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Differential growth dynamics of common salt marsh
species Spartina alterniflora and Juncus roemerianus
under varied sediment amendments
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Abstract
Introduction:Many coastal wetlands are at high risk of degradation or loss due to sea-level rise. Restoration techniques for maintain-
ing coastal marshes are paramount, with thin-layer placement (TLP) emerging as one feasible solution. Despite TLP’s utilization, addi-
tional research is needed on species- and sediment-specific responses.
Objectives:Our research combines greenhouse and field experimentation to test species and sediment composition responses aimed at
maximizing vegetation while maintaining increased elevation.
Methods: The greenhouse experiment used two common marsh plants, Spartina alterniflora and Juncus roemarianus. Five centimeters of
sediment (mud, sand, and sand/mud mix) was added, and subsequent sediment and vegetation metrics were monitored. The field experiment
focused on S. alterniflora and examined multiple sediments (mud and sand/mud mix) in coastal Virginia, United States.
Results: In the greenhouse, Spartina and Juncus had similar responses to sediment types with no differences to the control, but sand
producing greater aboveground biomass compared to mud. Spartina outperformed Juncus overall and Juncus root biomass was neg-
atively impacted by sand compared to the control. Compaction occurred across all sediments, with greater loss in the sand compared
to the mud and control. In the field, mud and mix treatments had lower aboveground metrics compared to the control groups and
saw no differences in elevation even after amendments.
Conclusions: These results showcase the importance of initial marsh plant response in a species- and sediment-specific manner. Fur-
ther, they highlight differences between research settings, sediment additions, and metric specific outcomes.
Implications for Practice: Controlled greenhouse experiments paired with field experiments provide a valuable window into species-
specific and short-term response of coastal marsh response to thin-layer placement practice. By examining multiple species, a more
comprehensive view of responses is possible for targeted approaches and benchmarks. While long-term success is an ultimate goal,
short-term impacts can have immediate and lasting implications on multiple ecosystem properties and processes. Understanding these
short-term fine-scale responses can resolve recovery trajectories early on and provide critical information on implementation, which
may allow enough time and planning to provide mitigation in subsequent seasons. Ideally, identifying potentially negative impacts
of restoration activities in the short term to improve long-term outcomes.
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Introduction

Efforts to enhance ecosystem resilience are paramount to promote
ecosystem health and functions under degradation. Tidal salt
marshes are commonly the focus of such efforts due to their posi-
tion at the land-sea interface, historic degradation/loss, and the crit-
ical ecosystem functions and services they provide (Barbier
et al. 2011; Enwright et al. 2016; Friess et al. 2020). Despite their
importance, salt marshes are at risk of drowning due to changes
in inundation with ongoing and future sea-level rise (Saintilan
et al. 2022). As global temperatures increase, melting land ice
and thermal expansion are causing eustatic sea-level rise
(Nicholls & Cazenave 2010). Additionally, some coastal areas
are experiencing land subsidence because of both groundwater
withdrawal (Sherpa et al. 2023) and post-glacial isostatic adjust-
ments (Love et al. 2016), such as the mid-Atlantic and portions
of the southeastern United States. Higher relative sea levels can
impact salt marshes through prolonged inundation if accretion rates

do not keep pace, leading to decreased productivity andmarsh deg-
radation (Osland et al. 2024). Ultimately, this reduces salt marsh
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resilience, increases the potential for ecosystem loss, and can result
in subsequent state change (Beisner et al. 2003).

Salt marshes are highly productive tidal saline wetlands
found on sheltered coastlines worldwide (Mcowen et al.
2017). Their relative elevation and hypsometry are strongly
influenced by the collective effect of tidal, wave, and river forc-
ings, adjacent ecosystems, species tolerances, and local land-
scape evolution (reviewed by Yando, Jones, & James
et al. 2023), along with the ability to maintain relative position
via accretion (Friedrichs & Perry 2001). In many marshes, tides
and high-water events (e.g. caused by storms, river flooding, or
wind) can deposit allochthonous sediment onto the surface of
the marsh and receding waters can remove or redistribute sedi-
ments (Nolte et al. 2013). Further, vegetation debris and accu-
mulated organic matter contributes to autochthonous sediment
present in the system (Mudd et al. 2009). Sediment deposition
and net accretion rates depend on suitable source concentrations
and characteristics, distance from the source, inundation dura-
tion, erosion dynamics, and marsh vegetation characteristics
(Stumpf 1983; Möller et al. 2014; Tempest et al. 2015). These
sources paired with root zone expansion can allow for vertical
gains (Cahoon et al. 2021) and when relative sea-level rise rates
are modest this allows salt marshes to maintain their relative ver-
tical position in the tidal frame (Kirwan & Megonigal 2013).
Despite this ability to maintain their position, exceeding the
threshold of inundation (sensu Hughes et al. 2019) in salt
marshes directly impacts the establishment, survival, and resil-
ience of dominant vegetation and overall marsh health
(Kirwan & Murray 2007; Wang & Temmerman 2013).

Ecosystem resilience is the ability to maintain existing
functions and structures while experiencing disturbance
(Gunderson et al. 2012; Lamothe et al. 2019). Marsh resilience
in response to rising sea levels relies on net accretion and root
zone expansion dynamics to increase elevation, or landward
retreat when inundation surpasses a plant community’s toler-
ance (Mariotti & Carr 2014). Current sea-level rise rates in many
locations are outpacing the ability for marshes to keep up verti-
cally and resulting in decreased marsh resilience with the poten-
tial for eventual conversion to an alternative stable state, such as
tidal flats or open water (Moffett et al. 2015). Further, limited
landward accommodation space is a common issue with
human-made barriers present in many coastal reaches or
unsuitable hypsometry in adjacent uplands (Enwright
et al. 2016). The trajectory of this state shift can be gradual
or sudden depending on the specific ecological thresholds,
resilience, and resistance of the system (Beisner et al. 2003;
Walker & Meyers 2004; Lamothe et al. 2019). The loss of
vegetation in salt marshes due to greater inundation fuels a
negative feedback loop, with less sediment accreted and
retained, causing a decrease in marsh elevation and subse-
quent increases in inundation periods (Stagg et al. 2020).
These further lower biomass generation, degrading remaining
marsh and lowering the resilience and resistance of the system
further, eventually leading to state change (Beisner
et al. 2003). This regime shift from marsh to tidal flat results
in large decreases in ecosystem extent, functions, services,
and biodiversity (Scheffer et al. 2001).

Restoration techniques for maintaining coastal marsh resil-
ience continue to be developed and refined. One such technique
is thin-layer placement, hereafter TLP. In TLP, sediment from a
nearby source is placed onto a salt marsh with the expectation of
vegetation growing through the applied sediment. Manually
increasing marsh elevation increases marsh resilience, buffers
against rising sea levels, and prevents the shift to an alternative
state (e.g. tidal flat) and mimics allochthonous sediment contri-
butions. Originally developed in coastal Georgia in the late
1970s (Reimold et al. 1978), projects of different spatial scales
have been implemented and studied primarily in the Gulf of
Mexico and East Coast of the United States. Existing literature
has been focused on soil physical and chemical properties
(Koning 2004; Slocum et al. 2005; Stagg &Mendelssohn 2011),
plant community response (Ford et al. 1999; Schrift et al. 2008;
Raposa et al. 2022), and marsh elevation change or accretion in
response to TLP (Cornu & Sadro 2002; La Peyre et al. 2009;
Davis et al. 2022) in both experimental and project-based stud-
ies occurring over both single and multi-seasons. Few papers,
however, look at species-specific responses (Allison 1996) or
use paired greenhouse and field studies, but it is important to
understand implications when considering TLP research and
project success.

The aim of this research was to evaluate how the composition
of sediment used in TLP affects the sustained plant growth and
sediment accumulation of the marsh, and how different salt
marsh species respond to this practice. We addressed the follow-
ing questions: (1) Which sediment composition in TLP allows
for the greatest vegetation biomass production while still main-
taining an increased soil elevation? and (2) Does response differ
by species? To answer our primary question regarding sediment
composition, we established both a greenhouse-based meso-
cosm study and a field study to evaluate the effects of TLP sed-
iment type; further, we examined species-specific responses in a
greenhouse setting to control for edaphic conditions between
two common marsh species, Spartina alterniflora and Juncus
roemerianus. We hypothesized that a combination of sand and
mud would promote the highest biomass regardless of species
or setting as it will allow the marsh to maintain its elevation
compared to other treatments due to the combination of the
mud’s nutrient load and sand’s increased bulk density. Further-
more, we hypothesized that S. alterniflora’s rapid colonization
and expansion strategy would make it more likely to take advan-
tage of additional sediments compared to J. roemerianus.

Methods

Greenhouse—Experimental Design

Spartina alterniflora Loisel (hereafter Spartina) and Juncus roe-
merianus Scheele (hereafter Juncus) sods were harvested from a
coastal salt marsh along the Chesapeake Bay in southeastern
Virginia and transported to a nearby greenhouse. Sods of
approximately 12 stems were placed in 3-gal buckets
(11.35-L; height = 24 cm; diam. top = 26.5 cm; diam.
bottom = 23 cm) to reduce pot effects on plants (reviewed by
Poorter et al. 2012). Pots were pre-filled with 6 cm of pea gravel
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for drainage and supplemented with mud from a nearby tidal flat
to fill any voids. Each pot contained one species and all pots
were allowed to acclimate for 6 weeks prior to the start of the
experiment (Fig. 1A). At the start of the experiment, units
received either 5 cm of mud (mud), sand (sand), 1:1 sand/mud
mixture (mix), or no additional sediment (control) (Fig. 1B) with
a total of 10 replicates of each species–treatment combination
and a total of 80 pots (hereafter experimental units). Five centi-
meters was chosen as it was the median value of thin-layer
experiments in the literature as determined by a literature analy-
sis. Granulometry and organic content measurements were con-
ducted on all applied sediments (see Textural and Organic
Matter Analysis section for methods). Sediments included sand
from nearby shorelines and mud collected from the aforemen-
tioned tidal flat. The sand/mud mixture was created by adding
equal parts by volume of mud and sand in a large plastic tub
and homogenized by hand. Experimental units were randomly
placed within five mesocosm tanks (block) using a randomized
design within each mesocosm with two replicates of each type
per mesocosm.

Rectangular mesocosm tanks (hereafter mesocosms) mea-
sured 1.22 m � 1.85 m � 0.95 m (internal height � length
� width; 2.14 m3 volume) and were each connected to a paired
reservoir tank of the same dimensions to simulate daily semi-
diurnal tidal fluctuations using paired pond pumps (Fig. 1B)

and kept at 20 ppt salinity for the duration of the experiment
using Instant Ocean Sea Salt to mimic local marsh conditions.
Experimental units within the mesocosms were uniformly ele-
vated on crates to allow for a greater range of water levels.
Semi-diurnal 0.73 m tides were established based on the average
tidal levels for southeastern Virginia in the past 5 years during
the growing season (May–October) (NOAA Tidal Gauge
8638610 Sewells Point Norfolk, Virginia 2023). High tide was
set to reach a height of 0.48 m above soil surface, and low tides
were set to�0.25 m below the soil surface of experimental units
using locally collected marsh elevations via GNSS RTK-GPS
(TopCon Hiper VR). Pumps filled and emptied mesocosms over
5.5 hours and maintained water levels for an hour to mimic a
natural semi-diurnal tidal cycle. Experimental units were
allowed to grow for 3 months after sediment application (July
1 to September 30, 2024) to avoid plants becoming root bound
(reviewed by Poorter et al. 2012) with pumps running continu-
ously during this time.

Greenhouse—Data Collection

Initial measurements (stem count, stem height, percent cover,
and soil bulk density) for each experimental unit were collected
prior to sediment addition. Stem count, average stem height,
stem diameter, and percent cover were also collected every other

Figure 1. Experimental setup for greenhouse study and field study. (A) Diagram of experimental units in greenhouse study. (B) Mesocosm tank and
corresponding water reservoir tank set up. (C) Location of site for field study in Virginia Beach, Virginia, United States. (D) Location of site within First Landing
State Park. (E) Field study plots with wooden frames in Spartina alterniflora. (F) Diagram of block design for field study plots at site. Treatment type is as follows:
brown = mud, yellow = sand/mud mix, light green = control, white with dotted outline = reference.
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week throughout the duration of the experiment. Stem count
included all stems present in each experimental unit. Percent
cover was determined via visual estimation by the same person
for every measuring event. Three stem diameters were randomly
collected from different locations within each pot to determine
average stem diameter. Bulk density was calculated by taking
a 5-cm diameter soil core using a custom-made piano hinge
corer. Soil cores were weighed for wet weight, dried in an oven
at 60�C until constant mass was achieved (approximately
14 days), then weighed for dry weight. Bulk density was then
calculated using the soil dry weight and volume of corer
(g/cm3) (Blake & Hartge 1986). Sediment height was measured
monthly to determine compaction and expansion dynamics via a
“mini” surface elevation table (mini-SET) throughout the exper-
iment (as described in Stagg et al. 2022). Two perpendicular
measurements were made across the pot’s surface with the arm
of the mini-SET, and lengths were collected for 12 sediment sur-
face elevation data points in each experimental unit. Containers
were monitored for being root bound throughout the growing
season, and the experiment was ended when evidence of root
restriction first arose (Day & Megonigal 1993; F. P. Day,
2024, ODU, personal communication). At the completion of
the greenhouse experiment, aboveground biomass, below-
ground biomass, and bulk density samples were collected along
with final bimonthly measurements and final sediment height as
above. Ten stems from each pot were randomly collected for an
estimation of aboveground biomass measurements, dried in an
oven at 60�C until constant mass was achieved, and then
weighed for dry weight (Madsen 1993) and used to calculate
an average biomass per stem which was then extrapolated to
the experimental unit based on the total stem count. A final soil
core was also taken, as described above, for end of experiment
bulk density. The remaining material in the pot was rinsed of soil
using a stacked 2-mm sieve and 1-mm sieve to extract all roots,
which were subsequently dried in an oven for 14 days at 60�C
until constant mass was achieved and weighed for dry weight
for total belowground biomass (Madsen 1993).

Field Study—Study Site and Experimental Design

This portion of our study was completed in a coastal salt marsh
dominated by S. alterniflora at First Landing State Park, off
Linkhorn Bay-Lynnhaven River, in Virginia Beach, Virginia,
United States (36�5301300N; 76�0002700W; hereafter “Site”;
Fig. 1C). The site was located in a marsh complex with an aver-
age elevation of 0.2 m (NAVD88-Geoid 18) in a humid subtrop-
ical climate (Beck et al. 2023) receiving 131 cm of precipitation
annually (National Oceanic and Atmospheric Administra-
tion 2023). It is a microtidal system, with an average tidal range
of approximately 50 cm (National Oceanic and Atmospheric
Administration 2024). The marsh complex is a tidal estuary
and has adjacent mudflats in the subtidal portions and low-lying
coastal forest in the supratidal zone.

Using a randomized block design, we established twenty-four
1-m2 plots and tested the impacts of two different TLP sediment
types—mud and a sand/mud mix (Fig. 1D). These two types
represent the most likely sediment applications the park may

use in the future. Eighteen of the twenty-four plots had a 1-m2

wooden frame made of 2.5 cm by 10.1 cm untreated pine
boards, anchored into the ground with wood stakes (Fig. 1E).
Six of the framed plots had 5 cm of mud added and six of the
framed plots had 5 cm of sand/mud mix added, while the
remaining plots served as control plots (frame, but no sediment)
or reference plots (no frame or sediment). All sediments were
collected in nearby portions of the marsh or the nearby beach,
and the sand/mud mix was completed as described in the green-
house study portion. In plots receiving sediment, a ceramic sed-
iment plate was set on top of the original marsh surface before
sediments were applied to serve as a marker horizon to track
sediment accretion/erosion/compaction relative to the surface
of the plate (Nolte et al. 2013). The mud and the sand/mud
mix sediment treatments were added to the plots in the last week
ofMay and first week of June 2024 and the plots were monitored
till the end of the growing season in late September to capture
short-term TLP impacts, while ensuring integrity of manipula-
tive devices (frames) over the course of the experiment and
reducing long-term impacts of researchers (Rinehart et al. 2024).

Field—Data Collection

Initial measurements (stem count, stem height, vegetation per-
cent cover, and soil bulk density) for each experimental unit
were collected at the time of sediment addition. Stem count,
number of flowering stems, average stem height, and percent
cover were collected biweekly throughout the remainder of the
growing season until late September 2024. Stem count and num-
ber of flowering stems were collected by counting all stems
within a 0.25 m2 quadrat (0.5 � 0.5 m) of the plot. Average
stem height was collected randomly by measuring three live
stems from throughout the plot. Percent cover was determined
via visual estimation. Bulk density was collected to 30 cm using
the aforementioned corer. The core was divided into three por-
tions 0–5, 5–15, and 15–30 cm, with the middle 5-cm of each
subsection being used for belowground analysis. Samples were
brought back to the lab and analyzed as described in the green-
house study. At the completion of the field experiment in late
September, aboveground biomass, belowground biomass, and
bulk density samples were collected along with soil redox
potential and final biweekly and monthly measurements. Ten
live stems from each plot were haphazardly collected from
throughout the plot to estimate aboveground biomass and were
dried in an oven for 14 days at 60�C until constant mass was
achieved, then weighed for dry weight (Madsen 1993). Two
30 cm � 5 cm cores were taken from each plot to determine
belowground biomass and soil bulk density. Bulk density sam-
ples were treated as above, and the belowground biomass soil
sample was broken down into three 10-cm subsections (0–10,
10–20, and 20–30 cm) and rinsed of soil to extract total roots
using a stacked 2 mm sieve and 1 mm sieve, which were then
dried in an oven for 14 days at 60�C and then weighed for dry
weight (Bledsoe et al. 1999). Soil redox potential (Eh) was col-
lected at the end of the season at 10 cm below the surface in the
center of each plot using a Luktron YK-23RP ORP Meter and
Paleo Terra redox probe (Niedermeier & Robinson 2007). We
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did not conduct an Eh correction; the Pt electrodes and reference
electrode were calibrated using a standard redox solution prior
to use.

Marsh elevation was collected prior to sediment addition
using a GNSS RTK-GPS (TopCon HiPer VR) and automated
laser level (Spectra Precision LL300N) (RTK) and then mea-
sured again at the end of the growing season to determine overall
change in marsh elevation. The height of the applied sediment
was also collected by measuring the thickness of the
sediment on top of the previously described ceramic sediment
plate and was measured monthly until the end of the growing
season to determine expansion via root zone expansion, com-
paction, or erosion of the added sediments.

Textural and Organic Matter Analysis

Representative sediment samples for both greenhouse and field
sediment additions (sand, mud, and/or mix) were analyzed for
their sand: mud ratio to establish sediment texture and allow
for comparison between experiments. Approximately 10 g of
sediment was soaked in a solution of deionized (DI) water and
sodium hexametaphosphate for greater than 24 hours to facili-
tate disaggregation of fine-grained particles. Samples were then
sonicated for 2 minutes prior to application on a stainless-steel
sieve with 63-μmmesh. The sieve was rinsed with DI water until
all fine-grained particles had passed through, with the sand and
mud portions captured in pre-weighed vessels and dried to con-
stant weight (Folk 1974). Additionally, approximately 2 g sub-
samples of aforementioned sediments were dried at 60�C until
constant weight was achieved, ground to 2 mm by hand, and
combusted in a box furnace at 500�C for 5 hours to determine
organic matter content via loss on ignition (similar to Wang
et al. 2011).

Statistical Analysis

Independent variables included sediment composition (both
studies), plant species (greenhouse), mesocosm block (green-
house), block (field), and time (both studies). The dependent
variables included aboveground biomass, belowground bio-
mass, bulk density, redox, stem count, stem height, stem
diameter (greenhouse only), percent cover, and number of
flowering stems. We tested for treatment effects and block
effects on aboveground biomass, belowground biomass, and
elevation change by conducting analysis of variance
(ANOVA) analyses in R Studio (version 2023.12.1; R Core
Team 2023) (Table 1) with subsequent Tukey HSD (honestly
significant difference) analysis. For all other metrics, we used
mixed effect models to examine metrics over time or by depth
using the “lme4” package (version 1.1-35.1; Bates
et al. 2023) using both linear and nonlinear (exponential)
functions (Table 2). For all mixed effect models, ANOVA
with Satterthwaite’s method and suitable pairwise compari-
sons via a marginal means in the “emmeans” package (ver-
sion 1.11.2-8; Lenth 2025) were also completed when
suitable (Table S1).

Results

Greenhouse Study—Vegetation

Sediment application treatments did not significantly affect
aboveground biomass relative to the control (p > 0.05;
Tables 1 & S2; Fig. 2A), although sand application yielded
significantly more aboveground biomass compared to the
mud treatment (p < 0.03). Further, Spartina exhibited signif-
icantly greater overall aboveground biomass at the end of the
season compared to Juncus (p < 0.0001) regardless of treat-
ment (Tables 1 & S2; Fig. 2A). End of season belowground
biomass was significantly less in the Juncus sand treatment
compared to the Juncus control treatment (species � treat-
ment: p < 0.05; Tables 1 & S2; Fig. 2) with no other differ-
ences occurring between any other treatments, species, or
combination. Live cover was significantly greater in Spartina
compared to Juncus and saw greater increases over time
(p < 0.0001; Tables 2, S1, & S2; Fig. 3A), regardless of treat-
ment. Stem counts saw a greater rate of increase in Spartina
over time compared to Juncus (p < 0.0001). Further, Spar-
tina stem counts in both the sand and mix treatments had a
slower rate of increase over the experiment relative to the
control treatments (p < 0.0001), but the mud treatment did
not see this pattern (Tables 2, S1, & S2; Fig. 3B). Stem
heights were significantly greater in Juncus compared to
Spartinawith Juncus stem heights in mix and sand treatments
showing greater stem heights compared to the control; how-
ever, these treatment differences were largely eliminated by
the end of the season (p < 0.0001; Tables S1 & 2; Fig. S1).
Stem diameter also saw an increase over the course of the
experiment, but did not differ by species, treatment, or any
interactions (p < 0.0001; Tables S1 & S2; Fig. S2). Finally,
the number of flowering stems followed an exponential curve
over time in Spartina, but did not differ by treatment com-
pared to the control or any other treatment (Tables 2, S1, &
S2; Fig. S2B). Note, flowering was not monitored in Juncus

Table 1. Analysis of variance (ANOVA) F-values, degrees of freedom, and
p values for treatment, species, and treatment � species for greenhouse
results and field results. *p less than 0.05; **p less than 0.01; ***p less than
0.001. NS, not significant.

Greenhouse Treatment Species
Treatment
� species

Aboveground
biomass

F[3,75] = 4.364** F[1,75] = 21.83*** NS

Belowground
biomass

NS NS F[3,72]

= 3.133*
Bulk density F[3,3] = 3.818* NS NS
Elevation F[3,75] = 4.725** NS NS

Field Treatment Depth
Treatment
� depth

Aboveground biomass F[3,20] = 5.212**
Redox potential NS
Elevation change NS
Sediment loss NS
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in the greenhouse study as flowering had already largely fin-
ished at the start of the study in June 2024.

Greenhouse Study—Sediment

For the greenhouse, the applied sand treatment sediment con-
tained 100% sand, the mix contained 77% sand, and the mud
contained 53% sand; organic matter ranged from 0% in sand
to 7% in the mud (Table S2). The sand treatment saw signifi-
cantly greater loss of elevation by the end of the season com-
pared to the control (p < 0.01; Tables 1 & S2) as well as the
mud treatment (p < 0.05; Table 1; Figs. 3C & S3) in both Jun-
cus and Spartina. Bulk density was not significantly different
in any of the treatments compared to the control; however, it
was significantly greater in the mud treatment compared to the
mix treatment regardless of species (p < 0.05; Tables 1 & S2).

Field Study—Vegetation

End of season aboveground biomass was significantly less in the
mix treatment compared to both the reference and the controlT
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Figure 2. Box plots displaying (A) aboveground and (B) belowground
biomass per experimental unit for each species and each treatment type in the
greenhouse study (Juncus = left panel in dark green, Spartina = right panel
in light green). Asterisks under line indicate significant differences between
species response. Capital letters within graphs denote significant differences
between treatment types and lowercase letters within graphs denote
significant differences in the species � treatment interaction. The thick
horizontal line in the middle of each box represents the median, the outside
of the boxes represents the range between the first quartile and third quartile
of data, and the whiskers represent the minimum and maximum values.
Outliers are represented by single points.
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treatments (p < 0.04; Table 1; Fig. 4A), but the mud treatment did
not differ. Belowground biomass was overall less in the mud treat-
ment compared to reference (Tables 2, S1, & S3; Fig. 4B), but this
differencewas only present in the top 10 cm (Tables 2&S3). Addi-
tionally, the lowest depth interval (20–30 cm) had significantly less
biomass compared to the upper depths (Tables 2, S1, & S3;
Fig. 4B). Live cover saw a greater rate of decrease over time in
the mix and mud treatments compared to the reference and control
plots (treatment � time = p < 0.01, p < 0.001, respectively;

Tables 2, S1, & S3; Fig. 4C) with the mix treatment also having
lower overall cover (p < 0.001; Tables 2 & S3). End of season
cover was approximately 20–30% lower than reference and control
(Fig. 4C). Stem counts were significantly lower in mud and mix
treatments compared to reference (p < 0.01, p < 0.001, respec-
tively; Tables 2, S1,&S3; Fig. 4D)with themix treatment addition-
ally seeing a negative interaction over time (p < 0.001). Stem
heights did not differ by treatment, over time, or the
treatment � time interaction (Tables 2, S1, & S3). Finally, flower-
ing saw an exponential increase over time and a negative interaction
in the mix treatment over time with fewer flowers being produced
compared to the reference (Tables 2, S1, & S3; Fig. 4E).

Field Study—Sediment and Edaphic Conditions

For the field study, the mix sediment application contained
65% sand and 3% organic matter and the mud treatment con-
tained 24% sand and 26% organic matter (Table S3). Despite
relatively uniform elevations prior to the start of the experi-
ment, overall marsh elevation at the end of the season did not
differ with either sediment addition (mix or mud) compared
to both the control and reference, even with the addition of
5 cm of sediment (Fig. 5A). Thickness of the sediment addition
treatment layer, as measured from the sediment plates in the
mud and mix treatment plots, decreased over time
(p < 0.001), but did not differ between the mud and mix treat-
ments with 3–3.5 cm being lost in both sediment types by the
end of the experiment from the original 5.0 cm (Table S3;
Fig. 5B). Soil bulk density was greater in the mix treatment
overall (p < 0.001; Tables 2, S1, & S3) compared to the refer-
ence, but this was only seen in the top 5 cm and the lower depth
intervals in the mix treatment returned to reference bulk den-
sity for their respective depths (Fig. S4, Tables 2 & S3). Redox
potential exhibited no change between any of the treatment
types (Tables 1 & S3).

Discussion

Understanding how salt marsh species respond to differing sed-
iment types in TLP projects will aid in understanding marsh
resilience, ecosystem development trajectories, and project
planning, and provides critical information on the interaction
between soil and vegetation in coastal salt marshes. Our study
focuses on sediment composition and species responses to iden-
tify sediment effects on plant growth metrics and elevation in a
controlled mesocosm and focuses on a natural marsh response
in a field setting in the short-term period after TLP application.
Understanding short-term responses of TLP application can
allow mitigating immediate detrimental impacts, rapid restora-
tion of properties, functions, and services, and providing a
detailed assessment of ecosystem responses to allow for adap-
tive management to meet long-term goals (Berkowitz
et al. 2021; Reilly et al. 2026). Several species-specific
responses were identified in the greenhouse study, with Juncus
and Spartina having some differing responses to treatments;
Spartina outperformed Juncus in aboveground biomass produc-
tion regardless of treatment and Juncus belowground biomass

Figure 3. Live cover (A) and stem counts (B) over time by treatment. Box
plots displaying elevation change over the course of the experiment (C).
Values for Juncus are on the left panel and values for Spartina are on the
right panel. The thick horizontal line in the middle of each box represents the
median; the outside of the boxes represents the range between the first
quartile and third quartile of data, and the whiskers represent the minimum
and maximum values. Outliers are represented by single points. Lowercase
letters within graphs denote significant differences in the
species � treatment interaction.
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was more negatively affected by the sand treatment. In the field,
it was found that overall marsh elevation, as measured by the
RTK-GPS, did not differ significantly between treatment types
over the course of the growing season despite sediment addi-
tions; additionally, multiple growth differences were observed
at the conclusion of the growing season with plots receiving
experimental additions having muted or delayed growth.

In the greenhouse, Spartina overall grew more than Juncus,
as demonstrated by greater end of season biomass, greater
values and increases in percent cover, and greater stem counts
over time. The inherent morphological differences between Jun-
cus and Spartina, as with many rushes and grasses, likely con-
tributed to some of the differences (Eleuterius 1976; Xu &
Chang 2017; Nelson & Moore 2020). Because of these struc-
tural differences, we expected to see greater percent cover from
Spartina due to its larger, more outspread leaves, greater stem
counts, and vigorous growth form (Hartman 1988; Proffitt
et al. 2003). Spartina had average percent covers ranging from
46 to 60% across all treatments and Juncus had average percent
covers ranging from 13 to 16%. Conversely, Juncus had average
heights of approximately 62 cm across all treatments and Spar-
tina had average heights of approximately 45 cm. Both species

Figure 4. Aboveground biomass (A) and belowground biomass by depth (B) per treatment type. Live cover per m2 (C), stem density per m2 (D), and number of
flowers per m2 (E) by treatment type over time. Asterisks and capital letters denote significant differences between treatments, depths, or their interactions. For
box plots, the thick horizontal line in the middle of each box represents the median, the outside of the boxes represents the range between the first quartile and third
quartile of data, and the whiskers represent the minimum and maximum values with outliers are represented by single points. All points represent mean values
with error bars showing SE. Legend for (A) found in panel (B). Legend for (C) and (D) found in panel (E). Panel (B) showcases estimates and significant
differences (*p < 0.05, **p < 0.01) from mixed effects model output. Full outputs can be found in Table 2.

Figure 5. (A) Elevation change from pre-season to post-season of control,
mix, and mud treatment plots relative to reference marsh plots and
(B) sediment loss from initial sediment placement to end of experiment
based on sediment plate measurements in mix and mud treatments shown in
box plots. The thick horizontal line in the middle of each box represents the
median, the outside of the boxes represents the range between the first
quartile and third quartile of data, and the whiskers represent the minimum
and maximum values. Outliers are represented by single points.
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had greater aboveground biomass in sand treatments compared
to mud treatment, which aligns with prior studies showing
higher productivity with greater sand content, potentially by
improved aeration/drainage (Slocum et al. 2005; La Peyre
et al. 2009). However, Juncus also showed a negative below-
ground biomass response to the sand treatment, possibly due
to decreased nutrient retention. The mud treatment bulk density
did not differ from the control but did have greater bulk
density than the mix treatment regardless of species. While most
TLP studies commonly report increased bulk density in sandier
sediments (Slocum et al. 2005; La Peyre et al. 2009), this may be
due to the mechanical mixing of the two sediments at the start of
the experiment. Pots with the sand treatment exhibited the most
elevation loss, potentially due to lesser root zone expansion
compared to other treatments as well as increased surface
drainage due to sand content. While we did not measure roots
by depth in the greenhouse, Juncus saw lower total below-
ground biomass, potentially impacting root zone expansion
impacts on elevation. It is important to note that the control
also lost some elevation due to compaction of sediments in
the sods and the supplemental mud to fill in gaps and edges.
The mud treatment maintained its elevation the most compared
to the other treatments and was similar to the control poten-
tially due to its already compacted nature, making it more
structurally stable and limiting additional compaction through-
out the experiment (Burland 1990).

Results from our field study provided a paired real-world
comparison for Spartina in the first season after sediment appli-
cation, a critical time for both project success and for impacts on
ecosystem functioning. Aboveground and belowground bio-
mass was significantly lower at the end of the season for the
mud treatment compared to the control and reference. Addition-
ally, both the mud and mix treatments saw losses in the live
cover and stem counts over the course of the experiment. These
differences may have been caused by the physical stress of the
sediment application or by the physiochemical properties of
the additional sediment, such as nutrient content and availability
or changes in drainage/inundation (Schrift et al. 2008; Davis
et al. 2022). Porewater redox potential showed no difference
between treatments, as predicted by prior TLP research showing
redox potential changing significantly required more than one
season, and is unlikely to be the driver of these differences
(Reimold et al. 1978; Mendelssohn & Kuhn 2003). Initial die-
back is common in the first season after sediment application
in other TLP work due to these stresses, thus explaining the mul-
tiple lower plant metrics for the treated plots compared to control
and reference plots. All plots, regardless of treatment, exhibited
a dip in average stem height at week 9 that correlated with an
increase in number of stems at the same time, indicating the
emergence of new shoots. With this occurring in the late sum-
mer, these new shoots are likely the fall stems that will provide
overwintering support for the following year’s growth
(Wijte & Gallagher 1991); however, previous experiments have
also seen new shoot emergence site wide after the disturbance of
the sediment application and perhaps a shortcoming of plot
based TLP studies (Turner 1988). Overall, the dieback seen in
our study can cause a myriad of short-term losses in ecosystem

functions and service, particularly for those relying on above-
ground metrics delivered in the immediate time scale
(e.g. wave attenuation and habitat), even if more equal growth
is expected in subsequent seasons (Croft et al. 2006; Van Zome-
ren et al. 2018; Moore et al. 2021).

In the field, overall marsh elevation did not differ significantly
between treatment types at the end of the experiment, even with
the additional 5 cm of sediment in the mud and mix treatments.
The mud treatment and control plots were almost identical in
elevation despite the additional sediment, and the mix treatment
maintained only 2 cm greater elevation on average, although
this was not significantly different. Despite these minimal total
elevation changes, both the mix and mud treatments still had
approximately 2 cm of sediment on top of the sediment plate
at the end of the season indicating potential compaction of
applied sediments or deeper horizons (e.g. Graham & Mendels-
sohn 2013). Finally, the mix treatment had a higher bulk density
in the top horizon (0–5 cm) likely due to the introduction of
greater amounts of sands in the sediment used, but lower hori-
zons were the same as reference plots at those depths. This is
inconsistent with the greenhouse, but may be a product of total
versus surface bulk density. Overall, these changes indicate that
sediments added either eroded away or compacted after applica-
tion (Morris et al. 2016). It should also be noted that error within
the GNSS RTK-GPS equipment (approximately 1–2 cm) and
tidal/seasonal inundation influences on marsh elevation may
also play a role in our findings (Paquette et al. 2004). Regardless,
this deserves greater attention in future TLP work with the need
for more detailed elevation monitoring and accounting for sedi-
ment compaction.

Based on these overall results, sediment composition of the
thin layer of applied material does determine the response of
Spartina alterniflora with some metrics expected to recover in
future seasons and sediments having a more muted response in
Juncus romerianus. Treatment effects were seen in some met-
rics of the greenhouse and field experiments for Spartina, previ-
ous studies have demonstrated that dieback in the first growing
season is expected and is likely to rebound in subsequent grow-
ing seasons (Ford et al. 1999; Raposa et al. 2023). While Juncus
had limited responses to different treatments in the greenhouse,
the observed reductions in belowground biomass with sand
addition may cause a delayed response in aboveground growth.
Species responses may equalize over time, but initial marsh
response to TLP, vegetation variability may affect project results
in the first growing season and in the short term, with Spartina
performing in a more robust manner than Juncus. The presence
of sand, in either the pure sand treatment or the mix treatment,
played a strong role in both vegetation and sediment response.
The mix treatment, being a 1:1 ratio of pure sand mixed with
marsh mud, which already contained 53% sand in the green-
house and 24% in the field, caused the mix treatments to have
77 and 65% sand, respectively, which is coarser than the mud
matrix upon which it was introduced. We also recognize that
these differences in sand content between the greenhouse and
field are substantial and will certainly impact results. While the
presence of sand in most studies allowed the marsh to better
maintain its increased elevation post-application, we did not
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see any differences in the field experiment (mix vs. mud) and
greater elevation loss in the greenhouse. Further, some vegeta-
tion metrics in the sand treatments exhibited decreased growth
over the initial growing season. Although nutrient analyses were
not possible for this study, coarse-textured sediments have been
shown to retain nutrients and moisture less efficiently than fine-
textured sediments and may not promote as much biomass gen-
eration (Broome et al. 1986; Boyer & Zedler 1998). However,
sediment studies have been conducted confirming sand presence
improves soil strength in salt marshes (Nittrouer et al. 2012;
Stoorvogel et al. 2024). If Spartina does rebound in future sea-
sons, even if it is equal to other treatments’ vegetation, a mix
of sand and mud would be the preferred sediment composition
for TLP projects in this region. The mix treatment has been dem-
onstrated in both a greenhouse and field setting to maintain its
elevation better than other compositions under conditions pre-
sent in the southern Chesapeake Bay. Dredge material from
areas composed of this combination of sediment would be well
suited for Spartinamarshes. However, this is contingent on veg-
etation recovery something that is not always observed or
observed to the degree in which it is expected after multiple sea-
sons (Raposa et al. 2023). Restoration and resilience practi-
tioners should consider implications of sediment composition
on elevation change when setting elevation goals for projects,
with composition affecting the rate of initial sediment compac-
tion to meet desired elevations. Project elevation goals should
be determined by the preferred elevation of the dominant species
within the intertidal zone, incorporating the initial height of the
marsh, potential elevation loss of the applied sediment, and rate
of sea-level rise for the project site, for optimal productivity over
the preferred lifespan of the project and if there will be repeated
sediment additions (Slocum et al. 2005; Stagg & Mendels-
sohn 2010; Reilly et al. 2026). Finally, despite the relatively
short duration of our experiments, our findings provide informa-
tion on ecosystem response with potentially major implications
for short-term processes and properties (e.g. faunal habitat and
wave attenuation). Efforts should be made to minimize short-
term impacts to improve long-term outcomes and ensure conti-
nuity in ecosystem functioning (Berkowitz et al. 2021).

Future research on TLP should continue to consider species-
specific responses by incorporating additional marsh species to
evaluate vegetation rebound and community reestablishment
and development. Our current understanding of Spartina growth
is that it responds quickly in response to changing conditions,
including TLP, but less is known in general about Juncus
growth patterns (Blum 1993). Despite being a common species
in many marshes throughout the southeastern United States,
Juncus has limited data on relevant components of its life his-
tory, such as belowground biomass production and favorable
elevations within the intertidal zone. Research has also been
minimal concerning its role in the marsh ecosystem compared
to other graminoid species in eastern North American. Further,
long-term monitoring of established projects needs to be estab-
lished to identify whether the short-term trajectory of species-
level responses continues (Slocum et al. 2005; Raposa
et al. 2022, 2023). Our results from a single growing season pro-
vide information on short-term responses, which represent a

critical time period for restoration success, and remain logisti-
cally feasible for greenhouse experimentation. There remains,
however, a pressing need to understand multi-year and decadal
responses (Berkowitz et al. 2021; Reilly et al. 2026). Further,
sediment dynamics should also be monitored at a finer scale,
ideally with the installation of a surface elevation table (SET)
and shallow rods to evaluate root zone expansion
(Cahoon 2024), to establish baseline sedimentation rates and
establish whether additional adaptive management is necessary.
Finally, future work could test the species-level responses to
TLP-layer thickness while holding the sediment type constant.
This work’s multi-species and multi-sediment comparison as
well as its comparison of greenhouse and field-based experiment
provide a multi-level comparison of TLP efficacy during the
critical time immediately after application that links scientific
inquiry to real-world practice.
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