oriented parallel to the long-axis of Lake Blackwater
and other large ponds, resulting in wave erosion and sediment
resuspension (Ganju et al., 2013). Tidal range decreases from
∼1.0 m at Fishing Bay to <0.2 m at Lake Blackwater (Wang
and Elliott, 1978; Schepers et al., 2020a). Marshes consist of
mesohaline vegetation, with Schoenoplectus americanus and
Spartina alterniflora occupying the lowest elevation marshes,
Distichlis spicata and Spartina patens occupying intermediate
elevations, and Spartina cynusuroides and Phragmites australis
occupying the highest elevations (Kirwan and Guntenspergen,
2012). Marsh elevations decrease with distance from Fishing Bay
(Schepers et al., 2020b), and more than 80% of marshes near
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FIGURE 1 | (A) Location of Blackwater Wildlife Refuge (38.4220◦ N, 76.0624◦ W) outlined by orange square on the Eastern edge of Chesapeake Bay. (B) Overview
of the 28,000-acre refuge, evidencing vegetation die-off and marsh loss following a gradient from low die-off near southeastern Fishing Bay to high die-off near Lake
Blackwater at the northwest reaches of Blackwater River; false-color (NIR, SWIR, R) Sentinel-2 imagery 2020-11. (C) The three study areas used for remote sensing
analyses with the field-sampled ponds (green is stable, red is unstable) indicated within; false-color (NIR, G, B) NAIP 2018-11-04.

the headwaters of the Blackwater River have elevations that are
lower than the optimum elevation for S. americanus root growth
and organic matter accretion (Kirwan and Guntenspergen, 2012,
2015). Extensive, permanent marsh loss has been observed
through the past century, with vegetation loss increasing with
distance from Fishing Bay toward our study areas (Stevenson
et al., 1985; Schepers et al., 2017).

Historical Pond Growth
We examined patterns of historical pond growth in the upper
Blackwater River marshes using historical photographs from
1938, 1960, 1981, and 2010 (Table 1). Imagery was resampled
to the coarsest image resolution (1.55 m per pixel edge) to
avoid resolution bias, and georeferenced to a common datum
(Maryland State Plane—Lambert Conformal Conic NAD 1983).
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TABLE 1 | Aerial photography summary, native resolutions were resampled before
analysis to 1.55 m as described in text.

Image
year

Image type Native
resolution

(m)

Source Digitization

1938 Black and white 0.86 Scott et al., 2009 Manual

1960 Black and white 1.55 U.S. Air Force Manual

1981 Color infrared 1.55 USGS EarthExplorer Manual

2010 Visible + NIR 0.3 Blackwater NWR Classification

Three study areas (∼106 m2 each) were chosen adjacent to the
upper reaches of the Blackwater River, where ponding is most
extensive (Figure 1).

We delineated individual polygons to track pond growth
through time and to explore differences between study areas.
Each study area includes a large, central pond connected to the
Blackwater River in the 1938 imagery. We recorded water patches
≥50 m2 as individual ponds through extraction of existing
digitized polygons (Schepers et al., 2017) and manual digitization
and rectification in ArcGIS. Due to the small astronomical tidal
range at this reach of Blackwater River (∼0.25 m), and evidenced

by water presence across all available imagery, depressions
are consistently submerged and as such are defined as ponds.
These ponds were considered to be merged with one another
when connection widths were at least 25% that of the smaller
pond’s intermediate axis. Maximum likelihood classification of
2010 ponds in the study area had a 97% accuracy based
on ground verification points in the most recently analyzed
imagery (Schepers et al., 2017). All polygons were visually
inspected for consistency with ponds in the historic imagery
and amended when erroneous. The number of ponds, areal
extent, and growth patterns (merging of multiple ponds vs.
expansion of individual ponds) were recorded separately in each
study area and at each timestep for use in the expansion and
merging calculations described below. Each pond polygon was
assigned a unique identifier, while ponds composed of previously
individual ponds contained past identities appended to their own
unique identifier.

We consider three possibilities for pond formation and growth
(Figure 2): new ponds, when a pond appears where none existed
before; single pond growth, when individual ponds overlap in
consecutive images; and merged ponds, when an individual pond
overlaps several ponds from a previous image.

FIGURE 2 | Contrasting cases of pond growth, from two consecutive images at times t0 and t1 = t0 + 1t, and the respective area growth rates (see text for
explanation of formulas).
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FIGURE 3 | Total pond area (A–C), number of ponds greater than 50 m2 (D–F), and individual pond area (G–I), as function of time and pond type, for the three
study areas (columns). Due to the skewed distribution of individual pond areas, data points represent the median value, and error bars represent the Interquartile
range (IQR), defined as the difference between the 75th and the 25th percentiles.

Single Ponds
The areal growth rate of single ponds is defined as

Rs =
(
af − a0

)
/1t (1)

where a0 and af are the initial and final pond areas and 1t =
tf − t0 is the time between consecutive images. For single ponds,
we also define a lateral (linear) growth rate (G) assuming circular
shape, as:

G =
(√

af /π−
√

a0/π
)
/1t (2)

which yields a first order estimate of the erosion rate at
the pond’s edge.

New Ponds
In the case of new ponds, we lack information regarding the exact
time of pond formation because, by definition, the initial area is
0. Therefore, we can only estimate a lower bound for the rate of
pond growth:

Rn = af /1t (3)

Merged Ponds
Similarly, for merged ponds the initial pond area is not unique
(composed of several ponds) and the individual pond growth
rate is not well-defined. Nevertheless, we can still define three
relevant growth rates: a total growth rate of the merged
pond (Rm), an average expansion rate (Re

m) characterizing each
pond’s expansion during merging, and a merging rate (Rm

m)
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FIGURE 4 | Different area growth rates quantifying pond change (A–C) and relative change in pond area per year (D–F) area for the three time intervals and study
areas. Symbols are error bars represents the mean and Interquartile range (IQR), respectively. IQR is defined as the difference between the 75th and the 25th
percentiles. The relative change in pond area is defined as the ratio (af/a0) between final and initial pond area divided by the time interval 4t. For merged ponds the
initial pond area corresponds to the largest merging pond. The relative change in pond area is undefined for new ponds.

characterizing the net growth of the largest pond as merging takes
place (Figure 2).

The growth rate (Rm) of the merged pond is defined as:

Rm =
(
af − A0

)
/1t (4)

where af is the area of the merged pond and A0 is the total area of
the n0 initial merging ponds (Figure 2). This rate represents the
total change in water area during merging.

The average expansion rate (Re
m) is defined by dividing the

total growth rate by the number n0 of merging ponds (Figure 2):

Re
m = Rm/n0 (5)

and represents the growth rate of the average merged pond with
initial area A0/n0 and final area af /n0.

Finally, we define the merging rate (Rm
m) of the largest merging

pond as:
Rm

m =
(
af − amax

0
)
/1t (6)

where amax
0 is the area of the largest merging pond and af is

the area of the final merged pond (Figure 2). By construction,
the merging rate includes all relevant processes increasing the
area of the largest pond during the time interval between
consecutive images. This includes individual pond expansion and
the formation and merging of new ponds.

As expected, if only one initial pond is present, n0 = 1
and A0 = amax

0 , and all rates for merged ponds are equal and
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equivalent to the single pond case. On the contrary, when
the number of ponds merging is large, the expansion rate Re

m
becomes negligible while the merging rate increases following the
jump in pond size after merging.

Furthermore, to account for the potential effect of pond size on
the growth rate, we also consider the relative change in pond area
per unit time defined as the ratio (af /a0) between final and initial
pond area divided by the time interval 4t. For merged ponds
the initial pond area corresponds to that of the largest merging
pond amax

0 . The relative change in pond area is undefined for new
ponds as a0 = 0.

These different rates help distinguish patterns of pond growth
through space and time, and quantify the relative contributions
of new pond formation, growth of individual ponds, and pond
merging as drivers of changes in pond size.

Contribution of Wind-Driven Wave
Erosion to Edge Retreat
We used the formulation in Mariotti and Fagherazzi (2013)
to estimate wave power density from linear wave theory and
quantify the contribution of wave-driven erosion to edge retreat
for the different pond sizes tracked here. We set the erodibility
coefficient to 0.1 m2 yr−1 W−1 to reproduce the range of erosion
rates measured at Lake Blackwater using an average wind velocity
of 6 m s−1 and water depths of 0.3 and 0.5 m, which are
typical of the large ponds in our study areas (Schepers et al.,
2020b). In the calculation of the wave power, we approximate
the pond fetch by the diameter of a circle with the same
measured pond area.

Characteristics of Stable and Unstable
Ponds
To explore potential biological drivers of pond growth observed
in the imagery, we measured several indicators of marsh health
adjacent to a set of stable and unstable ponds. Within each of
the three study areas we selected one stable pond (defined as
annual areal growth rate < 1%; 0.54, 0.22, and 0.17 for SA 1,
2, 3, respectively) and one unstable pond (annual areal growth
rate > 1%; 1.78, 1.79, and 6.39 for SA 1, 2, 3, respectively). At each
of these six total ponds, we measured soil shear strength, above-
ground biomass, and porewater chemistry in the surrounding
marsh in August 2017. Three replicate measurements were made
1 m inland from the marsh-pond edge and compared to three
replicate measurements from a reference marsh located 10 m
inland from the marsh-pond edge, resulting in a total of 36
measurements of each indicator of marsh health.

Soil shear strength was measured using a Humboldt H-4227
Shear Vane to infer a relative measure for the erodibility of
marsh soils surrounding ponds (Jafari et al., 2019). We measured
shear strength at four depths below the soil surface (10, 25,
35, and 55 cm) to capture a profile of soil strength above and
below the vegetation rooting depth (approximately 30 cm in the
study area) (Schepers, 2017). Plant productivity was measured
as end of season live aboveground biomass (Squiers and Good,
1974) using destructive harvest techniques in characteristic
0.25 m× 0.25 m plots.

FIGURE 5 | Lateral growth rate G of single (non-merging) ponds as function
of initial pond area a (circles) for the time intervals analyzed. The mean and
standard deviation of the erosion rate of one edge of Lake Blackwater, along
its longest axis, is also shown for comparison (star). Dashed lines correspond
to a semi-empirical equation for wave-driven marsh edge erosion (Mariotti and
Fagherazzi, 2013) evaluated at two characteristic pond depths, 0.3 m (lower)
and 0.5 m (higher). The solid line shows the scaling of lateral growth rates
corresponding to a constant area growth rate R =150 m2 yr−1 (see Figure 6),
assuming circular ponds: G = R/

(
2
√

πa
)
. We suggest isolated pond growth

is controlled by biochemical mechanisms below ∼105 m2, and by
wave-driven erosion above it. Negative growth rates denoting pond
contraction are highlighted in green. Given the large time spans between
measurements, the central outlier could correspond to an undetected merged
pond (see Figure 6).

Porewater was collected from the marsh soil at a depth
of 15 cm using a syringe attached to a bottom-perforated
metal rod then passed through a 45-micron filter to remove
organic particulates. Porewater samples were analyzed in the
lab to determine the concentration of Hydrogen sulfide (H2S)
and Ammonium (NH4+), which are potential indicators of
anaerobic soils, inhibited nitrogen uptake for plants, and reduced
plant growth (Mendelssohn and McKee, 1988; Burdick and
Mendelssohn, 1990; van Huissteden and van de Plassche, 1998;
Spivak et al., 2017). We determined concentrations of H2S and
NH4

+ via spectrophotometry using the Lachat QuikChem FIA
(Method adapted from Cline, 1969).

RESULTS

Historical Pond Growth
Total ponded area continuously increased with time in each study
area at an average rate of (3.5 ± 2.2) × 103 m2 yr−1 (mean
and standard deviation). It increased the most in Study Area 1,
where pond area approximately quadrupled from 100,732 m2 in
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FIGURE 6 | Pond area growth rate R as function of initial pond area a, for single (yellow circles) and merging ponds (blue and red circles). The initial pond area for the
growth rate of merged ponds is defined by the combined area of all merging ponds, whereas it corresponds to the size of the largest merging pond for merging
rates. Dashed lines correspond to predictions of wave-driven marsh edge erosion rates G (see Figure 5) extrapolated to area rates assuming circular ponds:
R = G

(
2
√

πa
)
. Stars represent two measures of the area growth rate of Lake Blackwater, the rate of area change itself (defined as the area difference divided by the

time period and denoted as a merging rate because it involves merging with neighboring ponds) and an extrapolation from the measured edge erosion rate G
(Figure 5), assuming a circular lake of area a: R = G

(
2
√

πa
)
. Pond growth seems to be dominated by biochemical expansion, with a minor contribution from

merging, at relatively small pond areas, and by pond merging for intermediate and large pond areas. Wave-driven erosion seems to play a minor role in pond growth
even at the scale of Lake Blackwater. Merging growth rates (blue circles) can be fitted by a power-law relation (solid blue line). Single pond growth has a maximum
rate of about 150 m2 yr−1 that changes little with pond area (solid red line).

1938 to 402,588 m2 in 2010. During the same time, ponded area
almost tripled in Study Area 2 (from 133,709 to 354,430 m2) and
more than doubled in Study Area 3 (from 254,817 to 528,370 m2)
(Figures 3A–C). By 2010, most ponds that existed in 1938 had
visually merged to form larger ones, except for the large central
pond already present in each study area.

At each timestep where new as well as existing ponds could be
classified (1960, 1981, and 2010), the majority tended to be new
(i.e., did not exist in the previous image). These numerous ponds,
however, represent only a small fraction of the total ponded
area (Figures 3A–C). The continuous formation of new ponds
explains the increase in the total number of ponds from 1938
to 2010 in each study area (Figures 3D–F). Two exceptions are
observed between 1960 and 1981 in Study Areas 1 and 3 where the
number of ponds decreased, likely due to frequent pond merging.
Study Area 2 began with a high number of ponds (n = 36) in 1938,
but we detected relatively few new ponds occurring during the
first two time-steps (notice y-axis differences in Figures 3D–F).

In general, smaller ponds are more common than large ponds;
the median area of all ponds (n = 450) is 720 m2, and only 40
ponds were >104 m2. In all study areas, the largest ponds tend
to be merged ponds, particularly after 1960, while new ponds
are consistently the smallest ones (Figures 3G–I). These trends
seem to increase in magnitude with time, with new ponds getting
smaller and the scale separation between the area of merged
ponds and single or new ponds increasing up to a maximum in
2010 (Figures 3G–I).

Merging pond rates (Rm
m, Eq. 6) are consistently higher than

the growth rates of both new and existing single ponds, and

also higher than the average expansion rates of merged ponds
(Re

m, Eq. 5) (Figures 4A–C). Furthermore, average expansion
rates (Re

m) are generally similar to the growth rates of single
ponds (Rs), justifying our interpretation of Re

m as a measure of
pond expansion distinct from pond merging, characterized by the
merging rate Rm

m (Figures 4A–C). Interestingly, in the Study Area
2, the scale separation between the size of new and existing single
ponds (Figure 3H) is not reflected in their growth rate, as new
ponds tend to grow at similar rates as single ponds (Figure 4B).

The dominant contribution of merging to the increase of
pond size is also apparent when comparing the relative change
in pond area per unit time between pond merging and single
pond expansion (Figures 4D–F). Merging increases the area of
the largest merging pond by more than 10% per year for almost
every time interval in all study areas, and by about 20% per year
during the last 30 years of data (1981–2010). In contrast, single
ponds expand in average by less than 5% per year, except during
the first period (1938–1960).

Mechanisms of Pond Growth
Lateral growth rates—a first order estimate of edge retreat,
G—exhibit no clear trend with pond size in ponds that
grow singularly between timesteps (Figure 5). Peak values
are, however, observed for small-to-intermediate sized ponds
(around 103 m2), reaching up to 0.8–1.2 m yr−1 and decreasing
for larger ponds. This decrease is consistent with a constant
area growth rate R = 150 m2 yr−1 (see Figure 6), assuming
circular ponds: G = R/

(
2
√

πa
)
. Maximum lateral growth rates

are similar to those of Lake Blackwater (0.6–1.2 m yr−1), a
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FIGURE 7 | Predictions from a simplified one-dimensional marsh drowning
model (Vinent et al., 2021) applied to the conditions in our study areas.
(A) Spatiotemporal diagram of predicted marsh fragmentation starting with a
uniform marsh platform with tidal channels or mud flats at both sides. Marsh
elevation Z is rescaled by tidal range dz. White areas indicate open water.
(B) Comparison of simulated and measured exceedance probability of pond
areas. Since the model is 1D, the simulated pond area is calculated by
multiplying the simulated pond length by a constant pond width obtained from
the condition that the smallest simulated pond has an area of 50 m2 (the
smallest area resolved in the measurements). Measured ponds correspond to
ponds in all study areas in 2010.

much larger (1.8 × 107 m2) open water area adjacent to our
study area (Figure 1). Lateral growth rates seem to be larger
during the 1938–1960 time period. Despite the dominance of
pond expansion for all analyzed timesteps, pond contraction was
relatively common across measured pond areas (102 m2–105 m2)
particularly after 1960.

Lateral growth rates are in general much larger than those
predicted by a semi-empirical formulation of wave-driven marsh
edge erosion (Figure 5, dashed lines), which nevertheless
captures the relatively small expansion rates of the largest
measured ponds. When considering the dependence of areal
growth rates on the initial pond area for both single and merged
ponds, three scale-dependent regimes for pond growth in our
study areas emerge (Figure 6). For pond areas smaller than
about 103 m2, pond growth seems to be dominated by what

we define as biogeochemical processes. Measurements suggest
that biogeochemical driven growth has a maximum area growth
rate of about 150 m2 yr−1 which changes little with pond size
(Figure 6, red line). Second, for pond areas above 103 m2,
pond merging is by far the most important mechanism for
pond growth, as suggested by both the total growth rate of
merged ponds (Rm) and the merging rate (Rm

m) of the largest
merging pond (Figure 6). Often both measures of pond growth
rate due to merging are similar because one of the merging
ponds is much larger than the others. Finally, for ponds with
areas similar to or >105 m2 the contribution of wave-driven
erosion becomes relevant. However, we find that even at the
scale of Lake Blackwater merging patterns seem to contribute
heavily to growth. Indeed, the measured area growth rate of
Lake Blackwater (calculated as the difference in measured lake
area divided by the time interval between 1981 and 2010) is
about 10 times larger than the rate [R = G

(
2
√

πa
)

where
a is the Lake Blackwater area in 1981] estimated from the
measured wave-driven edge erosion (G = 0.9 m yr−1, Figure 5)
assuming a circular shape. Notice that the area growth rate of
Lake Blackwater is a merging rate following our definition, as
the growing lake is continuously merging with nearby ponds.
The causes for these size-dependent growth rates are proposed in
several prior studies and are further explored in the discussion.

We quantified the dependence of the pond merging rate (Rm
m)

on the size of the largest merging pond by fitting a power law
function of the type (Figure 6, blue line):

Rm
m(a) =

da
dt
= R0(a/a0)

γ (7)

with fitting parameters R0 = 70± 35 m2 yr−1 and γ = 0.56± 0.09
and where for convenience we introduce the area scale
a0 = 100 m2. This equation can then be used to estimate the time
evolution of the size of the largest pond in the system (see Eq. 8
below). This provides a lower bound for the growth of total pond
area, which is always larger than any single pond area.

Comparison With a 1D Marsh
Fragmentation Model and Other Pond
Data
We compared our measurements of pond growth rates and
pond size distribution to the predictions of a simplified one-
dimensional model of cross-platform sediment transport and
SLR-driven marsh drowning (Vinent et al., 2021). We ran
the model for the parameters characterizing our study area:
tidal range 0.35 m, average suspended sediment concentration
40 g m−3 (Ganju et al., 2017) and rate of relative SLR 3.8 mm yr−1

and kept the other model parameters unchanged (see details
in Vinent et al., 2021). Starting with a marsh platform with
uniform elevation and tidal channels or mud flats at both
sides (Figure 7A), the model predicts the formation of a large
central pond after about 100 years and the subsequent runaway
fragmentation of the marsh platform until complete drowning in
about 150 years (Figure 7A).

This model reproduces both the frequency distribution of
pond sizes measured in 2010 (Figure 7B) and pond growth
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FIGURE 8 | Comparison of measured and simulated pond area growth rates as function of the initial pond size. For the growth rate of merged ponds, the initial area
is defined as the combined area of all merging ponds. For the one-dimensional model, the simulated pond area is calculated by multiplying the simulated pond
length by a constant pond width obtained from the condition that the smallest simulated pond has an area of 50 m2 (the smallest area resolved in the
measurements). Data reported by Ortiz et al. (2017) in the Mississippi delta was selected by the condition that the final pond area is no larger than four times the
initial area, to conserve a meaningful correlation between both. Star symbols and dashed and solid lines as in Figure 6.

rates (Figure 8). Given the model is 1D, the simulated pond
area is calculated by multiplying the simulated pond length by
a constant pond width obtained from the condition that the
smallest simulated pond has an area of 50 m2 (the smallest
area resolved in the remote sensing measurements). Since the
size distribution follows a power law (Figure 7B, Vinent et al.,
2021), this multiplicative factor does not affect the shape of the
distribution. Interestingly, the simulated growth rates change
little with pond size for small ponds, while they decay relatively
fast for large ponds (Figure 8) due to the stabilization of pond
growth once it connects to the channel network (a condition
implemented in the model based on pond depth, see Vinent et al.,
2021 for details).

To compare our results to observations in other microtidal
saltmarshes, the growth rates of merged and single ponds
reported by Ortiz et al. (2017) in the Mississippi delta (filtered
by the condition that the final pond area is no larger than
four times the initial area, to conserve a correlation between
both) were included directly in Figure 8. The two datasets
follow similar trends and in particular the merging rates
from both are consistent with our empirical power-law growth
relation (Figure 8).

Temporal Evolution of Total Pond (Water)
Area
We can constrain the future expansion of total pond area in
our study areas using the power-law relation for the merging
rate (Eq. 7). Integrating Eq. 7 and assuming an initial pond
area a(0) = 5 × 103 m2, which corresponds to the largest of
the small merging ponds found in our study area in 1938,
we find:

a(t) = a0
[
(a(0)/a0)

1−γ
+ (1− γ) t/τ

]1/(1−γ) (8)

where τ = a0/R0 = 1.43 yr is a characteristic time scale. This
equation reproduces the temporal evolution of the largest
merging pond (Figure 9) and predicts that our study areas, all of
similar size ∼106 m2, will become a single large pond in about
150 years from the start of our measurements (1938). This is
about 80 years sooner than an estimation based on the average
growth rate of the total pond area (Figure 9, dashed line).

The predicted change in total pond area from the marsh
fragmentation model introduced in the previous section (Vinent
et al., 2021) closely follows the measured increase from 1938 to
2010 and predicts that 80% of marshes in our study areas will
disappear after 150 years (from 1938, see Figure 9), which agrees
in general with the prediction from the merging rate equation
(Eq. 8). Note that to properly compare model predictions to the
measurements, we substituted the size of the central pond in with
one that was characteristic of central ponds in our study areas
(∼105 m2). We then rescaled the size of the marsh platform
to 106 m2, an adjustment that does not change the physical
interpretation of the results due to the model’s scale invariance
(see Vinent et al., 2021).

The runaway ponding predicted by the 1D model of our study
areas is not captured by the model of Mariotti et al. (2020).
Using published results for a marsh complex that most resembles
ours, with tidal range 0.7 m, rate of RSLR 4 mm yr−1 and SSC
5 g m−3 (Figure 9), Mariotti et al. (2020) predict a saturation of
marsh loss area (either by ponds or tidal flats, as tidally connected
ponds are defined in that study) at about 6 × 105 m2 after
more than 300 years.

Characteristics of Stable and Unstable
Ponds
Analyzing data from our field campaign, we found that in-
situ indicators of marsh health were greater near stable ponds
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than near unstable ponds. Average live aboveground biomass
was higher adjacent to stable ponds (841 ± 98 g m−2) than
unstable ponds (607 ± 110 g m−2), both immediately adjacent
to the ponds and at interior reference marshes 10 m from the
edge (Figure 10A). Soil shear strength decreased with increasing
depth within the rooting zone regardless of pond type and
location (Himmelstein, 2018). Average soil strength at a depth of
10 cm was higher at the edge of stable ponds (2.70 ± 0.60 kPa)
than unstable ponds (1.40 ± 0.50 kPa), with similar trends
found in the interior reference marshes (Figure 10B). Hydrogen
sulfide concentrations were twice as high in marsh soil porewater
adjacent to unstable ponds than concentrations adjacent to stable
ponds (µunstable = 6.4 ± 0.8 mM, µstable = 3.2 ± 0.5 mM)
(Figure 10C). Similarly, porewater ammonium was higher in
soils adjacent to unstable ponds than soils adjacent to stable
ponds (µunstable = 161 ± 29 µM, µstable = 97 ± 38 µM;
Figure 10D). Hydrogen sulfide and ammonium porewater in
the interior marsh near unstable ponds followed the same trend;
respectively µunstable = 6.7 ± 0.5 mM vs. µstable = 2.1 ± 0.8 mM
and µunstable = 150.4± 37.8 µM vs. µstable = 76.9± 29.7 µM.

DISCUSSION

Patterns of Pond Growth as a Result of
Marsh Drowning Due to Sea Level Rise
The formation, expansion, and potential recovery of tidal marsh
ponds is proposed to depend on interacting processes, both
within our study region and more generally (Kearney et al., 1988;
Wilson et al., 2009; Mariotti, 2016; Ortiz et al., 2017; Spivak
et al., 2017). Pond formation often begins with vegetation stress
associated with poor drainage and waterlogged soils (Johnston
et al., 2003; Spivak et al., 2017), as evidenced by ponds that
originate at drainage divides far from channels (Schepers et al.,
2017; Vinent et al., 2021). Once formed, initially small ponds
tend to expand through a combination of poorly understood
processes, until they intersect tidal channels (Mariotti, 2016;
Mariotti et al., 2020). After intersecting channels, ponds either
expand (Schepers et al., 2020a) or contract (Wilson et al., 2014)
depending on the elevation of the pond bottom and the sediment
balance between the channel and pond (Mariotti, 2016; Schepers
et al., 2020a).

In the stable ponds studied here, channelized connections to
the Blackwater River likely exchange metabolites and nutrients
despite only partial water exchange (Spivak et al., 2017).
For microtidally influenced marshes elsewhere, tidal channel
connections have been found to export unconsolidated material
from the bottom of ponds, potentially counteracting the expected
vegetation growth benefits afforded by frequent water exchange
(Stevenson et al., 1985; Wilson et al., 2010). Schepers et al.
(2017), showed that as tidal channel connections in Blackwater
widened, pond bottom depth increased. If net basal sediment
export deepens ponds and increases pond edge slope, processes
like soil creep or bank slumping might in turn widen ponds
(Stevenson et al., 1985). To determine the impact of connectivity
in a specific marsh complex, biogeochemical health indicators as
well as accretion/erosion rates should be monitored before and

FIGURE 9 | Comparison of measured and predicted time evolution of total
water area (ponds). Circles represent total pond area measured in our study
areas. Triangles are selected merging ponds tracked through time (we
selected the largest merging pond during different merging stages). Merging
ponds are shifted in time such that they have a similar size [a(0) ≈ 5 ×
103 m2] at the reference time (t = 0, representing the initial year 1938). All
predicted curves are shifted in time such that water area (total pond area) at
t = 0 is 1.5 × 105 m2. The dashed line represents a constant growth rate
equal to the average growth rate of all study areas (3.5 × 103 m2 yr−1). The
blue line is the prediction for the largest pond area at a given time using the
merging rate approximation (Eq. 8). By definition, Eq. 7 represents a lower
bound for the total pond area. The black solid line is the prediction using the
model of Vinent et al. (2021; Figure 7A). To compare the model prediction to
the measurements, we replaced the size of the central pond in the simulations
by the one already present in some of the study areas (∼105 m2) and then
rescaled the size of the marsh platform to 106 m2. The red line is the
prediction by the model of Mariotti et al. (2020) for similar marsh conditions
(see text for details). To convert from water area fraction to actual water area,
we multiplied by the area of their simulated domain (1.44 × 106 m2).

after pond connection—a sampling process requiring return field
campaigns. Such efforts will help chronicle the emergence of large
open-water bodies like Lake Blackwater.

Despite the complexity of the processes leading to pond
formation and expansion, as reflected by recent numerical
models (Mariotti et al., 2020) and summarized above, our results
suggest two surprisingly simple conclusions. First, the complex
growth of pond size, initiated with the formation of new ponds
and then furthered by biochemical expansion and subsequent
pond merging, can be approximated by a power-law equation
for the temporal evolution of the size of the largest pond (Eqs.
7 and 8). This represents a lower bound for the total water
area as total pond size is equal to or larger than the size of the
largest pond, and can be used for simple predictions of future
changes in marsh area.

The consistency of the Vinent et al. (2021) model with
our measurements suggests that pond formation, biochemical
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FIGURE 10 | Soil porewater chemistry surrounding stable and unstable ponds. Each bar represents the average of all measurements (n = 9) collected at a certain
pond type and location. Error bars represent ± standard error. Green bars represent conditions around stable ponds and orange bars represents conditions around
unstable ponds. Darker shades represent conditions at 1m from the pond edge and lighter shades represent conditions 10 m away in the marsh. (A) Concentrations
for sulfide in millimolar. (B) Shear vane soil shear strength in rooting zone (10 cm soil depth) measured in kPa. (C) Concentrations for ammonium in micromolar.
(D) Living biomass in g m−2.

expansion, and initial merging can be explained as manifestations
of a marsh drowning due to SLR. Both model simulations
(Figure 7A) and our data show that ponds tend to initiate
in the marsh interior in our study area and expand toward
channels (also reported in Schepers, 2017), potentially due to
more waterlogged soil conditions. The interior marsh experiences
infrequent tidal flushing and low sediment supply (Vinent et al.,
2021) both of which promote plant die-off (DeLaune et al.,
1994). Qualitatively similar spatial patterns of ponds are found

in other marsh areas such as in the Mississippi delta (Louisiana)
(Morton et al., 2003), and Venice lagoon (Italy) and Scheldt
estuary (Netherlands) (Wang et al., 2021), where ponds are
preferentially found in marsh interiors while vegetation prevails
closer to channels.

Marsh drowning in response to SLR could also explain the
small expansion rates of isolated ponds in the remotely sensed,
mesotidal Barnstable, MA, where ponds with 1 to ∼10 m
diameter expanded at an average of 1.5 cm yr−1 (Mariotti et al.,
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2020; Figure 3). Ponds of this size were inscrutable through the
resampled resolutions used in this study thus direct comparisons
are limited. Still, these rates, measured in a relatively stable marsh,
are an order of magnitude lower than observed in the microtidal
Blackwater marshes, where runaway marsh expansion is already
occurring. This may, in part, be related to the lower tidal range
found in the BNWR relative to Barnstable, MA.

Biogeochemical Feedbacks
A manifestation of marsh drowning due to SLR is the
biogeochemical conditions that correspond with the early stages
of pond growth. For example, high levels of hydrogen sulfide
and salinity as well as low dissolved oxygen in stagnant pond
water can inhibit vegetation growth, and decomposition of the
existing substrate may deepen and enlarge ponds (Nyman et al.,
1994; Spivak et al., 2017). This process is partially facilitated
through the anaerobic decomposition of plant matter by sulfate
reducing bacteria (van Huissteden and van de Plassche, 1998).
Relatively high expansion rates (up to 1 m yr−1) in ponds far too
small to erode from waves are consistent with a biogeochemical
explanation for early stages of pond growth (Figure 5). We find
that marsh adjacent to rapidly expanding ponds has consistently
lower vegetation biomass, lower soil strength, and higher
porewater sulfide and ammonium concentrations than marsh
adjacent to stable ponds (Figure 10). This finding indicates that
biogeochemical processes are the expected drivers of unstable
pond expansion. High sulfide and ammonium concentrations—
byproducts of anaerobic decomposition—increase stress on
vegetation growth. This results in reduced above-ground
vegetation biomass, which implies reduced below-ground root
biomass and therefore lower contribution of roots to substrate
cohesion and in-situ organic accretion. Elevated concentrations
of hydrogen sulfide and ammonium are also associated with plant
stress and reduced nitrogen uptake, which may trigger vegetation
die-off and peat collapse, hence resulting in new pond formation
(van Huissteden and van de Plassche, 1998; Swarzenski et al.,
2008; Lamers et al., 2013).

Biogeochemical mechanisms for the expansion of small ponds
could also explain the observed trend of decreasing pond growth
rate with increasing pond size for intermediate sized ponds
(Figure 5). In this phase of pond growth, we hypothesize that
larger ponds are more likely to intersect the channel network,
which could in turn improve soil water drainage and hence
relieve the biogeochemical stressors shown to be important at
our study site (Figure 10). An alternative explanation is that as
a pond grows as a result of marsh drowning, it gets closer to
the channel network and thus sediment sources, which increases
inorganic accretion. This in turn slows the relative drowning rate
and thus the lateral expansion rate of that pond, as observed in
a previous model (Vinent et al., 2021). When considering areal
growth rates rather than lateral growth rates for single ponds, a
constant maximum growth rate exists around 150 m2 yr−1. This
is observed in single ponds of all sizes with widths below the
threshold for the onset of wave-driven erosion (Figure 6, yellow
markers). A constant maximum area growth rate (R) would lead
to an upper bound for the lateral growth rate (G) decreasing with
pond area (a) as G = R/

(
2
√

πa
)

(solid line in Figure 5).

Potential Interventions to Slow Down
Pond Growth
In the marshes of Blackwater, the capacity for revegetation
and total pond recovery is low. Instead, efforts like “thin-
layering” of dredged sediment have been and should continue
being employed to preserve existing vegetated platforms through
by raising elevations relative to sea-level and allowing the
oxygenation of subsequently formed root networks. Our
results suggest these efforts are optimal during the pond
formation/single pond expansion phase before large-scale pond
merging takes place. Once large, merged ponds connect to
the channel network, sediment export and subsequent pond
deepening makes their recovery costly and difficult (Schepers
et al., 2020a). The pond merging equation we propose (Eq. 8)
provides a useful timescale for the merging process which could
help in establishing the critical time window, and related pond
sizes, for interventions intended to slow down pond expansion.

CONCLUSION

Our observations from a rapidly submerging marsh in the
Chesapeake Bay, United States suggest that the mechanisms
and rates of pond expansion change with pond size. Historical
photographs indicate that linear growth rates are maximized for
intermediate size ponds (103–104 m2), where wave driven erosion
is negligible. Field measurements suggest that pond stability
is related to the health of the surrounding marsh, implying a
biogeochemical driver for early stages of pond expansion. We
find that the formation and progressive merging of ponds, rather
than the isolated expansion of existing ponds, dominates the
growth of small-intermediate size ponds. These processes are
summarized in an empirical power-law equation for pond growth
that predicts the maximum pond size at a given time and thus
constitutes a lower bound for total pond area in a given system.
Comparison with the model of Vinent et al. (2021) suggests the
mechanisms of pond growth, including initial merging, are a
result of marsh drowning due to SLR. Our findings help establish
the time and length scale for optimal interventions designed to
slow down pond growth in the system, with a particular focus in
preventing or reducing large-scale pond merging.
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