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• Spatial gradients in carbon and wave in-
tensity were compared across a Zostera
marina (L.) meadow.

• Higher near-bed turbulence was corre-
lated with lower sediment and carbon ac-
cretion rates.

• Storm events may dominate resuspension
and therefore carbon storage.

• Wave dissipation by the seagrass meadow
influenced the spatial variation in carbon.
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The majority of the carbon stored in seagrass sediments originates outside the meadow, such that the carbon storage
capacity within a meadow is strongly dependent on hydrodynamic conditions that favor deposition and retention of
fine organic matter within the meadow. By extension, if hydrodynamic conditions vary across a meadow, they may
give rise to spatial gradients in carbon. This study considered whether the spatial gradients in sediment and carbon ac-
cretion rates correlated with the spatial variation in hydrodynamic intensity within a single meadow. Field measure-
ments were conducted in three depth zones across a Zostera marina L. (eelgrass) meadow in Nahant Harbor,
Massachusetts. Four sediment cores were collected in each zone, including one outside the meadow (control) and
three within the meadow at increasing distances from the nearest meadow edge. Sedimentation and carbon accretion
rates were estimated by combining the measurements of dry bulk density, organic carbon fraction (%OC), 210Pb, and
226Ra. Tilt current meters measured wave velocities within each zone, which were used to estimate turbulent kinetic
energy (TKE). Both sediment and carbon accretion rates exhibited spatial heterogeneity across the meadow, which
were correlatedwith the spatial variation in near-bed TKE. Specifically, both accretion rates increasedwith decreasing
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TKE, which was consistent with diminished resuspension associated with lower TKE. A method is proposed for using
spatial gradients in hydrodynamic intensity to improve the estimation of total meadow accretion rates.
1. Introduction

Seagrassmeadows are global hotspots for carbon storage (e.g., Kennedy
et al., 2010; Duarte et al., 2010; Fourqurean et al., 2012). However, carbon
stocks vary significantly between different seagrass sites. For example,
Lavery et al. (2013) reported an 18-fold range in carbon stock measured
across seventeen different seagrass habitats (260 to 4800 g C m−2). Simi-
larly, Serrano et al. (2014) observed a 14-fold difference in carbon stock
over a 10-fold difference in water depth, which they attributed to gradients
in light availability. The variability in carbon stock is a major source of un-
certainty in assessing global seagrass carbon stocks; therefore, there is a
need to understand the factors driving this variability (Lavery et al., 2013;
Serrano et al., 2014).

More than 50% of the carbon stored in seagrass sediments originates out-
side themeadow (known as allochthonous carbon), so that the carbon storage
capacity within a meadow is dependent on hydrodynamic conditions that
favor deposition and retention of fine organic matter (e.g., Gacia and
Duarte, 2001; Gacia et al., 1999; Kennedy et al., 2010). Therefore, hydrody-
namic conditions should help to explain differences in measured seagrass car-
bon stocks and burial rates (Granata et al., 2001; Gruber andKemp, 2010). For
example, Oreska et al. (2017) observed that sediment organic carbon in-
creased with distance from the meadow edge and attributed this to the atten-
uation of current by meadow drag forces. Ricart et al. (2020) attributed an
increase in seagrass meadow carbon stocks between the lower and upper re-
gions of an estuary to a decrease in hydrodynamic intensity. Similarly,
Novak et al. (2020) observed higher carbon stocks at sites with lower wave
and current exposure.

The correlation between hydrodynamic intensity and carbon stock is
likely due to sediment resuspension. For example, Dahl et al. (2018)
showed that sediment resuspensionwithin ameadow led to a loss of carbon
from the surface sediment. Previous studies have linked resuspension
within ameadow to near-bed turbulent kinetic energy (TKE). Resuspension
occurs when TKE increases above a critical magnitude, which depends on
the median sediment grain size (e.g., Tinoco and Coco, 2018; Tang et al.,
2019). For a unidirectional current interacting with a submerged meadow,
spatial gradients in TKE have been correlated with spatial gradients of net
deposition. Specifically, when a unidirectional current encounters a sub-
merged meadow, the hydrodynamic drag generated by the meadow
causes the within-meadow current velocity and TKE to decrease with
distance from the leading edge (e.g., Chen et al., 2013; Lei and Nepf,
2021). Zhang et al. (2020) observed that net deposition increased
with distance from the meadow leading edge, correlated with the pro-
gressive decrease in TKE.

In addition to reducing current velocity, seagrass meadows also attenuate
wave energy, which may diminish near-bed wave velocity (e.g., Fonseca and
Cahalan, 1992; Mendez and Losada, 2004; Infantes et al., 2012; Lei and Nepf,
2019). The interaction between thewave velocity and the seagrass sheath gen-
erates turbulence near the bed (Zhang et al., 2018), which can trigger sedi-
ment resuspension (Tinoco and Coco, 2018; Tang et al., 2019). Combining
these effects, Tang et al. (2019) predicted themeadow size needed to diminish
wave energy enough to eliminate wave-induced resuspension and enhance
particle retention.

Building on the studies described above, the present study usedfield ob-
servations at a wave-dominated site to examine the connection between
sediment and carbon accretion rates,wave velocity, and TKEwithin a single
meadow. An understanding of how resuspensionmay impose spatial gradi-
ents on carbon accretion could improve the assessment of carbon credit for
seagrass meadows, as well as provide guidelines to optimize long-term car-
bon accretion potential. To this end, a method is proposed for using pre-
dicted gradients in hydrodynamic exposure to improve estimates of
meadow-scale carbon accretion rates.
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2. Methods

2.1. Meadow and sediment characteristics

This study was conducted in ameadow of Zostera marina in Nahant Har-
bor, Massachusetts (Fig. 1), which is awave-dominated site. Based on isoto-
pic signature analysis, the carbon in this meadow has a significant
allochthonous fraction (Fig. 8 in Novak et al., 2020), so that the accretion
rate of organic carbon was expected to be influenced, at least in part, by hy-
drodynamic conditions favorable for its retention. Meadow boundaries
were delineated through a boat survey. In Fig. 1, the outer edge of the
meadow is shown with pink line segments, which enclose 14.3 acres
(0.06 km2). A denser inner region (5.2 acres, 0.02 km2) is shown with
green line segments. The meadow was divided into three depth zones,
which were expected to experience different hydrodynamic conditions:
Shallow (mean water depth = 2.2 m), Mid (mean depth = 3.2 m), and
Deep (mean depth = 6.2 m). Mean water depths were measured with
diver depth gauges and corrected for tidal phase. In July 2020, within
each of the three depth zones, three cores were extracted within the
meadow and a fourth reference core was collected from the adjacent bare
bed, resulting in a total of 12 cores. A 50-cm core barrel with 7-cm diameter
was manually driven to the point of refusal, which ranged from 24 cm to
30 cm. The core locations are shown in Fig. 1.

After the cores were extracted, they were capped underwater and kept
vertical during transport from the extraction sites to the beach. Depending
on the core length, the cores were extruded into 22 to 25 sections, with 1-
cm increments from 0 to 20 cm and 2-cm increments from 20 to 30 cm.
The core subsamples were stored in Ziploc bags on ice in coolers and
transported to the Novak Lab at Boston University in Boston, Massachu-
setts. Samples were put into a drying oven at 60 °C for seven days or until
they attained a constant weight. The dry bulk density of each slice was cal-
culated by dividing the drymass of the sample by the volume. Next, the sed-
iment samples were divided in half with a sediment splitter. One half of
each sample was placed in a muffle furnace at 450 °C for 16 h to determine
the percent organic matter content (%OM) using the loss-on-ignition
method (Howard et al., 2014). Percent organic carbon (%OC) was calcu-
lated assuming a linear dependence on %OM based on data from sites
across New England reported in Novak et al. (2020). %OM, %OC, and
bulk dry density were averaged over the top 15 cm of each core. These pa-
rameters showed no trends with depth into the cores. The grain size distri-
bution was measured by combining samples from the top 5 cm and sieving
from 0.5mm to 0.0625mm. The median grain size was calculated from the
grain size distribution.

The second half of each sediment sample was shipped to Edith Cowan
University in Joondalup, Australia for 210Pb analysis to determine sediment
accumulation rates (SAR) and mass accumulation rates (MAR). 210Pb was
determined by analyzing 210Po using alpha spectrometry after the addition
of 209Po as an internal tracer and digestion in acidmedia using an analytical
microwave (Sanchez-Cabeza et al., 1998). Gamma spectrometry measure-
ments determined the concentration of 226Ra in selected samples along
each core. The excess 210Pb was defined as the difference between the
total 210Pb and 226Ra (i.e., supported 210Pb). Using the 210Pb concentration
profiles, an average MAR was calculated using the Constant Flux and Con-
stant Sedimentation (CF: CS, applied piecewise) model (e.g., Krishnaswami
et al., 1971; Arias-Ortiz et al., 2018). Cores that indicated significantmixing
were not analyzed forMAR. The carbon accretion rate (CAR) was estimated
by combining MAR with %OC (see Table 1).

On the same day the cores were extracted, the shoot density was mea-
sured near each core site with three randomly placed quadrats (25 cm x
25 cm). The leaf width, length, sheath length, number of leaves, and
shoot biomass were measured for five selected shoots within each quadrat.



Fig. 1. Thefield site in Nahant Harbor,Massachusetts, on the East Coast of the United States. Four cores were collected in each of three depth zones; three within themeadow
at increasing distance from the nearest meadow edge, numbered 1 (diamonds), 2 (circles), 3 (stars), respectively, and one reference core outside of the meadow (“Ref,” blank
markers). White, pink, and green denote the Shallow, Mid, and Deep depth zones, respectively. Green and magenta outlines show the regions of dense (shoot density >
200m−2) and sparse (shoot density< 200m−2) vegetation mapped using boat surveys in 2014. The bathymetry surveyed in 2014 is indicated by labeled blue contour lines.
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Leaf area index (LAI) was calculated as the product of themean leaf area per
shoot (sheath included) and shoot density (see Table 1).

2.2. Velocity and turbulence

In August 2021, six tilt current meters (TCMs) designed and manufac-
tured by Lowell Instruments, LLC (East Falmouth, Massachusetts) were de-
ployed in Nahant Harbor at Shallow(Ref), Shallow1, Mid(Ref), Mid2, Deep
(Ref), and Deep3. The TCM deployment sites were chosen because the ex-
tracted sediment cores at these sites yielded mass accretion rates from the
210Pb analysis. Each TCM consisted of a cylindrical housing tethered by a
short cord to an anchor, which in this study was a 20-lb, 12-in by 12-in
by 2-in square concrete paving stone. In the absence of water motion, the
long axis of the cylinder is vertical. The cylinder tilts in response to the
wave and current velocities. An accelerometer and magnetometer within
Table 1
Summary of measured meadow structure and sediment characteristics averaged over the
assess MAR and SAR (Fig. 2). Standard deviations among quadrat samples (shoot densi
quantities (LAI, organic carbon, CAR) include propagated uncertainty.

Distance to
edge

Mean water
depth

Dry bulk
density

%OC Shoot
density

LAI

m m g/cm3 % m2 m2/m2

D1 11 6.3 1.54 ± 0.13 0.33 ± 0.08 91 ± 46 0.9 ± 0.
D2 19 6.2 1.53 ± 0.14 0.35 ± 0.04 59 ± 9 0.69 ± 0
D3 29 6.0 1.45 ± 0.20 0.42 ± 0.07 85 ± 18 0.74 ± 0
DR 1 6.5 1.41 ± 0.19 0.29 ± 0.07
M1 5 3.0 1.21 ± 0.19 0.68 ± 0.25 261 ± 9 3.04 ± 0
M2 54 3.3 1.36 ± 0.17 0.47 ± 0.16 331 ± 76 7.9 ± 1.
M3 72 3.3 1.39 ± 0.16 0.47 ± 0.11 261 ± 65 4.3 ± 1.
MR 1 3.0 1.36 ± 0.14 0.21 ± 0.03
S1 11 2.0 1.41 ± 0.18 0.21 ± 0.08 240 ± 48 3.7 ± 0.
S2 19 2.3 1.41 ± 0.17 0.20 ± 0.04 251 ± 76 4.8 ± 1.
S3 29 2.6 1.33 ± 0.39 0.23 ± 0.05 176 ± 55 1.2 ± 0.
SR 8 1.7 1.33 ± 0.22 0.29 ± 0.08

3

the cylinder measure the degree and direction of tilt, which is converted
through factory calibration coefficients into velocity and heading. Data
were recorded at 16 Hz for 60-s bursts every 5 min at all sites except Shal-
low(Ref). Due to concerns about boat traffic, the instrument at Shallow
(Ref) recorded at 16 Hz continuously for 24 h, at which point it was re-
moved. The remaining TCMs were deployed for a minimum of two
weeks. All TCMs were fully submerged during their deployment. The
total height of eachTCMsetupwas 33 cm,whichwas less than the observed
meadow height at all sites, confirmed bymeasured shoot height and GoPro
footage recorded at the Deep3 site. Although TCMs are primarily marketed
to record unidirectional flow, a comparison with an acoustic Doppler velo-
cimeter (Nortek Vectrino) in an experimental channel confirmed their abil-
ity to recordwave velocity (see Fig. A.1 in the Supporting Information). The
average root-mean-squared velocity, URMS, was estimated over each 1-h in-
terval, fromwhichwave velocity amplitude was defined asUw=21/2URMS.
top 15 cm of the sediment cores, consistent with the depth of cores that was used to
ty) and over sediment profiles (dry bulk density, %OC, SAR) are reported. Derived

Organic carbon Median grain
size

MAR SAR CAR

g C/cm3 mm g/cm2 yr mm/yr g C/m2 yr

5 0.0051 ± 0.0012 0.11 15 ± 5
.11 0.0054 ± 0.0007 0.11 16 ± 4
.16 0.0062 ± 0.0013 0.11 0.45 ± 0.10 3.1 ± 0.7 19 ± 5

0.0040 ± 0.011 0.12
.11 0.008 ± 0.003 0.10 14 ± 6
8 0.007 ± 0.002 0.10 0.21 ± 0.04 1.6 ± 0.3 10 ± 4
1 0.0065 ± 0.0017 0.09 10 ± 3

0.0028 ± 0.0005 0.10
7 0.0030 ± 0.0011 0.10 0.12 ± 0.02 0.90 ± 0.18 2.5 ± 1.0
4 0.0027 ± 0.0006 0.09 2.3 ± 0.6
4 0.0031 ± 0.0011 0.10 2.8 ± 0.8

0.0039 ± 0.0013 0.07
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Velocity records confirmed that this is a wave-dominated site, with wave
velocity much larger than time-mean velocity. Tidal elevations at high
and low tides were obtained from Nahant US Harbors data.

Because previous studies have correlated resuspension with near-bed
turbulence, the measured near-bed wave velocity was used to estimate
near-bed turbulence. Turbulence is generated by the interaction of the
wave velocity with the bed and with the relatively stiff sheath of each
seagrass shoot (Zhang et al., 2018; Tang et al., 2019). The vegetation-
generated turbulent kinetic energy per fluid mass (TKE) can be predicted
from a model based on the conversion of wave kinetic energy to TKE by
canopy drag (Tanino and Nepf, 2008; Tang et al., 2019). The bed-
generated turbulence is linearly proportional to the bed-generated shear
stress, τw ¼ ρf wUw

2=2, in which fw is a wave friction factor (Tang et al.,
2019). The sum of these predicts the total near-bed TKE:

near� bed TKE ¼ δ CD
nsb2

2 1 � ϕð Þ
� �2

3

U2
RMS þ Cb,wU2

RMS,

vegetation� generated turbulence bed� generated turbulence

(1)

in which the scale factor δ = 1.2 ± 0.2 is an average from two previous
studies (Tanino and Nepf, 2008; Tang et al., 2019). ns is the number of
shoots per bed area. b is the sheath diameter (see Section 3.2 in Zhang
et al., 2018), which was assumed to be equal to the leaf width. Since the
sheath has a nearly cylindrical geometry, the near-bed solid volume frac-
tion ϕ= π

4 nsb
2. CD (=1.2) is the sheath drag coefficient, based on cylinder

dragmeasurements in Keulegan andCarpenter (1958). The bare-bed scale fac-
tor Cb,w, defined by measurements over bare bed, is a function of bed rough-
ness. We used a value measured by Tang et al. (2019), Cb,w = 0.02 ± 0.01
for d50 = 85 μm, which is close to the sediment grain size at Nahant
(d50 = 100 μm).

The critical TKE threshold was estimated using the critical velocity for
bare beds, modified for meadows (Tang et al., 2019). First, Komar and
Miller (1973) showed that for a median grain size d50 <0.05 cm, the critical
wave velocity for a bare bed, Uw,c,b, is given by

ρUw,c,b
2

ρs � ρð Þgd50 ¼ 0:3
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Aw,c,b

d50

r
, (2)

in which ρs is the sediment density, g is the gravitational acceleration,
Aw,c,b = UwT/(2π) is the critical wave excursion, and T is the wave pe-
riod. The critical RMS wave velocity is then, URMS,c,b ¼ Uw,c,b=

ffiffiffi
2

p
:The

critical velocity threshold within the meadow is reduced, relative to
the bare bed, due to the contribution from vegetation-generated tur-
bulence. Specifically, the critical rms wave velocity in a meadow,
URMS,c,v, is (Tang et al., 2019)

URMS,c,v

URMS,c,b
¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ δ2
Cb,w

2CD
π

� �2
3 ϕ

1 � ϕ

� �2
3

r : (3)

The critical RMS wave velocity can be used in Eq. (1) to estimate the
critical TKE. We emphasize that this prediction is for near-bed, wave-
generated turbulence. This is our focus because near-bed turbulence has
been shown to correlate with resuspension (Tang et al., 2019). The
vertically-averaged, wave-driven turbulence within a meadow is much
smaller, because the turbulence decays sharply with distance from the
bed (see Fig. 3(f) in Zhang et al., 2018). This is because bed-generated tur-
bulence is limited by a thin wave-boundary-layer, and because the seagrass
leaves can easily move with the waves, reducing relative motion and thus
reducing vegetation-generated turbulence above the sheath region (see dis-
cussions in Zhang et al., 2018 and Tang et al., 2019).
4

3. Results and discussion

3.1. Meadow structure and sediment characteristics

The measured meadow structure and sediment characteristics are sum-
marized in Table 1. The shoot density was highest in the Mid zone and low-
est in the Deep zone. The measured leaf width averaged over all quadrats
was b = 0.47 ± 0.09 cm. The median grain size was comparable across
the meadow, increasing by just 20 % between the Shallow and Deep
zones. The nearly uniform grain size across the meadow can be attributed
to a common source of suspended material, derived from a nearby marsh.

In the Deep zone, the total 210Pb concentrations decreasedwith depth in
the meadow cores (green, blue, and red symbols in Fig. 2(a)) from around
25 Bq/kg at the surface down to a constant of 14.9 ± 1.6 Bq/kg below
10 to 12 cm. Based on the Deep1, Deep2, and Deep3 cores, the mass accre-
tion rate wasMAR=0.45± 0.01 g cm−2 yr−1, and the sedimentation ac-
cretion rate was SAR= 3.1 ± 0.7 mm/yr (Fig. 2(a)). In the meadow Mid
zone, MAR = 1.6 ± 0.3 g cm−2 yr−1 and SAR = 1.6 ± 0.3 mm/yr based
on the Mid2 core (Fig. 2(b)). In the meadow Shallow zone,MAR= 0.90 ±
0.18 g cm−2 yr−1 and SAR = 0.90 ± 0.18 mm/yr based on the Shallow1
core (Fig. 2(c)).

3.2. Velocity, turbulent kinetic energy, and sediment accumulation rate

Wind speeds observed during the deployment were typical of historical
wind conditions (based on records from the weather station at the Boston
Logan International Airport), so that the observed spatial trends in hydro-
dynamic intensity were considered to be representative of the long-term
conditions that produced the recorded spatial trend in mass accretion.
Power spectra of velocity records indicated dominant wave periods be-
tween 6 and 10 s, which was consistent with historical data from the Na-
tional Oceanic and Atmospheric Administration National Data Buoy
Center (NOAA NDBC) Station 44,013 buoy in Massachusetts Bay. For this
wave period and local depth range, the near-bed wave velocity is sensitive
to depth, specifically increasing as depth decreases. As a result, the magni-
tude of the near-bedURMSwas correlated with the tidal phase (Fig. 3), with
peak URMS values associated with low tide (vertical gray lines in Fig. 3),
which was particularly evident at the Shallow1 site (black curve in
Fig. 3). Over the two-week deployment, the average RMS velocity was
highest at the Shallow1 site (6.6 cm/s), less at the Mid2 site (5.3 cm/s),
and smallest at the Deep3 site (4.7 cm/s). Within each depth zone, the
RMS velocity measured just outside the meadow differed from the in-
meadow velocity by <10 % (data not shown). That is, the meadow did
not locally diminish the wave velocity within the meadow compared to
just outside of the meadow. This was consistent with the prediction of
wave velocity attenuation described in Lowe et al. (2005). Specifically,
based on the meadow density and wave period, the in-canopy wave veloc-
ity attenuation factor α≈ 1 for all depth zones. Large wave events on Days
2, 7, and 13 were correlated with stormy weather reported on Logan Inter-
national Airport wind speed and precipitation data.

The near-bed TKEwas estimated frommeasuredURMS using Eq. (1). We
considered the strongwave conditions observed during low tides onDays 2,
7, and 13, referred to as Storms 1, 2, and 3. Consistent with the spatial var-
iation in URMS in Fig. 3, the Shallow1 site experienced the highest TKE
while the Deep3 site experienced the lowest TKE (Fig. 4). The critical TKE
threshold for sediment resuspension (based on Eqs. (1), (2), and (3)) are in-
dicated with horizontal lines in Fig. 4(a). During Storm 3, the TKE at the
Shallow1 and Mid2 sites significantly exceeded the thresholds, while the
thresholds were barely crossed at the Shallow1 and Mid2 sites during
Storms 1 and 2. Based on this, we infer that events with velocity magnitude
similar to or greater than that of Storm 3 control the spatial distribution of
sediment carbon within the meadow. With this in mind, in the next phases
of analysis we focus on Storm 3.

The SAR (Table 1, Fig. 4(b)) varied inversely with near-bed TKE during
Storm 3, which can be explained by resuspension triggered by near-bed tur-
bulence, i.e., resuspension diminished particle retention and thus sediment



Fig. 2. Total 210Pb and 226Ra versus depth from the surface of the meadow sediment cores for the (a) Deep zone, (b) Mid zone, and (c) Shallow zone. Only profiles without
mixing from which SAR andMAR were determined are included. Colors correspond to the site distance from the nearest edge of the meadow. Green, blue, and red denote
meadow sites at increasing distances from the nearest edge of the meadow, respectively.

Fig. 3. (a) Water depths at the Shallow site at high and low tides, and (b) hourly-averaged URMS over two weeks. The black curve denotes the Shallow zone (Shallow1). The
red curve denotes the Mid zone (Mid2). The blue curve denotes the Deep zone (Deep3). Vertical dotted and dashed lines denote times of low and high tide, respectively.
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accretion rate. This was consistent with previous laboratory studies, which
found sediment resuspension increased as near-bed TKE increased in pure
wave and pure current conditions (Tinoco and Coco, 2018; Tang et al.,
2019; Zhang et al., 2020). The spatial gradient of TKE results in a spatial
gradient of exceedance of the critical TKE threshold, and therefore a spatial
gradient of resuspension. Consistent with this, previous sediment trap mea-
surements within the Nahant meadow indicated significantly higher resus-
pension both within and adjacent to the meadow in the Shallow zone
compared to the other depth zones (data not shown). Assuming sediment
supply was the same across the meadow, an increase in resuspension
would lead to a lower net sedimentation rate, so that the correlation
5

observed between sedimentation rate and near-bed TKE was consistent
with the impact of resuspension (Fig. 4).
3.3. Sediment organic carbon content and carbon accretion rates

The measured CAR values in the Nahant meadow were typical of those
observed in other meadows of the same seagrass species. Specifically. pre-
vious studies report a range of CAR in Zostera marina L meadows from 3.1
to 230 g C m−2 yr−1 (Novak et al., 2020; Poppe and Rybczyk, 2018;
Prentice et al., 2020). The CAR in the Shallow zone is at the low end of



Fig. 4. (a) Turbulent kinetic energy (TKE) at Deep3, Mid2, and Shallow1 for Storms 1, 2, and 3 (Days 2, 7, and 13 events). The horizontal lines indicate the critical TKE
thresholds for each meadow site. The thresholds varies between sites due to the different meadow densities, i.e. nb in Eq. (1). (b) Sediment accretion rate (SAR, black
bars, left-hand axis) and near-bed turbulent kinetic energy (TKE, red bars, right-hand axis) at Deep3, Mid2, and Shallow1 during Storm 3.
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this range, while the CAR in the Deep zone is close to the average of re-
ported CAR in these studies.

The mean sediment organic carbon fractions (%OC) were statistically
significantly different between the Shallow andMid Zones but not between
theMid andDeep or Shallow andDeep zones (see Fig. B.1 in the Supporting
Information). However, differences in sedimentation rates generated differ-
ences in CAR among all three depth zones. Specifically, CAR were statisti-
cally significantly different at each depth zone (see Fig. B.2 in the
Supporting Information).

Organic carbon accretion might differ between depth zones due to dif-
ferences in seagrass productivity. For example, Dennison and Alberte
(1986) observed that at the deepest sites within a Zosteramarina L. meadow
at Woods Hole, Massachusetts, productivity was controlled by light avail-
ability for photosynthesis, whereas light availability was not a major factor
in productivity differences in shallower regions of the meadow. However,
previous measurements in the Nahant meadow (April to October of 1999
and 2000) did not indicate a dependence of seagrass productivity on
water depth (Colarusso, 2006).

Furthermore, the three-fold spatial variation in sediment organic car-
bon did not have a significant relationship with spatial variation in shoot
density, and CAR had a negative correlation with shoot density (see
Fig. B.3 in the Supporting Information). Specifically, CAR was highest
where the shoot density was lowest (Table 1). While surprising for autoch-
thonous carbon, this is consistent with allochthonous carbon, which tends
to be more significantly influenced by hydrodynamic factors. Recall that
Nahant has a significant allochthonous fraction (Fig. 8 in Novak et al.,
2020). Specifically, within this wave-dominated meadow, the near-bed ve-
locity, which controls resuspension, has little dependence on local shoot
density but instead depends on the integration of shoot density (which de-
termines meadow drag) along the trajectory of the wave. However, shoot
density can be an important metric when comparing carbon accretion
rates between different meadows. Denser and larger meadows diminish
wave energy to a greater degree and thus have a greater ability to curtail re-
suspension, which would enhance SAR and CAR (Tang et al., 2019). In con-
trast to an oscillating wave velocity, a steady current velocity is more
6

directly influenced by a spatial variation in shoot density (e.g., see the dis-
cussions in Lowe et al., 2005 and Luhar et al., 2008). Therefore, at current-
dominated sites with a patchy meadow structure, one would expect spatial
variation in shoot density to be associated with spatial variation in velocity,
and thus, potentially, with spatial variation in sediment carbon.

The distance from the meadow edge is another physical factor that can
influence the spatial heterogeneity in carbon within a meadow. For exam-
ple, at a current-dominated site, Oreska et al. (2017) observed that sedi-
ment carbon increased with distance from the meadow's leading edge,
and they attributed this to the attenuation of current within the meadow
due to meadow drag. Specifically, when a current encounters a submerged
meadowwith a sufficient shoot density, the velocitywithin themeadowde-
creases with distance from the leading edge over an adjustment length-
scale that is dependent on the meadow height and shoot density (Chen
et al., 2013).

At the Nahant site, neither sediment organic carbon nor CAR had a sig-
nificant correlation with distance to the nearest meadow edge, and the
highest and lowest CAR occurred at similar distances to the nearest edge
of the meadow (Fig. 5(a) and (c)). The meadow sites were not within the
expected current adjustment length-scale of the meadow (up to 2.5 m,
based on Eq. (10) in Chen et al., 2013), such that the distance to the nearest
meadow edge was not expected to be a factor. Furthermore, at this wave-
dominated site, the distancemeasured along the direction of wave propaga-
tion is more relevant than the distance to the nearest meadow edge. Since
the waves transform across the meadow in response to changes in water
depth and to dissipation bymeadowdrag, one should consider the direction
ofwave propagation andmeasure the distance from the offshore edge of the
meadow. The CAR had a significant relationship with distance to the off-
shore meadow edge (Fig. 5(d)). Specifically, CAR decreased with distance
from the offshore edge. This was consistent with the increased near-bed
wave velocity associated with shoaling, which would tend to produce
greater resuspension at sites closer to the shore, which in turn influenced
carbon accretion. That is, moving toward shore, the near-bedwave velocity
increased, promoting resuspension and diminishing carbon accretion. Con-
sistent with this, Dahl et al. (2018) observed that resuspension removed



Fig. 5. (a,b) Sediment organic carbon and (c,d) carbon accretion rate (CAR) versus the distance from nearest meadow edge (a and c) and the distance from offshore meadow
edge (b and d). Circles, triangles, and diamonds denote the Deep, Mid, and Shallow zones, respectively. The solid curves denote the lines of best fit.
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organic material from the bed within a meadow. Resuspension can also en-
hance oxygen within the bed, which would tend to diminish carbon reten-
tion through increased rates of mineralization by aerobic microbes
(e.g., Ståhlberg et al., 2006).

3.4. Using hydrodynamic gradients to constrain meadow-scale estimates of
carbon

The carbon accretion rates were inversely correlated with hydrody-
namic exposure expressed in terms of near-bed TKE (Fig. 6), with the fol-
lowing linear best-fit based on Storm 3 (90 % CI, Fig. 6):

CAR
g C
m2yr

� �
¼ � 0:69� 0:17ð ÞTKE cm2

s2

� �
þ 21� 3ð Þ: (4)

At this wave-dominated site, the near-bed TKE can be predicted from
wave mechanics. Specifically, wave evolution over the meadow can be de-
scribed by the conservation of wave energy, including the influence of
shoaling and vegetation-induced wave dissipation on the wave amplitude,
aw. Bed-induced wave dissipation was assumed to be negligible, compared
to vegetation-induced dissipation. Since both shoaling and wave dissipa-
tion change with water depth, a marching solution was used to evaluate
the wave amplitude at Δx = 1-m steps across the meadow. Specifically,
7

Eq. (17) in Mendez and Losada (2004) was adapted to describe the change
in wave amplitude over the meadow,

aw ið Þ
aw i � 1ð Þ

¼ Kv i � 1ð ÞKs i � 1ð Þ (5)

in which aw(i), Kv(i) and Ks(i) are the wave amplitude, vegetation dissipation
and shoaling coefficients at distance i from the offshore edge of the
meadow, respectively, with i corresponding to the progression of 1-m
steps (Δx). The change in wave amplitude due to wave energy dissipation
by the meadow can be described as (e.g., Dalrymple et al., 1984)

Kv ið Þ ¼ 1
1þ KD ið Þaw ið ÞΔx

, (6)

in which the wave decay coefficient

KD ið Þ ¼ 2
9π CDnb ið Þ b k ið Þ

9 sinh k ið Þle,m
� �þ sinh 3k ið Þle,m

� �
sinh k ið ÞD ið Þ

� �� �
sinh 2k ið ÞD ið Þ

� �þ 2k ið ÞD ið Þ
� � (7)

depends onwater depth,D, wave number, k, number of leaves per bed area,
nb, and average leaf width, b. The drag coefficient CD =2 for flat leaf mor-
phology (see Luhar and Nepf, 2016). Because seagrass leaves are flexible,
their tips can move with the waves, reducing the relative velocity between
the leaf and the water, which reduces the drag. The impact of this



Fig. 6. Carbon accretion rate (CAR) as a function of near-bed turbulent kinetic
energy (TKE) during Storm 3. The black curve denotes the linear best fit (Eq. (4)).
The shaded region shows the 90 % confidence interval bounds for the fit.
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reconfiguration is characterized by the effectivemeadowheight, le,m, which
is the height of the meadow that contributes to the drag and wave dissipa-
tion. The effective meadow height depends on the morphology and mate-
rial properties of the leaves and on the wave conditions (Luhar and Nepf,
2016; Luhar et al., 2017). Over awide range of purewave conditions, a sim-
ple but reasonable approximation for le,m is 10 % of the average shoot
length (see Fig. 5 in Lei and Nepf, 2019).

The group velocity, Cg, describes the speed of wave energy propagation
(Kamphuis, 2010):

Cg ¼ 1
2

1þ 2kD
sinh 2kDð Þ

� �
g
k
tanh kDð Þ

� �1
2
: (8)

As the water depth D decreases, Cg decreases which generally results in
an increase in wave amplitude. This is captured by the shoaling coefficient,
Ks (Kamphuis, 2010),

Ks ¼
Cg i � 1ð Þ
Cg ið Þ

� �1
2

: (9)

Based on the bathymetric survey, it was reasonable to assume a linear
bottom slope across the meadow (Fig. 1). The leaf density (nb, number of
leaves per bed area) was estimated from the shoot density (Table 1) and av-
erage number of leaves per shoot in each depth zone; bothwere assumed to
vary smoothly across the meadow and interpolated between measurement
sites. The initial wave amplitude at the outer edge of the meadow, aw,0, was
calculated from linear wave theory and the measured near-bedwave veloc-
ity amplitude, Uw,

Uw ¼ 2π
T

aw
coshcosh kzð Þ
sinhsinh kDð Þ , (10)

inwhich T is thewave period, and z=16 cmwas the approximate distance
above the bed corresponding to half of the vertical height of the TCM. For
this analysis, we focused on Storm 3 conditions. Starting from the offshore
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edge (≈250 m in Fig. 7), Eq. (5) was evaluated in 1-m increments over the
meadow, using Eqs. (6) through (9) to evaluate Kv (i−1) and Ks (i−1). Linear
wave theory (Eq. (10)) was used to convert the spatial evolution of wave
amplitude to spatial variation in near-bed URMS, using URMS ¼ Uw=

ffiffiffi
2

p
(Fig. 7(a)). The near-bed URMS was used in Eq. (1) to estimate near-bed
vegetation-generated TKE (Fig. 7(b)), assuming a smooth change in shoot
density over the meadow. Finally, Eq. (4) was used to predict the spatial
variation in carbon accretion rate (Fig. 7(c)). In this way, we used physical
models of wave mechanics to interpolate the carbon accretion rate over the
meadow. The estimation was made for two wave periods representing the
bounds of the measured wave spectral peak (T=6 s and 10 s shown with
black and red curves, respectively, in Fig. 7), but the solution was not sen-
sitive to wave periods in this range. Differences between predictions and
measurements could be attributed to the assumed linearization of the ba-
thymetry and smooth variation in the meadow structure. In summary, sim-
ple modeling tools performed well in predicting the observed spatial
variation in hydrodynamic conditions and CAR.

Next, we considered the results fromStorm 3 (Fig. 7) in the broader con-
text of conditions at the site. The average airport wind speed for August is
4.5 m/s, and the peak hourly airport wind speed on the stormy days (in-
cluding Storm 3) was 9 m/s. The dominant wind direction is from the
southwest, with a fetch of about 5 km. Assuming that the airport wind
speedswere representative of thewind speed 10m above thewater surface,
we used the fetch-limited Joint North SeaWave Project (JONSWAP) param-
eter equations (Kamphuis, 2010) to estimate a significant wave height Hm0 of
16 cm (using awind speed of 4.5m/s) and 33 cm (using awind speed 9m/s).
Wave heights estimated from theTCMvelocity data during the stormy periods
were between 20 and 32 cm, confirming that the range of observed conditions
were representative of long-term conditions at the site.

To examine the impact of the meadow on the hydrodynamic condi-
tions and CAR, we repeated the analysis without vegetation, setting
Kv=1 and nb = 0 (Fig. 7(d–f)). Note that at the offshore edge of the
meadow (≈ 250m in Fig. 7) thewave conditions are the samewith andwith-
out the meadow, because this is the point at which the waves first encounter
the meadow. Moving toward shore (x < 250 m), the wave velocity and near-
bed TKEwould be significantly higher without themeadow,withwave veloc-
ity increasing to more than twice the observed value (Fig. 7(d)). The signifi-
cant increase in near-bed TKE (Fig. 7(e)), suggests that CAR would decrease
to zero overmost of themeadow (based on Eq. (4)), which emphasizes the im-
portant role of wave dissipation by the meadow in creating conditions condu-
cive to carbon accretion. We caution that Fig. 7(e) is speculative because
Eq. (4) is based on only three points and does not resolve the transition to
zero CAR at low values of near-bed TKE.

The predicted spatial variation in carbon accretion rate CAR(i) (Fig. 7
(c)) was used to calculate the total carbon accretion rate for the meadow,
TCAR. Again using Δx = 1 m,

TCAR ¼ ∑CAR ið Þ Δx w ið Þ: (11)

w(i) denotes the meadowwidth at distance im from Shallow1. Themeadow
widthwas assumed to increase linearly from 100m at Shallow1 to 500m at
Deep3, based on meadow contours developed from boat surveys (Fig. 1).
Using Eq. (11), TCAR = 9.2 x 105 g C yr−1 = 1.0 short tons C·yr−1. For
comparison, estimates using individual point measurements at the Deep,
Mid, and Shallow zones were, respectively, 1.5 short tons C yr−1 (50 %
higher), 0.80 short tons C yr−1 (20 % lower), and 0.20 short tons C yr−1

(80% lower). This comparison demonstrates that individual measurements
of CAR do poorly in estimating the meadow average, and that the predict-
able variation in wave velocity over a meadow can constrain estimates of
carbon accretion.

Finally, the potential for wave-driven resuspension to generate spatial
gradients in CAR at other sites can be assessed using wind data and median
grain size (d50).Wind data and fetch provide an estimate of wave climate at
the meadow edge, and the model described above can be used to describe
the gradient in wave velocity across the meadow. For resuspension to
drive spatial heterogeneity in sediment carbon, two conditions must be



Fig. 7. Evolution of (a, d) RMS wave velocity, (b, e) near-bed turbulent kinetic energy (TKE), and (c, f) carbon accretion rate (CAR) versus distance from the site
Shallow1 (x = 0) during Storm 3. The top row includes the effects of the meadow on wave dissipation and near-bed TKE. The bottom row excludes the impact of
the meadow by setting Kv=1 and nb= 0. Black circles represent measurements at Shallow1, Mid2, and Deep3. Dashed curves denote predictions based on
physical models and the observed correlation between near-bed TKE and carbon accretion (Fig. 6). Two wave periods were considered, T = 6 s (black dashed-
dotted curve) and T=10 s (red dashed curve), to span the observed range of dominant wave periods at the site.
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met. First, there is a gradient in near-bed wave velocity, and thus in near-
bed TKEwithin the meadow. Second, the range of TKEwithin the meadow
crosses the critical TKE threshold for resuspension, so that there will be a
gradient in resuspension. The grain size, d50, can be used in Eqs. (2) and
(3) to infer the critical turbulence level for resuspension. Spatial gradients
in resuspension can also be observed with sediment traps.
4. Conclusions

Measurements in a Zostera marina L. meadow in Nahant Harbor, Massa-
chusetts, showed that spatial variation in sediment and carbon accretion
rates correlated with the spatial variation in hydrodynamic intensity,
which was characterized by near-bed turbulence. Specifically, sedimenta-
tion and carbon accretion rates both decreased as near-bed turbulence in-
creased. This suggested that resuspension driven by turbulence provided
a constraint on the rates of accretion. At wave-dominated sites, near-bed
turbulence estimated from wave velocity and meadow morphology may
provide a framework for describing spatial heterogeneity in carbon accre-
tion and carbon sequestration within seagrass meadows, which could facil-
itate more accurate carbon measurements. More accurate carbon
9

measurements could advance carbon credit assessment methods and im-
prove the design of targeted seagrass conservation and restoration projects.
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