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Abstract The implementation of coastal nature-
based features, created wetlands, and wetland restora-
tion has increased globally over recent years. Many of
these projects have been successful in meeting their
goals, however, when projects fail, it is often attrib-
uted to mortality of transplanted vegetation. Trans-
plant mortality may be due to inappropriate timing,
poor site selection, or abiotic stressors associated
with transplant shock. Science-backed guidelines
have been well established in many coastal regions
regarding site specifications and species selection,
but nursery practices for reducing transplant shock
remain inconsistent. In this study, we tested a combi-
nation of four salinity acclimation treatments and two
inundation acclimation treatments on nursery-grown
Spartina alterniflora and S. patens plugs. We meas-
ured a suite of plant functional traits to determine
tradeoffs in plant response with a focus on traits asso-
ciated with plant marketability, indicators of stress
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acclimation, and desired traits for restoration goals.
A subset of plants was transplanted to a restoration
site for analysis of their survival in situ. Exposure to
salinity and inundation resulted in traits associated
with both marketability and restoration goals (e.g.,
increased stem height, reduced dead to live stem
ratio, and increased biomass), as well as evidence of
acclimation to field stressors. However, trait differ-
ences did not translate to differences in field perfor-
mance as survival and expansion of transplanted indi-
viduals showed no difference between acclimation
treatments. The future of coastal wetland creation and
restoration will require plant material that is produced
using a science-based approach to ensure plants are
robust, long-lived, and marketable to achieve the
needs to restoration and nursery practitioners alike.

Keywords Living shoreline - Plant functional trait -
Salinity - Spartina alterniflora - Spartina patens -
Stress acclimation

Introduction

Coastal wetlands provide valuable ecosystem services
and functions, including water quality enhancement,
nutrient cycling, flood risk reduction, and carbon stor-
age (Costanza et al. 2021; Hagger et al. 2022; Tem-
merman et al. 2023). Unfortunately, three centuries
of land use change, erosion, subsidence, sea level rise
(SLR), altered hydrology, and other anthropogenic
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influences have resulted in notable loss of the world’s
wetlands (Lee et al. 2006; White and Kaplan 2017).
Estimated rates of global loss range from 21 to 87%
(Davidson 2014; Fluet-Chouinard et al. 2023). Hol-
mquist et al. (2021) found that up to 48% of coastal
wetlands through the United States are currently
vulnerable to loss, and Fant et al. (2022) estimated
up to 10.7 million acres of coastal wetlands may be
lost within this century depending on SLR scenarios.
To combat wetland loss and mitigate climate change
through carbon sequestration, coastal wetland res-
toration (i.e., the process of assisting the recovery
of an ecosystem that has been degraded, damaged,
or destroyed (SER 2004)) and habitat creation (i.e.,
create a marsh where it had not previously existed)
efforts have increased worldwide. These -efforts
include the emerging field of coastal nature-based
solutions which aim to use natural systems, such
as salt marshes, to provide shoreline protection as
well as ecological co-benefits (O’Leary et al. 2023).
Despite increasing willingness and financial invest-
ment in coastal restoration and habitat creation pro-
jects, the ability for practitioners and planners to meet
ambitious goals and ecosystem trajectories remains a
challenge.

Habitat recovery through revegetation is one of the
most implemented salt marsh restoration strategies;
and plant-centered metrics such as species diversity,
vegetation cover, plant biomass, and stem density are
among the most often used indicators of salt marsh
restoration success (Billah et al. 2022). When wet-
land restoration or habitat creation projects fail to
meet their goals, it is often attributed to low survival
of transplanted vegetation (Zedler et al. 2003). Plant-
ing projects located in salt marshes have noted < 15%
survival success of transplanted vegetation; these
low survival rates were partially attributed to physi-
cal wave and sediment dynamics (Ge et al. 2019) and
herbivore pressure (Temmink et al. 2022). A global
meta-analysis of salt marsh plantings found that
the mean survival rate of transplanted vegetation is
only ~53%, and in 23% of the 1,038 observed projects
recorded survival rates were less than 5% (Liu et al.
2024). To improve transplant survival, restoration
ecologists and practitioners emphasize the impor-
tance of establishing appropriate site conditions and
understanding species’ tolerance thresholds to abiotic
stressors (Duggan-Edwards et al. 2020). Even as the
practice of coastal restoration becomes increasingly
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informed by science, high mortality of transplanted
vegetation still occurs (Wodehouse and Rayment
2019; Macy et al. 2021; Pausch 2024).

Vegetation transplanted in restored coastal salt
marshes encounter several stressors that may explain
their high rates of mortality. These stressors include
natural processes that are difficult to ameliorate at
large scales, such as hypersaline soils, sedimentation
and burial, algal smothering, and animal herbivory
(Zedler et al. 2003). Failures of project implementa-
tion, such as planting at inopportune times or loca-
tions, may cause mortality (Liu et al. 2024). The
transplantation process itself (i.e., removing young
plants from plastic pots) can damage roots and root
hairs (Zedler et al. 2003; Di Benedetto 2011). When
field conditions differ from nursery conditions, trans-
planted plants will experience physiological stress
characterized by decreased growth rate or mortality
during the acclimatization period; this is known as
transplant shock and may last days to weeks (Reitveld
1989; Close et al. 2005). Salinity and tidal inundation
are two dominant abiotic stressors in coastal wetlands
that nursery-reared plants may first encounter only
after transplantation.

Cordgrasses (Genus Spartina) are the most com-
monly used genus in coastal marsh restoration pro-
jects worldwide due to their role as a strong biotool
for creating marsh habitat (Castillo and Figueroa
2009; Strong and Ayres 2009; Curado et al. 2020;
Rohal et al. 2025). In the U.S., S. alterniflora (Loisel)
and S. patens (Aiton) Muhl. are native to and com-
monly used throughout the Gulf of Mexico and Atlan-
tic coast plantings, whereas S. foliosa (Trin.) is native
to and used on the west coast (Rohal et al. 2025). Hal-
ophytic species, such as Spartina spp., have evolved
means to concentrate and excrete salt through spe-
cialized pores, but salinity presents a stressor, none-
theless. In Spartina spp., high salinity (>20 ppt) has
been shown to reduce plant biomass (Mooring et al.
1971; Parrondo et al. 1978), nutrient uptake (Cham-
bers et al. 1998), and growth (Phleger 1971); how-
ever, high salinity has little effect on photosynthesis
(Longstreth and Strain 1977), and has been shown to
increase leaf dry mass (Longstreth and Strain 1977)
and leaf thickness (Poljakoff-Mayber 1975). Previous
work shows that traits (e.g., leaf area, SLA, thickness,
leaf toughness, leaf strength) of Spartina alterni-
flora correlate with soil salinity (Liu et al. 2022), and
hydrology (Shao et al. 2020). While many studies
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show high levels of salinity reduce plant survival and
vigor, Zhang et al., (2024) showed that moderate lev-
els of salinity increase live leaf production, leaf area,
and leaf mass compared to freshwater or higher salin-
ities. They indicate this is evidence of plant shift from
rapid growth to more efficient nutrient conservation
strategies. Halophytes that have not been exposed to
salinity at young life stages show decreased ability to
cope with salinity stress later in life (Touchette et al.
2009). The salinities of coastal marsh planting sites
may exist beyond the optimal range for Spartina spp.
and thus create additional transplanting stress. For
example, in coastal Virginia, approximately one third
of living shorelines are located in areas with average
summer salinities ranging from 15-30 ppt (Bever
et al. 2021; St-Laurent and Friedrichs 2024; Virginia
Marine Resources Commission 2025).

Inundation can create plant stress by limiting
gas exchange and creating anoxic soils. Increased
inundation has been shown to decrease above- and
belowground biomass in Spartina spp. (Visser and
Peterson 2015), decrease root tensile strength (Hol-
lis and Turner 2021), and decrease photosynthetic
performance (Mao et al. 2023). Extreme precipitation
events that are accompanied by pulses of inundation
by freshwater are associated with causing sudden veg-
etation dieback in Spartina spp. dominated marshes
(Stagg et al. 2021). Further, in many field settings,
Spartina spp. productivity is determined by a variety
of interacting factors that are influenced by inunda-
tion, including soil anoxia, soluble sulfide concentra-
tion, and plant nitrogen assimilation (Mendelssohn
and Morris 2000). Several studies have investigated
the role of inundation and elevation on Spartina spp.
distribution. For example, residual biomass of trans-
planted S. alterniflora following a tropical storm
event was positively correlated with elevation (Hill
et al. 2020). However, few studies have investigated
the effectiveness of inundation acclimation on trans-
plant survival. Baldwin and Mendelssohn (1998) rec-
ommended allowing one month for Spartina plants
to acclimate to increased inundation. To improve
outcomes of wetland restoration plantings, and pro-
tect the financial investments of these efforts, creative
approaches aimed at rearing stress-tolerant and robust
plants are needed.

Plant functional traits, defined as morpho-
physio-phenological traits which impact fitness
(Violle et al. 2007), comprise a suite of metrics that

can serve as indicators of plant evolutionary adap-
tation, plant performance, species niche, resource
acquisition strategy, and response to environmental
change (Violle et al. 2007). The use of plant func-
tional traits to understand ecosystem function and
response has increased in recent years. While some
studies have specifically evaluated the use of plant
functional traits in evaluating wetland restoration
(Charles et al. 2022), connecting plant functional
traits to specific concerns in wetland restoration
remains a research gap (Sloey et al. 2023). Plant
functional traits are frequently correlated along a
plant economic spectrum, from resource acquisi-
tion (rapid growth) to resource conservation (slow
growth) (Diaz et al. 2016). Traits that are indica-
tive for assessing health and growth status of the
plant (e.g., rapid growth, aboveground biomass,
number of stems, live stem:dead stems, total bio-
mass, plant height) are directly related to market-
ability from the grower’s perspective. Leaf traits
related to photosynthesis (e.g., leaf number, leaf
length, leaf area, leaf dry mass, specific leaf area
(SLA), total biomass, and photosynthetic assimila-
tion of CO, (A)) are informative about the plant’s
resource acquisition and adaptive strategy, but also
indicative of environmental stress (Zhang et al.
2024; Liu et al. 2022). High SLA indicates fast
resource acquisition and rapid primary production
(Lavorel and Garnier 2002). Other traits indicate
response to environmental stress or damage to the
plants (e.g., dead leaf number, ratio of dead leaves
to live leaves, stem height (etiolation, or rapid stem
growth, is evidence of flooding stress response),
area of emergent roots (evidence of soil anoxia
stress response), or low A) (Zhang et al. 2024).
Finally, some traits may be more important indica-
tors of ecosystem services, function, and resilience
(De Battisti 2021), and therefore prioritized by
coastal restoration practitioners. These may include
traits associated with rapid revegetation and habi-
tat creation (aboveground biomass, stem number,
stem height), soil stability and cohesion (below-
ground biomass, root to shoot ratio), wave attenu-
ation (stem density and stem rigidity), elevation
accretion (belowground biomass and stem density),
and persistence of the plant community (rapid
clonal growth, quantity of viable seed) (De Battisti
2021). Studying plant functional traits in coastal
restoration species with wide abiotic tolerance
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ranges, such as Spartina spp., is important for both
understanding trait linkages (Zhang et al. 2024)
and for more applied trait-function relationships.
We propose that a trait-based framework can also
be employed to inform plant production decisions
with the goal of maximizing marketability and
resilience of coastal plant species transplanted in
restoration sites.

Nursery grown coastal plant species are com-
monly reared under benign conditions (i.e., soils
kept moist with freshwater) to maximize growth.
However, benign nursery conditions may exacer-
bate transplantation shock in the field. Plant rear-
ing techniques that incorporate abiotic stress accli-
mation have potential to reduce mortality caused
during these vulnerable transition phases. Carrion
(2016) compared S. alterniflora reared in O ppt and
15 ppt and found the saline treatment had greater
shoot production when transplanted in the field.
Some commercial growers of coastal grass species
have anecdotally used plant hardening techniques
(such as gradual salt acclimation) (personal com-
munication, Sloey et al 2023). Salinity acclimation,
or salt hardening, is even noted in some Spartina
spp. plant preparation guides (Biber et al., ND), but
the efficacy of abiotic stress acclimation in nurs-
ery-raised wetland plant species has not been rig-
orously studied. Sloey et al. (2025) identified that
determining best practices for developing robust
plant material is a key knowledge gap needed
to improve the efficacy of coastal nature-based
solutions.

The goal of this study was to determine if salin-
ity and inundation acclimation treatments (1) result
in the development of traits that indicate plant accli-
mation and adaptation to abiotic stressors, and (2)
improve transplant survival in S. alterniflora and
S. patens. Additionally, we sought to determine (3)
whether these acclimation treatments influenced
traits associated with marketability of the plants.
We combined a greenhouse experiment, performed
at a commercial plant nursery, with a field trans-
plant experiment, performed at a recently installed
living shoreline site, to provide feasible techniques
for stress acclimation practices. The ultimate goal
of this work was to determine best practices to
reduce transplant shock and increase survival rates
following transplantation for two of the most heav-
ily demanded coastal wetland plant species.
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Materials and methods
Plant preparation and experimental design

Plugs (5 cmXx5 cm pots) of freshwater-reared S.
alterniflora and S. patens were purchased from a
commercial plant nursery (Virginia, USA) in May
2024. On 20 May 2024, plants were selected for
similar sizes (stem number) and repotted into plas-
tic pots (8 cm diameterx20 cm height). Each pot
was perforated at the bottom to allow for exchange
of water. A piece of cotton fabric was placed at the
bottom of each pot to prevent loss of soil. Each pot
was filled with commercial topsoil (Scotts™ Topsoil)
and bound roots were loosened upon repotting. All
planted pots were watered, but not inundated, with
freshwater from an adjacent pond and kept in a green-
house until the experiment began on 17 June 2024.
This fully factorial study consisted of two species
(S. alterniflora and S. patens), two flooding treat-
ments (inundated and non-inundated), four salin-
ity treatments (freshwater, gradual salinity increase,
pulsed salinity exposure, and salinity press), two
destination treatments (harvest and transplant), and
ten replicates of each combination for a total of 320
experimental plants. Plants were placed in each of
four fiberglass tanks (H:1.0 m, L: 2.0 m, W: 1.0 m)
corresponding to their respective salinity treatment.
All four tanks were located within 1 m of one another
within a hoop house covered with white visquene
(~20% shading). Although plants were potted inde-
pendently and randomized within their tank, salinity
treatment was confounded with the random effect of
tank assignment. While we acknowledge this is sim-
ple pseudoreplication, this choice was a necessity
due to space and resource limitations. Additionally,
this approach allowed for greater control of uniform
salinity within a treatment, given potential hourly
evaporative differences that would have otherwise
occurred in separate smaller replicates. We acknowl-
edge the design error of pseudoreplication, but advo-
cate the outcomes are nonetheless valuable given the
increased control of treatment groups (e.g., Davies
and Gray 2015). The plants were placed at one of
two elevations within the tank to achieve the flood-
ing treatments with non-inundated plants elevated
so that the soil level was 10 cm above the water and
inundated plants were submerged 5 cm below the
water. Salinity treatments were achieved using Instant
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Ocean® to create each of the four following salin-
ity exposure treatments: freshwater (0 ppt salinity
was maintained throughout the experiment), gradual
salinity increase (salinity was increased 3 ppt every
week starting at 3ppt on 17 June and ending at 27 ppt
on 12 August), pulsed salinity exposure (plants were
kept in freshwater (O ppt) and moved into saltwater
(25 ppt) for 72 h every two weeks (on 17 June, 1 July,
15 July, 29 July, 12 Aug)), and salinity press (25 ppt
salinity was maintained throughout the experiment).
Although nursery practices vary widely, the fresh-
water, non-inundated treatment combination was the
treatment most similar to standard wetland plant rear-
ing practices that do not use salinity or inundation
stress acclimation practices. Water level (depth) and
salinity was checked every two days using a ruler and
handheld refractometer respectively. Freshwater and
salt were added as needed to counter evaporative loss
and maintain desired salinity.

Measurements

Growth traits (i.e., number of live and dead stems
and stem heights) were measured for all plants (both
harvested and transplanted) throughout the experi-
ment on 12 June (pre-experiment baseline), 03 July,
29 July, and 19 August. Photosynthesis (A) was
measured using a LI-6800 (LICOR, Lincoln, NE)
every two weeks in five replicates of the S. alterni-
flora assigned to the harvest group. Photosynthesis
measurements were taken concurrently with adjust-
ments made to the pulse salinity treatments for all
treatment combinations of S. alterniflora. Photosyn-
thesis was measured again 72 h after salinity treat-
ment adjustments for the gradual increase and pulse
exposure treatments only. Photosynthesis could only
be measured in S. alterniflora because limited leaf
number and width in S. pafens made it impossible
to fill the LI-6800’s 2 cm chamber aperture. For S.
alterniflora, multiple live leaves were placed together,
but not overlapping, to fill the chamber. Replicates
were limited to 5 to complete measurement of all
treatment groups within the photosynthetic maxi-
mum window (~8:30-13:00) on the same day. Light
(600 umol m~2 s7!) and CO, (420 ppm) were kept
consistent each reading, but temperature and humid-
ity settings were adjusted to match ambient condi-
tions on the day of measurement. All plants assigned
to the harvest group were harvested for final plant

trait measurements on 19 August 2024. Stem number,
individual stem heights of live stems, and maximum
plant heights were measured using a metric ruler.
Three representative leaves were removed from each
plant, kept on ice, and processed for leaf traits (e.g.,
leaf length, area, maximum width) within 24 h in the
lab using a LI-3000C leaf area meter and LI-3050
conveyor belt (LICOR, Lincoln, NE). After, each leaf
was placed in an individual paper envelope and dried
for 72 h in a convection oven (Thermo Scientific) at
60° C. The dry mass of each individual leaf was col-
lected (accuracy of 0.0001 g) using an analytical bal-
ance (Sartorius). Specific leaf area (SLA) was calcu-
lated for each leaf by dividing the leaf area by the dry
mass. All aboveground biomass was cut at the soil
surface, bagged and dried, and dry biomass weighed
using the analytical balance. After aboveground plant
material was removed, a photo of the pot’s soil sur-
face, including soil and emergent roots, was taken
using a Samsung Galaxy A54 5G. A metric ruler
was placed in each photo for scale. The area (cm?) of
emergent root material was measured using Image J
Fiji (Schneider et al. 2012). Finally, all belowground
biomass was removed from the soil, rinsed clean,
bagged, dried at 60° C for 8 days, and dry mass was
collected using an analytical balance.

Transplants

All plants assigned to the transplant group remained
in the greenhouse in their respective salinity treat-
ments until they could be planted at a living shoreline
marsh restoration project site on 10 October, 2024.
The transplanting site was located at an urban inter-
tidal shoreline adjacent to an Oyster Castle™ break-
water in the Lafayette River in Norfolk, VA, USA
(36.889418, — 76.297583) that had been recently
graded and filled with sand. Experimental plants were
placed at elevations ideal for their species tolerance
thresholds with Spartina alterniflora arranged in
three rows closest to the oyster reef breakwater and
S. patens were placed at the highest elevation (still
intertidal) furthest from the shoreline. All plants
were arranged in a blocked randomized order with
one replicate of each treatment in each block. To best
standardize elevation variability at the site Spartina
alterniflora were arranged in three rows (consisting
of 3, 4, and 3 replicated blocks) and S. patens were
arranged in one row. Plants were spaced 40 cm apart
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and hand planted in the sand. Plants were monitored
for survival using binary categorization (i.e., alive
vs. dead) at one month (14 November 2024) and
6 months (3 April 2025) after transplanting. Trans-
plant expansion was measured at 6 months by meas-
uring two perpendicular directions of areal spread,
with X being the largest distance of area coverage and
Y being the distance 90° from X.

Statistical analysis

All data were analyzed using R version 4.4.3 (R
Core Team 2024). Data was analyzed for each spe-
cies separately using a two-way analysis of variance
(ANOVA). The ANOVAs tested for the main effects
(i.e., salinity and inundation treatments) and their
interaction on response variables. Response vari-
ables for the harvest group included stem height, stem
number, maximum plant height, aboveground bio-
mass, belowground biomass, leaf area, leaf length,
leaf dry mass, leaf maximum width, SLA, and area of
emergent roots. The effects of salinity and inundation
treatments on photosynthetic assimilation of CO, (A)
were analyzed over time using a linear mixed-effects
model using the lme4 package (Bates et al. 2015).
Treatment influence on plant survival and growth
post-transplant was analyzed with a binomial gener-
alized linear mixed model (GLMM) with logit link
function. Full results of statistical analyses are avail-
able in Table S1.

Results
Harvest subgroup
Spartina alterniflora

All plants survived the full growing season in the
nursery. Stem height was greater in S. alterniflora
plants that were exposed to the gradual salinity treat-
ment (p=0.037, Fig. 1). Dead to live stem ratio
was greatest in the freshwater treatment (p=0.005,
Fig. 1). Leaf maximum width was greatest in fresh-
water treated plants (p <0.001, Table S2) and SLA
was greatest in plants exposed to the press salinity or
freshwater treatments (p <0.001, Fig. 1). Emergent
root production was greater in flooded plants com-
pared to their non-flooded counterparts, but only for
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the gradual and pulse salinity treatments (p <0.001,
Fig. 1). Total biomass showed an interaction between
salinity and inundation (p=0.036, Fig. 1). Above-
ground biomass was greatest in the gradual salin-
ity treatment (p=0.023, Fig. 1). Root to shoot ratio
was greatest in the freshwater treatments (p <0.001,
Fig. 1). Spartina alterniflora showed no significant
impact of salinity or inundation treatments on num-
ber of live stems, maximum plant height, average
leaf area, average leaf length, average leaf dry mass,
belowground biomass, or dead to live aboveground
biomass ratio. The LMER model showed a sig-
nificant effect of date (»p=0.001) on photosynthesis,
with greatest A values occurring on 29 July, but no
effect of treatments. Separate ANOVAs conducted
at each photosynthesis measuring date revealed that
plants exposed to the gradual and pulse salinity treat-
ment groups had greater A values compared to other
treatments on 12 June, 15 July, and 29 July (Fig. 2,
Table S1).

Spartina patens

All plants survived the growing season in the nursery.
Number of live stems was greater in flooded plants
exposed to freshwater and pulse salinity treatments,
but in plants exposed to the press salinity treatment,
stem production was greater in non-flooded treat-
ments (p=0.012, Fig. 3). Maximum plant height
was greatest in the non-flooded gradual salinity
treatment as well as the flooded pulse salinity treat-
ment (interaction p <0.001, Table S2). Average stem
height showed an interaction between salinity and
inundation treatments (p=0.012), with inundated
stems being significantly taller than their non-flooded
counterparts for pulse and press salinity treatment
groups only (Fig. 3). Leaf area was greater in non-
flooded compared to flooded treatments, but only in
the gradual and pulse salinity treatments (p=0.012,
Table S2). Leaf maximum width was greater in the
gradual salinity treatment (p <0.001, Table S2). Leaf
length was significantly greater in the pulse salinity
treatment (p=0.005). Leaf dry mass was impacted
by salinity treatment (p=0.001) with greatest length
occurring in press salinity treatments. Also, whereas
leaf length was greater in non-flooded plants exposed
to gradual and pulse salinity treatments, the opposite
pattern occurred in freshwater treatments (Table S2).
SLA showed significant effects of both salinity
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Fig.1 Plant traits of Spartina alterniflora exposed to combina-
tions of four salinity treatments (freshwater, gradual, pulse, and
press; grouped by color) and two inundation treatments indi-
cated by shading (non-flooded=opaque, flooded=transpar-

(0.0005) and inundation (p=0.048) with SLA being
greatest in plants receiving the pulse and press salin-
ity treatment and non-flooded treatments (Fig. 3).
Emergent root area showed an interaction between
salinity and inundation treatments (p <0.001) with
flooded plants exhibiting more emergent roots,

ent). All data presented are means =+ stderr for plants assigned
to the harvest group. Letters indicate statistically significant
differences within trait determined by Tukey HSD

especially in freshwater and pulse salinity treat-
ments (Fig. 3). Total plant biomass showed an inter-
action between salinity and inundation treatments
(»=0.031) with greatest biomass occurring in the
gradual salinity and non-flooded combination and
lowest occurring in the press salinity non-flooded
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Fig. 2 Photosynthetic
assimilation of CO, (A) by
S. alterniflora exposed to
combinations of four salin-
ity treatments (freshwater,
gradual, pulse, and press;

grouped by color) and 3ppt

two inundation treatments

. Freshwater . Non-flooded
E] Gradual O Flooded
I:I Pulse

. Press

24ppt 27ppt

18ppt 21ppt

(flooded, non-flooded;
grouped within color indi-
cated by point fill). All data
presented are means + stderr
for plants assigned to the
harvest group. Arrows
indicate the time points

and corresponding salinity
levels for the gradual salin-
ity increase treatment. The
gray shaded areas show the
time windows that salinity
was elevated from 0 to 25
ppt for the pulse salinity
treatment. Only pulse and
gradual treatment groups
were measured two days
following each salinity )
increase point. Asterisks 9
indicate time points at :
which significant differ-

S. alterniflora
Photosynthesis (A)
)(.

*

ences occurred between
salinity treatment groups

treatment combination (Fig. 3). Belowground bio-
mass was greatest in the gradual salinity and non-
flooded combination (p=0.019) and lowest in the
press salinity flooded combination (Fig. 3). Root to
shoot ratio showed an interaction between salinity
and inundation treatments (p=0.006) with greatest
R:S occurring in non-flooded pulse treatment combi-
nations, and R:S generally being lesser in the flooded
treatments compared to their non-flooded counter-
parts (Fig. 3). Spartina patens showed no effect of
treatments on dead to live stem ratio, aboveground
biomass, or dead to live aboveground biomass ratio.

Transplants

At the end of the growing season (August 2024), the
plants assigned to the transplant subgroup showed
no significant differences between treatments on
stem production (number of live stems) (Table S1).
Stem height was significantly greater in S. alterni-
flora plants exposed to the gradual salinity treatment
(»<0.001). In S. patens, stem height was significantly
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reduced in the non-flooded-pulse treatment com-
pared to all other treatment combinations (p=0.001,
Table S1). Overall, plant survival at six months after
transplanting was high (97.5% in S. alterniflora and
92.5% in S. patens). The GLMM showed no signifi-
cant effect of time or treatment on survival (Fig. S1).
An ANOVA conducted on plant survival and vegeta-
tive expansion after six months also showed no signif-
icant effect of treatment on either variable (Table S1).

Discussion

The growing fields of coastal marsh restoration and
creation requires sustainable plant material. In many
cases these projects depend on successful transplan-
tation and survival of nursery-grown plants (plugs),
rather than taking the risk of waiting on natural veg-
etation colonization. The current standard practice
is to acquire these plants from commercial nurser-
ies. While marsh creation project contracts may
specify the number of stems or plant height required
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Fig. 3 Plant traits of Spartina patens exposed to combina-
tions of four salinity treatments (freshwater, gradual, pulse, and
press; grouped by color) and two inundation treatments indi-
cated by shading (non-flooded=opaque, flooded=transpar-

from the plant provider, there remain inconsisten-
cies regarding best practices for nursery-rearing.
Although marsh plantings have occurred for dec-
ades, and some growers anecdotally report practices
of salt-hardening plants to reduce transplant shock
and mortality, there are few scientific reports of the

ent). All data presented are means =+ stderr for plants assigned
to the harvest group. Letters indicate statistically significant
differences within trait determined by Tukey HSD

efficacy of these practices, both in terms of transplant
survival response, but also in terms of the effects of
stress acclimation practices of plant trait responses.
This study conducted rigorous testing of four salinity
acclimation treatments and two inundation treatments
on the two salt marsh species most commonly planted
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in the U.S. to determine the effect of stress acclima-
tion practices on plant growth, plant functional traits,
and survival post-transplantation.

Marketability of stress acclimated plants

Plant nurseries are unlikely to adopt practices that
reduce the quality of their product. We found that
salinity and inundation treatments had no effect on
number of live stems or total biomass in S. alterni-
flora. Although S. alterniflora stem height showed a
statistically significant difference between flooded
freshwater and flooded press (lower) and gradual
flooded (higher) treatments, the total range in aver-
age stem height (i.e., 7 cm—12 cm) may not be eco-
nomically or ecologically significant. Interestingly,
there was a significant difference between treatments
in terms of the dead to live stem ratio. The highest
ratio was observed in both freshwater treatments,
suggesting that although more stems may have been
produced in freshwater treatments in total, many died.
To maximize the presence of live stems compared to
dead, the gradual, flooded treatment combination was
superior for S. alterniflora. Spartina patens showed
minimal effect of stress acclimation treatments on
total biomass with no effect on number of live stems
or dead to live stem ratio. With live stem production
and total biomass relatively similar across all treat-
ments, our data show that incorporating salinity and
inundation stress acclimation techniques will not
reduce product supply for a nursery provider, though
adding salinity may come at an additional cost (both
financial and time) to the grower depending on acces-
sibility of salt water.

Plant functional traits indicate stress acclimation

We were particularly interested in functional traits
that are indicative of flooding and salinity stress accli-
mation (i.e., increased stem height due to etiolation,
increased emergent root production due to anoxia,
and lower SLA indicating response to resource-lim-
ited environments). While shifts in these traits do
not necessarily correspond with increased growth
rates, research has demonstrated that these trait shifts
are important for assessing the plant’s ability to
cope with stressors to survive. Etiolation allows the
plant to escape poor conditions to access light and
air. Etiolation due to shading and flooding has been

@ Springer

documented in Spartina spp. previously (Hubbard
1969; Logan et al. 2018; Mao et al. 2023).Consist-
ent with Hubbard (1969), Logan et al. (2018), and
Mao et al. (2023), Spartina alterniflora stem length
showed an increase in the flooded-gradual treatment
combination, whereas S. patens stems were tallest in
all flooded treatments, as well as freshwater and grad-
ual non-flooded treatments.

Root adaptations to soil waterlogging are impor-
tant autecological factors controlling plant distribu-
tion in wetlands (Sorrell et al. 2000). A variety of
wetland plant adaptations to soil anoxia have been
observed in Spartina spp., including adventitious
root production, rhizosphere oxygenation, root radial
oxygen loss, and aerenchyma formation (Granse et al.
2022). To escape waterlogged anoxic soil conditions,
plants may produce surface roots, or as we observed,
emergent roots where roots grow at or above the soil
surface level. Emergent root production was signifi-
cantly greater in the flooded treatments compared to
non-flooded plants for both Spartina species, except
for the freshwater S. alterniflora salinity treatment.
This is strong evidence that plants had acclimated to
flooded conditions, and although aerenchyma wasn’t
measured in this study, other studies have docu-
mented positive relationships between surface rooting
and aerenchyma production (Burdick 1989; Maricle
and Lee 2002; Granse et al. 2022). Thus, we expected
these plants would not experience additional trans-
plant shock from tidal flooding. Although, it is possi-
ble that emergent roots may be more subject to physi-
cal damage during transportation. Emergent roots
are not a desirable trait for field transplants as plants
would not be secured in the sediment; however, if
planted below the soil surface in a location that is not
continuously flooded, emergent roots are not expected
to persist.

In S. alterniflora, SLA was greatest in plants
exposed to the press—non-flooded treatment com-
bination followed by both the freshwater treatments
(Fig. 1). These observations may indicate that con-
stant salinity exposure, either freshwater or saline,
may allow for the plant to fully acclimate. The lower
SLA values found in the gradual and pulse non-
flooded treatment may indicate the plant was in a
state of stress response and had not reached a point
to maximize energy allocation toward leaf growth.
In S. patens, SLA was greatest in both pulse and
press treatments as well as the non-flooded—gradual
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salinity treatment. Lower SLA observed in all flooded
treatments indicates an expected negative influence of
constant inundation on S. patens.

Photosynthesis was greatest in the gradual and
pulse salinity treatment groups at three time points
(12 June, 15 July, and 29 July), and remained lower
in static freshwater or saline treatments. The observed
transient increase in A in the gradual and pulse treat-
ments may be attributed to upregulation of Rubisco,
accumulation of osmolytes like proline, and acti-
vation of salt-mediated osmotic stress pathways
(Yang and Guo 2018). These changes reduce the
cell osmotic potential to stabilize proteins and cellu-
lar structures (Blumwald 2003), thereby improving
carbon fixation in the presence of stress. Previous
research has shown that moderate levels of salinity
increase photosynthetic performance in Spartina spp.
(Mallot et al. 1975; Naidoo et al. 2012; Zhou et al.
2015), but exceeding an upper threshold (20% in S.
maritima (Naidoo et al. 2012), 30% in S. patens and
S. alterniflora (Maricle et al. 2007; Hwang and Mor-
ris 1994) Hester et al., (2001) found that the effect of
salinity exposure on S. alterniflora and S. patens pho-
tosynthesis was short-lived as differences between the
salinity-treatment and freshwater control groups were
reduced over a 5-week growing period, with the larg-
est differences occurring only after 1 week of salin-
ity exposure. As halophytic species that can exclude
or secrete salt, the physiological stress of sub-lethal
salinity exposure may not persist long term (Bradley
and Morris 1991). Our observations showed a grad-
ual increase in photosynthetic assimilation of CO,
over time across all treatments with greatest A in the
gradual and pulse treatments. No detected effect of
treatments on photosynthesis at the end of the study
may indicate that physiological acclimation of photo-
synthetic machinery occurred by the end of the study.
Additional investigation of the effects of salinity and
inundation on photosynthesis is needed in more inten-
sive frequencies over shorter time frames to under-
stand plant stress and recovery responses.

Traits associated with restoration goals

Goals for projects where Spartina spp. is planted
may include rapid revegetation of an area to pro-
mote primary productivity, provide habitat, secure
sediments, and eventually sequester and store car-
bon (Moritsch et al. 2021). Plant functional traits

indicative of these services include increased above-
ground biomass production (correlated with primary
productivity), belowground biomass, and high root
to shoot ratio (correlated with soil strength and car-
bon storage). In S. alterniflora, biomass was not sig-
nificantly affected by treatments, though there was a
slight trend toward increasing aboveground biomass
in the gradual salinity treatment. Root to shoot ratio
was lowest in the gradual flooded and press flooded
treatment combinations, thus these treatments may
be less ideal for securing sediments. In S. patens, the
gradual non-flooded treatment combination resulted
in most desirable biomass production traits. The high-
est root to shoot ratio was shown in the pulse non-
flooded combination, but this may be due to reduction
in aboveground biomass and not promotion of roots.
Thus, the gradual salinity non-flooded treatment may
be the best for producing restoration-ready S. patens.
Although biomass production is certainly an indica-
tor of many other restoration goals, there remains
room for further research on how acclimation treat-
ments may correlate with desired physical services of
vegetation to dampen wave energy and accrete sedi-
ments. For example, previous research showed that
S. alterniflora pre-acclimated to freshwater showed
increased tissue rigidity as a result of osmotic adjust-
ment when exposed to high salinity (Touchette et al.
2009).

Field transplant survival

Ultimately, the primary metric of success for veg-
etation transplanted into restoration sites is continued
survival and expansion (Menges 2008; Drayton and
Primack 2012). Our transplant study showed equal
field performance, in terms of plant survival and
expansion, regardless of nursery acclimation treat-
ment. The period observed was six months (October
to April), which captured survival and re-sprouting
after winter senescence. By this point, we assume all
plants are similarly acclimated to their site conditions,
thus diminishing future effects of nursery treatment.
With>90% survival across both species, the trans-
plant site location is suitable for these species with
or without acclimation. Importantly, our plants were
only transplanted at one living shoreline project loca-
tion. Heterogeneity between sites may provide results
different from ours. For example, perhaps the effect
of stress acclimation would have been more apparent
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if plants were transplanted to a more stressful field
site. Continued field testing of the efficacy of stress
acclimation techniques is warranted.

Conclusions

Stress acclimatization has been inconsistently prac-
ticed among coastal plant providers, with some
choosing to introduce plants to salinity prior to sell-
ing and others maintaining plants in freshwater. As
implementation of coastal nature-based solutions and
restoration projects rise, so does the need for science-
informed plant preparation guidelines. Our research
shows that exposing young plugs of S. alterniflora
and S. patens to salinity and flooding in a nursery set-
ting can activate plant stress acclimation responses
without compromising desirable traits associated with
marketability and restoration performance. In fact,
salinity exposure resulted in lower dead to live stem
ratio in S. alterniflora and increased biomass produc-
tion in S. patens. Observation of plants transplanted
at a living shoreline project site showed no benefit
or cost of nursery acclimation treatment on plant
survival or initial expansion. Our study shows some
benefits of stress acclimation practices, but also that
plants produced without any acclimation treatments
can be similarly robust in terms of number of stems,
total biomass, and field survival. The Spartina spp.
tested in this study are inherently good stress tolera-
tors as evidenced by their adaptations and observed
niche position. This may explain why some traits
showed minimal effect of acclimation treatments.
We encourage continued research on the tradeoffs
between stress acclimation and plant trait responses
in additional species, particularly those found at
higher elevations that may be less adapted to coastal
stressors but potentially impacted by periodic salinity
and flooding events.
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