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• We measured carbon and sediment
storage by a globally invasive macro-
phyte.

• Egeria densa stores carbon at rates simi-
lar to tidal marshes and seagrasses.

• Carbon and sediment dynamics are
likely being altered by E. densa world-
wide.

• E. densa may reduce the ability of tidal
marshes to keep pace with sea-level
rise.
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Invasive plants have long been recognized for altering ecosystem properties, but their long-term impacts on 
ecosystem processes remain largely unknown. In this study, we determined the impact of Egeria densa
Planch, a globally invasive freshwater macrophyte, on sedimentation processes in a large tidal freshwater 
region. We measured carbon accumulation (CARs) and inorganic sedimentation rates in submerged aquatic
vegetation (SAV) dominated by E. densa and compared these rates to those of adjacent tidal freshwater
marshes. Study sites were chosen along a range of hydrodynamic conditions in the Sacramento-San Joaquin 
Delta of California, USA, where E. densa has been widespread since 1990. Cores were analyzed for bulk den-
sity, % inorganic matter, % organic carbon, 210Pb, and 137Cs. Our results show that E. densa patches constitute 
sinks for both “blue carbon” and inorganic sediment. Compared to marshes, E. densa patches have greater 
inorganic sedimentation rates (E. densa: 1103–5989 g m−2 yr−1, marsh: 393–1001 g m−2 yr−1, p < 0.01)
and vertical accretion rates (E. densa: 0.4–1.3 cm yr−1, marsh: 0.3–0.5 cm yr−1, p < 0.05), but similar
CARs (E. densa: 59–242 g C m−2 yr−1, marsh: 109–169 g C m−2 yr−1, p > 0.05). Sediment stored by
E. densa likely reduces the resilience of adjacent marshes by depleting the sediment available for marsh-
building. Because of its harmful traits, E. densa is not a suitable candidate for mitigating carbon pollution; 
however, currently invaded habitats may already contain a meaningful component of regional carbon bud-
gets. Our results strongly suggest that E. densa patches are sinks for carbon and inorganic sediment through-
out its global range, raising questions about how invasive SAV is altering biogeochemical cycling and
sediment dynamics across freshwater ecosystems.

Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. Introduction

Invasions by non-native plant species are a major cause of global
change, often irreparably altering ecosystem properties and functions
in their naturalized habitats (Evangelista et al., 2014; Powell et al.,
2011; Santos et al., 2011; Vilá et al., 2009; Vitousek et al., 1996). Fresh-
water ecosystems have particularly high invasion pressure due to the
plethora of sources providing unintentional and intentional releases of
non-native species, themultitude of vectors involved in initial dispersal,
and the ease with which secondary dispersal occurs across aquatic sys-
tems (Lodge et al., 1998; Moorhouse and Macdonald, 2015; Reid et al.,
2019). In addition to transforming ecological structure and function,
highly invasive, non-native plants also interfere with human enter-
prises such as electricity generation, navigation, and fishing
(Boudouresque et al., 1995; Gallardo et al., 2016; Global Invasive
Species Database (GISD), 2019a; Martin et al., 2018; Masifwa et al.,
2001). A prime example of such an impactful species is Egeria densa
Planch., which is recognized by the International Union for the Conser-
vation of Nature as a globally important invader in both temperate and
tropical freshwater ecosystems (GISD, 2019b) (Fig. 1).

E. densa is a perennial species of freshwater submerged aquatic veg-
etation (SAV) native to the central Minas Gerais region of Brazil, coastal
Argentina, and coastal Uruguay (Cook and Urmi-König, 1984). It was in-
troduced to North America, Europe and Australia as an ornamental
plant predominantly for use in aquariums and decorative ponds (Cook
and Urmi-König, 1984; Curt et al., 2010; Gillard et al., 2017; Yarrow
et al., 2009). Currently, E. densa is found on all continents except
Antarctica (Alfasane et al., 2010; Curt et al., 2010; Strange et al., 2018;
Yarrow et al., 2009). E. densa is a particularly adept competitor due to
its abundant growth, overwintering shoots, ability to grow in low light
and cool temperatures, and flexible nutrient uptake from thewater col-
umn and sediment (Curt et al., 2010; Getsinger andDillon, 1984; Santos
et al., 2011). Furthermore, E. densa displays high phenotypic plasticity,
broad dispersal through vegetative fragments, and a great capacity to
colonize disturbed areas (Santos et al., 2011; Yarrow et al., 2009).

In addition to its ability to quickly expand its range, E. densa acts as
an autogenic ecosystem engineer (c.f., Jones et al., 1994a, 1994b) by
transforming ecosystem properties and functions through its physical
structure (Yarrow et al., 2009). Its aggressive growth and alteration of
temperature, oxygen, and nutrient levels have been associated with
the loss of native SAV communities, reduction in phytoplankton pro-
ductivity, and expansion of predatory invasive fish habitat (Brown,
2003; Conrad et al., 2016; Durand et al., 2016; Nobriga and Feyrer,
2007; Simenstad et al., 1999). E. densa also changes physical aspects of
freshwater ecosystems by reducing water velocity and increasing chan-
nel incision (Champion and Tanner, 2000; Wilcock et al., 1999).

Some aspects of E. densa's ecosystem engineering capabilities are less
well understood. Several studies have hypothesized that by slowing
flows, E. densa increases inorganic sediment deposition on the channel
bed or lakebed (Champion and Tanner, 2000; Hestir et al., 2016; Yarrow
et al., 2009). This ability to trap sediment has been well demonstrated
for both marine and freshwater species of SAV (Madsen et al., 2001;
Sand-Jensen, 1998). For freshwater SAV, however, few measurements
exist for the rates of such sediment deposition. A recent study by Work
et al. (2020) provides measurements of instantaneous sediment trapping
in channel environments and demonstrates that ~5% of incident sediment
is deposited in patches of E. densa. However, due to a lack of direct mea-
surements of vertical accretion and inorganic sedimentation rates, it is un-
known whether or not E. densa patches act as long-term sediment sinks
on the landscape. In addition, recentwork has shown that E. densa can in-
crease concentrations of dissolved inorganic carbon and dissolved inor-
ganic nitrogen in the lower water column and augment gaseous fluxes
of both carbon dioxide and methane to the atmosphere (Ribaudo et al.,
2014; Ribaudo et al., 2018). Despite this work, the full impact of E. densa
on carbon cycling, including whether or not it provides the highly valu-
able ecosystem service of carbon storage, is largely unknown.
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In recent years, seagrasses, which are marine SAV, have been recog-
nized together with salt marshes and mangroves as accumulating and
storing high amounts of organic carbon, termed coastal “blue carbon”,
in addition to inorganic matter in their sediments (Lavery et al., 2013;
McLeod et al., 2011; Nellemann et al., 2009; Windham-Myers et al.,
2019). Just recently, carbon stocks have been determined for estuarine
SAV along a salinity gradient from saline to fresh (Hillman et al.,
2020), but to date there are still nodirectmeasurements of carbon accu-
mulation rates (CARs) in freshwater SAV. The greater invasive plant lit-
erature also lacks data on CARs. Although studies have shown that
several terrestrial and aquatic species increase belowground carbon
content of soils and sediment (Davidson et al., 2018; Liao et al., 2008
and reference therein; Vilá et al., 2011), such research focuses almost
entirely on static properties such as organic carbon stocks rather than
direct measurements of CARs over time.

Ecosystem processes such as CARs and inorganic sedimentation
rates are critical for understanding the long-term impacts of invasive
species, because these processes act on scales of decades or longer.
E. densa is a particularly apt species for studying these processes because
it is so broadly distributed around theworld and across freshwater eco-
system types and has an invasion history of over half a century in many
areas (Light et al., 2005; Yarrow et al., 2009). If invasive SAV such as
E. densa were to function as a sink for both inorganic sediment and or-
ganic carbon, this would represent a rare example of how chronic
plant invasion can simultaneously alter both sediment dynamics and
biogeochemical cycling on an ecosystem scale.

In this study, wemeasured the impact of invasive SAV dominated by
E. densa on carbon accumulation and inorganic sedimentation in the
Sacramento-San Joaquin Delta of California, USA, which is a 2400 km2

region at the landward end of the San Francisco Estuary (hereafter,
the Delta, Fig. 2). This predominantly freshwater region,which is within
the tidal zone of the estuary, provides a surfeit of suitable study sites due
to its large size, wide range of hydrodynamics, and ~3000 ha of E. densa-
dominated infestation. Overall, themain questionswe sought to answer
were (1) are E. densa patches sinks for blue carbon and inorganic sedi-
ment on the landscape? and (2) how do CARs compare among
E. densa patches, adjacent tidal freshwater marshes, and other blue car-
bon ecosystems around the world? We selected three study sites with
differing hydrodynamics because research in both tidal marshes
(Adame et al., 2010; Drexler et al., 2009; Hatton et al., 1983) and SAV
(Ganthy et al., 2015; van Katwijk et al., 2010) has shown that sediment
trapping is influenced by the level of hydrodynamic energy. At each site,
we collected cores in tidal freshwater marshes and adjacent patches of
E. densa in order to compare and contrast the inorganic sedimentation
rates and CARs in each of these settings.

2. Materials and methods

2.1. Study sites

The Delta is part of a 163,000 km2 watershed, bounded by the Sierra
Nevada and Cascade Ranges of California (Cloern et al., 2011). Before
European settlement, it was dominated by tidal freshwater marshes,
which began forming approximately 6800 years ago (Drexler et al.,
2009; Drexler, 2011). The Delta region receives runoff from more than
40% of the land area of California and discharges to the Pacific Ocean
through northern San Francisco Bay (California Department of Water
Resources, 1995) (Fig. 2). Tides in the estuary are mixed semidiurnal
and micro-tidal, and tidal range is approximately 1 m from mean
lower low water to mean higher high water (Atwater, 1980; Conomos
et al., 1985; Shlemon and Begg, 1975). The climate of the region is char-
acterized as Mediterranean with cool winters and hot, dry summers
(Atwater, 1980). Mean annual precipitation is approximately 36 cm,
but yearly precipitation can vary from half to almost four times this
amount. More than 80% of precipitation occurs from November to
March and most freshwater inflow to the Delta occurs from January to



Fig. 1. Close-up of E. densa at the water surface and a view of its infestation in the
Sacramento-San Joaquin Delta of California (credit: Center for Spatial Technologies and
Remote Sensing, University of California, Davis, inset 2006, landscape 2019).
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June because of storage in the snowpack and releases from reservoirs
(Knowles, 2002). Beginning in themid-1800s, the Delta was almost en-
tirely drained for agriculture (Atwater, 1980; Thompson, 1957),
resulting in its current configuration ofmore than 100 islands and tracts
surrounded by 2250 km of man-made levees and 1130 km of water-
ways (Prokopovich, 1985) (Fig. 2).

Delta marshes are dominated by emergent macrophytes and scrub-
shrub wetland species. Major macrophytes include Schoenoplectus
californicus (C.A.Mey.) Soják (Californian bulrush), Typha spp. (cattails),
and S. acutus (Muhl. ex Bigelow) Á. Löve and D. Löve (hardstem bul-
rush) and major tree/shrub species include Cornus sericea L. (red osier
dogwood) and Salix lasiolepis Benth. (arroyo willow). SAV in the Delta
consists mainly of E. densa (invasive), Myriophyllum spicatum L.
(watermilfoil, invasive), Potamogeton nodosus Poir. (longleaf pond-
weed, native), Potamogeton crispus L. (curly leaf pondweed, invasive),
Stuckenia pectinata (L.) Börner (Sago pondweed, native), Cabomba
caroliniana A. Gray (Carolina fanwort, invasive), Ceratophyllum
demersum L. (coontail, native), and Elodea canadensisMichx. (Canadian
waterweed, native) (Khanna et al., 2018). Botanical nomenclature fol-
lows Jepson Flora Project (2020) and U.S. Department of Agriculture,
Natural Resources Conservation Service (2020). Marsh soils in the
Delta consist mainly of highly organic “peat” soils (histosols) replete
with robust Schoenoplectus roots (Drexler et al., 2019), while channel
bed sediments consist almost entirely of inorganic sediment
(Schoellhamer et al., 2012).

In California, E. densa is found in freshwater ecosystems along the
coast, in the Central Valley, as well as in the Sierra Nevada (U.S.
Geological Survey, 2019). In the Delta, E. densa is the most aggressive
and common species of invasive SAV (Boyer and Sutula, 2015; Santos
et al., 2012). E. densa first arrived in the Delta in 1946 (Light et al.,
2005) and by 1990 it was widespread across the region, spurring the
state legislature to authorize the development of a control program in
1996 (USDAARS-CDBW, 2012). Focused treatments of E. densa in the
Delta began in 2001, but the infestation continued to spread. Cover of
invasive SAV increased from 2080 ha in June 2008 to 4970 ha in 2015
with E. densa accounting for 60–66% of the total area covered by SAV
(Ustin et al., 2015). The percent cover of Delta waterways by invasive
SAV increased from only 8.4% in 2008 to a peak of 36% in 2017 (Ustin
et al., 2019). Invasive SAV is found predominantly in shallow areas of
channels, particularly along the channel edge.

We chose three study sites that represented a range of hydrody-
namic conditions and sediment availability (Fig. 3). Lindsey Slough
(LS), located in the northwest of the Delta within the Cache Slough
Complex, is a relatively turbid tidal backwater of the Sacramento River
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(Morgan-King and Schoellhamer, 2013). LS is a dead-end slough and,
as a result, it receives little runoff. Currents at LS are dominated by
tides and are relatively weak. We focused on a marsh island (1.7 ha)
and surrounding patches of SAV in the southeastern part of the slough
(Fig. 3). The second site, the lower Mokelumne (MOK), is situated in
the central Delta at the confluence of the Mokelumne River and the
San Joaquin River. MOK directly receives runoff and sediment from
the 1700 km2 watershed of the Mokelumne River (Ahearn et al.,
2005) and exhibits the strongest currents and greatest riverine influ-
ence of the three sites. At the lower Mokelumne River (USGS gage
11325500), maximum annual mean flow is 61 m3 s−1 (U.S. Geological
Survey, 2020) and during high discharge events, flow can be directed
downstream throughout the entire tidal cycle. At MOK we focused on
a 1.21 ha marsh island (Fig. 2). The third site is situated in Middle
River (MR) in the southern Delta. Currents at MR are predominately
tidal, but are somewhat stronger than at LS. MR is influenced by San
Joaquin River flows and the cross-Delta transport of water to export
pumps, which direct water to the south. Suspended sediment concen-
trations are typically very low in this region of the Delta. We focused
on a 20.3 ha marsh island in the southwest part of Middle River for
the study (Fig. 3). At all three study sites, SAV patches dominated by
E. densa were found within 5 m of the marsh edge.

2.2. Core collection

Push cores were collected with 1.5 in. (3.8 cm) interior diameter
plexiglass tubing in April and October 2017 at LS and in March 2018 at
MR and MOK. Within SAV patches, the tubing was pushed by hand di-
rectly into the sediment bed from a small vessel. Outside the SAV,
where the water was too deep to collect push cores directly from the
vessel, Gomex box cores (0.0625 m2) were collected and subsampled
with push cores. Push cores were stored vertically, kept on ice, and
transported to the U.S. Geological Survey (USGS) laboratory in Santa
Cruz, CA.

Long cores in SAV (E. densa) at all three sites were collected in April
2018 from a pontoon boat platform moored over SAV patches adjacent
to the marsh islands. Cores were collected with a gravity corer to
~60–80 cm in depth in 3.25 in. (8.35 cm) interior diameter cellulose tub-
ing. SAV cores were sectioned in the field into 2-cm sections shortly
after collection. Core sections were placed in labeled plastic bags and
transported on ice to the USGS laboratories in Sacramento, CA.

During May 2018, two long (~50 cm) peat cores were collected in
each marsh ~5 m from the marsh edge. Cores were collected with a
Hargis corer, a razor-edged, piston corer (15 cm diameter), which min-
imizes soil compaction (Hargis and Twilley, 1994). After collection,
cores were sealed airtight on both ends within their acrylic collection
tubes, laid horizontally on ice, and transported to the USGS laboratories
in Sacramento for further processing.

2.3. Core analysis

All push cores were divided into 1 cm vertical sections within 24
h of collection and stored in pre-weighed whirl-pak bags. The sam-
ples were weighed wet, dried at 60 °C, and weighed again. Drying
continued until weights stabilized. The dry bulk density (BD) of the
push cores reported here was calculated as: BD ¼ ð1−PÞρs , where
porosity P is the fraction of water by volume, and sediment density
ρs is 2.65 g cm−3.

In the laboratory, peat cores from the marsh sites were sectioned
into 2 cm sections. Both SAV and peat core sections were weighed
wet, dried at 60 °C, and weighed again. Bulk density was determined
on both SAV and peat cores by dividing the dry weight of each 2 cm
peat section by the volume of the section. All peat and SAV core sections
were then ground to pass through a 2 mm sieve.

Total percent organic carbon on all core samples was measured
using a Perkin Elmer CHNS/O elemental analyzer (Perkin Elmer



Fig. 2.Map showing the location of the Sacramento-San Joaquin Delta in California, USA and the three study sites, Lindsey Slough, Mokelumne River, and Middle River, within the Delta
region.
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Corporation, Waltham, Massachusetts, USA) following a modified
version of U.S. Environmental Protection Agency Method 440.0
(Zimmerman et al., 2007). Samples were first exposed to concentrated
hydrochloric acid fumes in a desiccator for 24 h to remove inorganic car-
bon, which was a minor percentage of carbon content. The elemental
analyzer was calibrated with blanks and acetanilide standards before
use. Every ten samples, blanks, replicates, and standards were analyzed
to check for instrument stability. If the percentage difference between
the two replicates was greater than 20%, replicate samples were
reanalyzed. The detection limit for carbon was 0.01% by weight.

Mud (silt and clay fractions <63 μm), sand (63 μm–2mm), and gravel
(>2 mm) fractions on sections of push cores, SAV cores, and peat cores
weredetermined in theUSGS laboratory in Santa Cruz, CA. Approximately
20 g of sediment was sub-sampled and 10 mL of 35% hydrogen peroxide
4

was added to remove organic material in the sample. The sample was
heated to 250 °C to remove any remaining hydrogen peroxide and was
placed in an ultrasonic bath to liberate the fine fraction. Subsequently,
the sample was centrifuged for 1.5 h to remove soluble salts. Samples
were funneled through a 2 mm and a 63 um sieve to separate the gravel,
sand, andmud. The sand and gravel fractions were dried in an 80 °C oven
and weighed. Five mL of sodium hexametaphosphate was added to the
mud fraction and a 20mL aliquotwas taken from a 1 L graduated cylinder
to determine the weight of the mud.

Subsections ofmarsh cores and SAV coreswere analyzed at the USGS
in Menlo Park, California, for 137Cs, 210Pb, and 226Ra. Activities of total
210Pb, 226Ra, and 137Cs were measured simultaneously by gamma spec-
trometry as described in Drexler et al. (2017). Radioisotope activities of
subsections were measured using a high-resolution intrinsic



Fig. 3. Images of the three study sites, Lindsey Slough (LS), Mokelumne River (MOK), and Middle River (MR), showing submerged aquatic vegetation (SAV) dominated by E. densa in red
and emergentmarsh in green (dark green= healthy emergent vegetation, lighter green= senescent emergent vegetation). Sites are numbered in accordancewith Fig. 2. SAV andmarsh
cores are labeled with site abbreviation first, SAVC (SAV core) or MC (marsh core) next, and core number last. SAV coverage maps were created using AVIRIS-NG 2.5 × 2.5 m 432 band
imagery collected in Fall of 2015 (for the entire Delta including Middle River) and HyMap 1.7 × 1.7 m 126 band imagery collected in Fall of 2018 (for Mokelumne River and Lindsey
Slough) (Ustin et al., 2016, 2019; Khanna et al., 2018). Service layer source credits: Esri, DigitalGlobe.
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germanium well detector gamma spectrometer. Samples were mea-
sured in the detector borehole, which provides near 4π counting geom-
etry. Samples were all sealed in 7 mL polyethylene scintillation vials.
The supported 210Pb activity, which is defined by the 226Ra activity,
was determined on each core section from the 352 keV and 609 keV
gamma emission lines of the short-lived daughters 214Pb and 214Bi
daughters of 226Ra, respectively. The activity of 137Cs was determined
from the 661.5 KeV gamma emission line. Self-absorption of the 210Pb
46 keV gamma emission line was determined and accounted for using
an attenuation factor calculated from an empirical relationship between
self-absorption and bulk density based on the method of Cutshall et al.
(1983). Additional information regarding quality assurance/quality
control can be found in Drexler et al. (2017).

Marsh cores and SAV cores were dated using both 210Pb and 137Cs.
For 210Pb dating, the decay of the excess 210Pb vs. cumulative dry mass
was used (constant flux: constant sedimentation rate approach) to esti-
mate amean vertical accretion rate for each core (Appleby and Oldfield,
1983; Drexler et al., 2017). The constant rate of supply model, which
provides a unique accretion estimate for each section of a core, could
not be used because the entire profile of excess 210Pbwas not recovered
in the core profiles. Due to low activities of 137Cs on thewest coast of the
U.S. and the possibility of mobility in the peat column (Drexler et al.,
2018), we used 210Pb exclusively for dating unless the only estimates
available were from 137Cs. 210Pb values in the top 30 cm of cores were
used to date core profiles because this depth range yielded the best re-
sults using the constant flux: constant sedimentation approach. CARs
were determined by multiplying the vertical accretion rate by the
mean carbon density. Inorganic sedimentation rates were determined
by multiplying the vertical accretion rate by the mean inorganic matter
density. Uncertainties in 210Pb dating were estimated following the
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method of Van Metre and Fuller (2009). Uncertainties for 210Pb dates
were propagated into estimates of vertical accretion using the following
expression: VA ∗ (sdMAR)/MAR where MAR is the mass accumulation
rate of all material in g cm−2 yr−1, and sdMAR is the standard deviation
of the MAR. Uncertainties in CARs and inorganic sedimentation rates
were estimated by multiplying the 210Pb-derived vertical accretion
rate by themean carbon density andmean inorganicmatter density, re-
spectively. Because including the top 30 cm layer of cores was required
for best dating results, it is likely that some underlying bed sediments
formed prior to E. densa infestation were also included in the 30 cm,
leading to potential underestimation of these rates in patches of
E. densa.

137Cs dating was only carried out if distinct 137Cs peaks were found
along the core profile. Vertical accretion rates were calculated by divid-
ing the depth of the 137Cs peak by the time period, x, between the date
of core collection date and 1963 (x= 55 years for this study). CARs and
inorganic sedimentation rates were estimated using the 137Cs-derived
vertical accretion rate and themean carbon and inorganicmatter densi-
ties as described above. Uncertainties in 137Cs datingwere estimated ac-
cording to the approach of Drexler et al. (2017), which likely
underestimates total uncertainty because this method only considers
potential error in the position of the 1963 peak and cannot quantify un-
certainty related to the possible migration of 137Cs in situ. Uncertainties
in carbon accumulation and inorganic sedimentation rates were esti-
mated by multiplying the uncertainty in the 137Cs-derived vertical ac-
cretion rate by the mean carbon density and mean inorganic matter
density, respectively. Because the 137Cs dating method relies on the
1963 peak and this dating horizon occurred before broad infestation
in 1990, it is likely that we underestimate CARs and inorganic sedimen-
tation rates in E. densa patches.



Fig. 4. Box plots of bulk density, % organic carbon, and % mud for the top cm of push
cores from the unvegetated channel (chan) and SAV (E. densa) at LS, MOK, and MR.
In each box, an “x” marks the mean and a horizontal line marks the median. Box
length indicates the range within which the central 50% of the values fall, with the
box edges or hinges at the first and third quartiles. Whiskers show the range of
observed values that fall within the inner fences (lower inner fence = lower
hinge – (1.5 ∗ Hspread); upper inner fence = upper hinge + (1.5 ∗ Hspread) where
Hspread is the interquartile range).
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2.4. Statistical analysis

For this study, all statistical analyses were carried out using SYSTAT
13.00.05. Bulk density, % organic carbon, and % mud from the top cm
of the push cores were compared between the unvegetated channel
and the channel bed under SAV to determine whether basic properties
of sediments differ between these two environments. All coring sites
were compared collectively using two-tailed Student's t-tests and an
alpha level of 0.05. In addition, in order to determine any differences
in % OC and %mud in push cores across sites, one-way ANOVAwas car-
ried out with site as the factor with an alpha level of 0.05. The Shapiro-
Wilk test was used to check normality of data and Levene's test was
used to check homogeneity of variances. Percent OC data were log-
transformed prior to ANOVA to meet test assumptions. Post-hoc
pairwise comparisonswere doneusing Tukey's Honestly SignificantDif-
ference test with an alpha level of 0.05.

Two-way ANOVAwas used to test the influence of site and core type
on mean bulk density and % organic carbon in the top 30 cm of long
cores collected in marshes and SAV. For each test, an alpha level of
0.05 was used, normality of data was checked using the Shapiro-Wilk
test, and homogeneity of variances was checked with Levene's test.
Post-hoc pairwise comparisons were done as stated above.

Mean inorganic sedimentation rates andmean CARswere compared
betweenmarsh and SAV cores using two-tailed Students t-tests with an
alpha level of 0.05.

3. Results

Basic properties of sediments in the unvegetated channel differed
significantly from those under E. densa (indicated as “SAV” in figures
and tables). The bulk density of the top cm of push cores collected at
MOK, LS, and MR (Supplementary Information: Table A1) was signifi-
cantly greater in the unvegetated channel than under SAV (Student's
t-test, p < 0.0001). The biggest difference between bulk density in
SAV and the unvegetated channel was found at MOK (Fig. 4). Percent
organic carbon in the top cm of push cores (Table A1) was signifi-
cantly greater under SAV than in the unvegetated channel (Student's
t-test, p < 0.0001).

There was a significant difference in % organic carbon of push cores
between the sites (Table 1). Mean % organic carbon under SAV was
greater at each individual site than in the unvegetated channel
(Fig. 4). Post-hoc pairwise comparisons showed that % organic carbon
under SAV at LS and MOK did not significantly differ (p > 0.05), but
that both were less than atMR (p< 0.001). In the unvegetated channel,
post-hoc pairwise comparisons showed that % organic carbon differed
between the sites with LS > MR > MOK (p values <0.001).

The fine sediment fraction (% mud) in push cores differed between
sites, illustrating how both hydrodynamics and SAV influence particle
size (Table 1, Fig. 4). At LS, which is the most quiescent site, mud com-
prised almost the entire top cm in both SAV and the unvegetated chan-
nel (Fig. 4; Table A1). AtMR,mud comprised almost the entire top cm in
the SAV but made up less than 20% in the unvegetated channel (Fig. 4).
At MOK, the mean % mud was still high in the SAV (88.7 ± 13.3%), but
very low in the unvegetated channel (2.6 ± 1.2%) (Fig. 4, Table A1).
These low values for fines in the unvegetated channel at MR and
especially MOK indicate higher energy conditions at these sites relative
to LS. The higher % fines in SAV in comparison to the unvegetated
channel reflect the reduction of current speed within SAV patches,
which results in the settling of fine particles. Post-hoc pairwise
comparisons showed % mud in the top cm of the unvegetated channel
at LS > MR > MOK (p values <0.001, Fig. 4). In the SAV, post-hoc
pairwise comparisons showed that % mud at LS (p = 0.003) and MR
(p=0.024)was greater than atMOK; however no significant difference
was found between LS and MR (p = 0.954).

For long cores collected in SAV patches and marshes, a two-way
ANOVA of bulk density with sites and core type as factors was
6

significant for both factors (Fig. 5a, Table 2, Supplementary Information:
Table A2). Post-hoc pairwise comparisons showed that MOK has higher
bulk density than both LS (p= 0.003) and MR (p < 0.001), which have
no significant difference between them (p = 0.076). A post-hoc
pairwise comparison also showed that SAV cores have higher bulk den-
sity than marsh cores (p = 0.001). The interaction term between sites
and core type was not significant (Table 2, Supplementary Information:
Fig. A1).

For long cores, a two-way ANOVA of % organic carbon with sites and
core type as factors was significant for both factors (Fig. 5b, Table 3,
Table A2). Post-hoc pairwise comparisons showed that % organic carbon



Table 1
One-way ANOVA results for % organic carbon and %mud data from push cores collected in
both the unvegetated channels and under SAV (E. densa) at each of the three sites.

% OC in the
unvegetated
channel:

Type III SS Degrees
of
freedom

Mean
Squares

F-ratio p-value

Sites 60.383 2 30.192 909.952 <0.001
Error 1.062 32 0.033

% OC in SAV:

Sites 4.847 2 2.424 102.868 < 0.001
Error 0.518 22 0.024

% Mud in unvegetated channels:

Sites 71,120.503 2 35,560.251 8,213.020 <0.001
Error 138.552 32 4.330

% Mud in SAV:

Sites 476.706 2 238.353 7.424 0.003
Error 706.324 22 32.106

Table 2
Two-way ANOVA of bulk density with sites and core type (marsh vs. SAV) as factors.

Source Type III SS Df Mean Squares F-ratio p-value

Sites 0.391 2 0.195 38.122 <0.001
Core type 0.177 1 0.177 34.607 0.001
Site * Core type 0.044 2 0.022 4.320 0.069
Error 0.031 6 0.005
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at MR> LS>MOK (p values ≤0.05) and that marsh cores have greater %
organic carbon than SAV cores (p < 0.001). The interaction term was
significant (Table 3, Supplementary Information: Fig. A1), indicating
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that the effect of site and core type was not simply additive. The lower
% organic carbon at MOK likely stems from the fact that it is a much
higher energy site than either LS and MR due to its main stem location
and, because of this, SAV andmarshes at MOK receive a greater amount
of inorganic sediment (see below). This translates into less % organic
carbon per unit volume atMOK than at LS andMR. The significant inter-
action term shows that, in addition to the low % organic carbon in the
SAV and marshes at MOK, the enrichment of % organic carbon in
marsh relative to SAV is also less at MOK than the other sites (Fig. 5).
We attribute both effects (site and interaction) to the relatively high
sediment availability at MOK.

All cores were dated with 210Pb except MOKSAVC1 andMOKSACV3,
which were determined with 137Cs because dating was not possible
with 210Pb. Two cores, MOKMC1 and MOKMC2, could not be dated
due to erroneous values of both 210Pb and 137Cs (Supplementary Infor-
mation: Table A3). Low fallout rates in the western United States com-
bined with dynamic local conditions, such as the high energy
environment at MOK, created challenges for dating sediments with
137Cs and 210Pb (Drexler et al., 2017, 2018). Without proper dating,
the vertical accretion rates, CARs, and inorganic sedimentation rates
could not be determined for MOKMC1 and MOKMC2.

Vertical accretion rates ranged from 0.3 to 0.5 cm yr−1 for marsh
cores and from 0.4 to 1.3 cm yr−1 for SAV cores for the top 30 cm of
each core (Fig. 6, Table A4). In SAV cores, vertical accretion rates were
significantly greater and also more variable than in marsh cores, likely
due to the dynamic conditions in channel environments, which can re-
sult in greater accumulation but also greater erosion than in marshes
(Students one-tailed t-test, p < 0.05).

Mean inorganic sedimentation rates within the top 30 cm ranged
from 393 to 1001 g sediment m−2 yr−1 in marsh cores and 1103 to
5989 g sediment m−2 yr−1 in SAV cores (Fig. 7). Mean inorganic sedi-
mentation rates were significantly greater in SAV cores than marsh
cores (Students t-test, p < 0.01).

Mean CARs over the datable period (top ~30 cm) ranged from 109 to
169 g C m−2 yr−1 for marsh cores and 59–242 g C m−2 yr−1 for SAV
cores (Fig. 7). CARs were not significantly different between marsh
cores and SAV cores (Students t-test, p > 0.05).

Using the total area dominated by E. densa in the Delta (~3000
ha; Ustin et al., 2015) and the mean CAR and inorganic sedimenta-
tion rates in patches shown above (116 ± 75 g C m−2 yr−1 and
3466 ± 748 g sediment m−2 yr−1, respectively), we estimate total
carbon and inorganic sediment storage in E. densa patches in the Delta
to be ~3500 ± 2200 metric tons C yr−1 and ~103,000 ± 22,000 metric
tons inorganic sediment yr−1, respectively.

4. Discussion

Here we show for the first time that E. densa, a species of invasive
SAV, is transforming aquatic ecosystems by acting as a long-term sink
Table 3
Two-way ANOVA of % organic carbon with sites and core type (marsh vs. SAV) as factors.

Source Type III SS Df Mean Squares F-ratio p-value

Sites 131.124 2 65.562 89.156 <0.001
Core type 186.677 1 186.677 253.859 <0.001
Site * Core type 13.441 2 6.721 9.139 0.015
Error 4.412 6 0.735
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for organic carbon and inorganic sediment (Fig. 7). Patches of E. densa in
the landscape represent distinct environments that differ from both
unvegetated channel sediments and marshes in several ways. The top
cm of sediments under E. densa patches contain lower mean bulk den-
sity and higher % organic carbon than adjacent unvegetated channel
bed sediments, demonstrating that E. densa alters sedimentationwithin
a patch. In comparison to nearby tidal freshwater marshes, sediments
under E. densa patches have higher bulk density and lower % organic
carbon (Fig. 5). This is not surprising as suspended sediment is more
readily available to subtidal SAV patches vs. intertidal marshes, while
organic matter, and therefore % organic carbon, is much more
plentiful in marshes (particularly high productivity bulrush
marshes, Byrd et al., 2018, 2020) than SAV patches. In addition,
E. densa patches have inorganic sedimentation rates (E. densa:
1103–5989 g m−2 yr−1, marsh: 393–1001 g m−2 yr−1, Fig. 7)
and vertical accretion rates (E. densa: 0.4–1.3 cm yr−1, marsh:
0.3–0.5 cm yr−1, Fig. 6) that are greater than adjacent marshes, but
CARs that are quite similar to marshes (E. densa: 59–242 g C m−2 yr−1,
marsh: 109–169 g C m−2 yr−1, Fig. 7). The vertical accretion rates,
CARs, and inorganic sedimentation rates determined for E. densa patches
are likely even greater than these estimates because the top 30 cm layer
in the cores, which was needed to obtain accurate dating, was likewise
used for rate calculations. This layer represents ~23–91 years of deposi-
tion, which is longer than the period since widespread E. densa infesta-
tion began in ~1990 in all cores except LSSAVC2 and MRSAV1
(Supplementary Information: Table A4).

Themagnitude and spatial scale of carbon and sediment storage cur-
rently found in E. densa is likely a newphenomenon in the Delta for sev-
eral reasons. First of all, none of the other common SAV species found in
the Delta are as widely distributed as E. densa, which represents up to
66% of SAV cover in the Delta (Santos et al., 2011). This is because
E. densa can outcompete native SAV in freshwater ecosystems
(Hussner and Lösch, 2005; Borgnis and Boyer, 2016) and also because
E. densa has a heightened capacity to expand its range compared to
other species (Santos et al., 2011; Yarrow et al., 2009). Second, two of
the other common SAV species in the Delta, S. pectinata and
P. nodosus, have a growth habit that ismuch less dense than E. densa, re-
ducing their ability to produce high amounts of autochthonous carbon
and trap sediment from the water column. Third, although
E. canadensis and C. demersum, the two other common species of native
SAV in the Delta, do have a dense growth habit, they do not occupy the
entire water column. This reduces their ability to trap sediment (Sand-
Jensen, 1998; Sand-Jensen and Pedersen, 1999) and so would likely re-
sult in lower carbon and sediment storage under these species than
E. densa. Taken together, these differences in plant traits between native
SAV and E. densa strongly suggest that, before E. densa infestation, fresh-
water SAV was not as widespread nor as dense in the water column as
during post-infestation. Therefore, even though some carbon and sedi-
ment storage likely occurs under native freshwater SAV, all these factors
strongly suggest that the spatial scale andmagnitude of carbon accumu-
lation under E. densa is much greater than it would have been prior to
infestation in the Delta.

The amount of carbon and sediment stored under E. densa is large
enough to have meaningful implications for both carbon and sediment
budgets in the region. E. densa stores approximately 3500 ± 2200
metric tons C yr−1 in the Delta (see results), which represents 38% of
the carbon stored annually in the ~7879 ha of restored marshes in the
Delta region (Drexler et al., 2019). Although this represents just a tiny
fraction (<0.004%) of the ~83–100 Tg of carbon lost since mass
conversion of the Delta to agriculture (Drexler et al., 2019), it shows
that carbon stored in E. densa represents a meaningful component of
recent blue carbon storage in the Delta. With regard to inorganic sedi-
ment, the total amount stored in E. densa in the Delta is approximately
103,000 ± 22,000 metric tons yr−1 (see results). This sediment sink
represents 6.2% of the ~1,660,000metric tons yr−1 of sediment supplied
to the Delta from its two major rivers, the Sacramento and San Joaquin,
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and 9.4% of the ~1,096,000 metric tons retained in the Delta each year
(Schoellhamer et al., 2012; Wright and Schoellhamer, 2005).

Although modest, this sink of inorganic sediment stored in E. densa
may have implications for marsh formation in the Delta and further
downstream in other parts of the San Francisco Estuary. Because most
tidal marshes are highly dependent on influxes of inorganic sediment
to keep pace with sea-level rise (Kirwan and Megonigal, 2013; Turner
et al., 2000), any reduction in sediment availability may jeopardize the
ability of marshes to maintain their position in the tidal frame. In the
Delta, invasive SAV dominated by E. densa lines the channels adjacent
to marshes. This physical adjacency is likely causing sediment to be
blocked from depositing on the marsh plain, except under spring tide
conditions or major storms, when the height of the water column is
greater than the height of the E. densa canopy. In addition, over the
past ~60 years, suspended sediment concentrations in the Delta have
been decreasing by ~1.8% per year (Work et al., 2020). Taken together,
these factors are likely reducing the resilience of marshes in the Delta
and further downstream, which rely on riverine flows for sediment
inputs.

The ability of E. densa to serve as both a carbon and inorganic sedi-
ment sink is controlled to a large extent by hydrodynamics. Our data
show that % mud (silt and clay fractions <63 μm) in E. densa patches
is higher than in the unvegetated channel, indicating preferential trap-
ping of fine sediments in patches where current speeds are lower
(Fig. 4). A comparison of our sites shows that a greater proportion of
carbon is stored under the lower energy conditions found in LS and
MR than at MOK, which is a high energy, mainstem site (Figs. 5, 7).
The stronger currents characteristic of MOK resuspend more sediments
with a wider range of particle sizes, including coarser particles. As a re-
sult, E. densa patches atMOKhave a higher inorganic sedimentation rate
than the other two sites, and the trapped sediment has a lower propor-
tion of fine sediments (% mud) (Figs. 4 and 7). In contrast, the slower
currents at LS and MR have less energy to resuspend particles, leading
to a greater proportion of fine sediments in E. densa patches (Fig. 4)
and thus creating the conditions highly conducive to storage of organic
matter (Kleeberg et al., 2010; Sand-Jensen, 1998) (Figs. 4 and 7).

In addition to hydrodynamics, several other site-specific factors con-
trol the retention of carbon and sediment in SAV. Both carbon and inor-
ganic sediment accumulate in patches of E. densa because of the
particularly powerful ecosystem engineering capabilities of this species.
E. densa has a dense growth habit due to itswhorled leaves andmultiple
branches that extend throughout the water column. Such abundant
growth of SAV results in a thick canopy throughout the water column,
which is highly effective in decreasing water velocity and bed shear
stress and leads to deposition of suspended material with little loss
from resuspension (Durand et al., 2016; Getsinger and Dillon, 1984;
Hestir et al., 2016; Jones et al., 2012; Lacy and Wyllie-Echeverria,
2011; Nepf, 2012; Sand-Jensen, 1998). Submergence depth of the can-
opy (the ratio of water depth to canopy height) and patch morphology
are also key factors determining trapping potential of SAV such as
E. densa (Liu and Nepf, 2016; Luhar and Nepf, 2013; Nepf and Nepf
and Vivoni, 2000). These factors result in a positive feedback hypothe-
sized by Hestir et al. (2016) wherein the bigger and/or denser the
patch of E. densa, themorewater velocity is impeded and themore sed-
iment is trapped in the patch.

The supply of carbon and inorganic sediment also has strong bearing
on what can ultimately be trapped in a patch of E. densa. The
accumulation of autochthonous carbon depends on the balance be-
tween primary productivity vs. decomposition and loss. The total avail-
ability of carbon depends on both autochthonous and allochthonous
sources, which are a function of the diversity and productivity in the
greater estuary (Odum, 1980; Valiela et al., 2000). Although data are
not available, if E. densa is similar at all to seagrasses in carbon trapping,
then the allochthonous carbon contribution represents a substantial (up
to 50% or more) component of the total sediment carbon sink
(e.g., Kennedy et al., 2010).
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With regard to inorganic sediment, the supply of material is largely
controlled by local suspended sediment concentration, which depends
on sediment supply, erodible sediment, and local hydrodynamics
(Schoellhamer, 2011). In the Delta, suspended sediment concentration
is influenced both by climate and resuspension (Morgan-King and
Schoellhamer, 2013;Wright and Schoellhamer, 2005). High flow events
in winter and spring import large quantities of sediment and elevate
suspended sediment concentrations throughout the system. Resuspen-
sion driven by tidal currents increases in importance with distance
down estuary. Among our sites, MOK ismost subject to highflow events
in which currents are strong and SSC is high. These conditions create
high potential for sediment trapping in E. densa (Fig. 7), but may also
wash away material deposited in a patch (Gurbisz et al., 2016). LS and
MR are further down estuary, and thus are more tidally dominated.
The greater percentage ofmud in the channel at these sites (Fig. 4) indi-
cates that most of the sand fraction has settled out further up estuary,
and that pulses of sediment supply during high flow events are less im-
portant than at MOK.

Our results strongly suggest that significant rates of carbon accu-
mulation are occurring around the world in patches of E. densa as
well as other invasive SAV with a similar structure such as
Hydrilla verticillata (GISD, 2009a). This conclusion is supported by
the fact that carbon accumulation at our sites occurred across a
range of hydrodynamic conditions with highest rates at the two
lower energy sites, MR and LS (Fig. 6). Freshwater SAV such as
E. densa and H. verticillata are most typically found in slow flowing,
low energy sites, including streams, lakes, and ponds (Cook and
Urmi-König, 1984; GISD, 2019a).

Carbon storage in our tidal freshwater E. densa sites represents a
novel form of blue carbon on the landscape. The mean CAR in E. densa
at our sites (116 ± 75 g C m−2 yr−1) is only slightly less than the
mean global rate for seagrasses (120 ± 26 g C m−2 yr−1, top m;
Murray et al. (2011); 138 ± 38 g C m−2 yr−1, top 0.5 m; McLeod et al.
(2011)) and within the global range of CARs measured in salt marshes,
mangroves, and seagrasses, which constitute the three major blue car-
bon systems (McLeod et al., 2011; Murray et al., 2011). It is important
to note, however, that although invasive SAV at our Delta sites stores
significant amounts of organic carbon, the net ecosystem carbon bal-
ance and sustained-flux global warming potential (i.e., the climate im-
pact;, Keller, 2019; Neubauer and Megonigal, 2015) have yet to be
measured for any species of freshwater SAV. It is therefore possible
that because our Delta sites are fresh and not saline, methane emissions
may partially counteract the carbon storage in E. densa patches
(Poffenbarger et al., 2011; Ribaudo et al., 2018).

The ability of E. densa to store carbon represents a valuable new
ecosystem service in freshwater habitats; however, this newfound
capability of E. densa does not reduce or offset its numerous, negative
ecosystem engineering traits. Although research has shown some
inadvertent benefits of non-native, invasive species in their natural-
ized settings (e.g., Schlaepfer et al., 2010), it is critical, in evaluating
the effects of invasive species, to consider the full balance of their
positive and negative effects (Vitule et al., 2012). For this reason,
planting E. densa outside its native range to achieve carbon seques-
tration benefits would likely result in a disproportionate amount of
negative impacts vs. positive gains. However, in areas where
E. densa infestation is already broadly distributed, its ability to
store carbon should be taken into account when considering man-
agement actions as it may provide a meaningful contribution to re-
gional carbon storage. Full eradication of E. densa is generally not
possible in large regions such as the Delta due to the extent of infes-
tation, the high costs of herbicide treatment, and the incomplete ef-
ficacy of treatment (Caudill et al., 2019; Curt et al., 2010; Parsons
et al., 2007; Parsons et al., 2009; Santos et al., 2009). Therefore, fo-
cusing herbicide treatment of E. densa on areas needed for navigation
and habitat for sensitive flora and fauna would leave other invaded
areas to function as a carbon sink.
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5. Conclusions

In this paper, we quantified the impact of E. densa, an aquatic ecosys-
tem engineer, on sedimentation processes in a large tidal freshwater re-
gion. In so doing, we discovered its ability to serve as a long-term sink
for blue carbon and inorganic sediment on the landscape. Carbon accu-
mulation rates in E. densa patches are similar to adjacent tidal freshwa-
ter marshes and within the ranges of blue carbon systems worldwide.
Storage of inorganic sediment by E. densa is likely reducing marsh
resilience by decreasing the amount of sediment available for marsh-
building. Our results demonstrate that chronic plant invasions can
simultaneously impact biogeochemical cycling and sediment dynamics
in freshwater ecosystems. The key to deciphering such changes is to
measure processes that occur on scales of decades or longer. The impli-
cations of these new ecosystem engineering properties of E. densa are
likely far-reaching because this species of invasive SAV is found on all
continents except Antarctica. Overall, this study demonstrates that the
chronic impacts of invasive species cannot be determined without
process-level studies on an ecosystem scale.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.142602.
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