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Abstract

Large-scale restoration projects are an exciting and often untapped opportunity

to use an experimental approach to inform ecosystem management and test

ecological theory. In our $10M tidal marsh restoration project, we installed

over 17,000 high marsh plants to increase cover and diversity, using these

plantings in a large-scale experiment to test the benefits of clustering and soil

amendments across a stress gradient. Clustered plantings have the potential to

outperform widely spaced ones if plants alter conditions in ways that decrease

stress for close neighbors. Here, we test whether intraspecific facilitation

improves restoration outcomes using a suite of seven high marsh species

native to central California salt marshes. We also applied a biochar treatment

to test whether soil amendment boosts restoration success. We compared the

performance of clustered and uniform plantings across the high marsh eleva-

tion gradient for 3 years. There was a strong effect of elevation on plant perfor-

mance and clear signs of plant stress related to soil conditions. Clustering

slightly improved the survival of one species out of seven, although clustering

did not benefit that species in a follow-up experiment under more stressful

conditions. By contrast, clustering had strong negative effects on the growth

and/or cover of all species tested. The stressors in this system—likely related

to compaction and soil salinity—were not mitigated by neighbors or biochar.

The prevailing negative effect on seven species from distinct evolutionary line-

ages lends strong generality to our findings. We therefore conclude that for

this and similar high marsh systems, intraspecific facilitation confers no bene-

fits and practitioners should space plants widely to minimize competition. To

take full advantage of the learning opportunities provided by large-scale resto-

ration projects, we recommend including experimental treatments and moni-

toring the response of multiple species across years to refine best practices and

inform adaptive management.
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INTRODUCTION

Restoration can greatly improve biodiversity and the pro-
vision of ecosystem services in degraded habitats (Liu
et al., 2024; Rey Benayas et al., 2009), but outcomes are
strongly influenced by choices made during project
design (Ehrenfeld, 2000; Shimamoto et al., 2018). Once
harmful sources of disturbance have been removed,
resource managers must determine whether desired spe-
cies can be relied upon to colonize restored habitat natu-
rally, or whether more active efforts will be required to
meet project aims (Baur, 2014; Chazdon et al., 2021;
Holl & Aide, 2011; Meli et al., 2013). Practitioners often
focus on dominant foundation species as a linchpin to
restore critical ecosystem function and stimulate further
recovery of biotic communities (Bangert et al., 2013; Liu
et al., 2024; Yando et al., 2019), and such species may
recruit easily at restored sites when propagules are plenti-
ful and disperse readily (Armitage et al., 2006; Lindig-
Cisneros & Zedler, 2002). Yet, evidence that biodiversity
can enhance ecosystem functions and services continues
to accumulate (Cardinale et al., 2012; Rey Benayas
et al., 2009), suggesting that practitioners should broaden
the scope of restoration projects beyond the establish-
ment of foundation species alone (Hughes et al., 2018).

To restore diversity and function in compromised eco-
systems, land managers need proven strategies that sup-
port the establishment of multiple species under real-
world project conditions. Stress is a strong driver of resto-
ration outcomes (Bayraktarov et al., 2016), and even
“benign” habitat may become stressful after site prepara-
tion activities. For example, large-scale grading to restore
hydrological regimes or remove resident communities
creates bare habitat where erosion, soil temperatures,
and evaporation rates are elevated. Because exposure
stress increases with the size of a bare patch, plot-scale
experiments may not identify practices that are effective
at mitigating stress on a landscape scale (Bertness, 1991;
Zedler & Kercher, 2005). Yet, large-scale restoration pro-
jects are rarely designed as experiments to shed light on
underlying drivers of plant performance, or to compare
the effect of different restoration treatments on stress.

Biotic interactions influence stress and restoration
success, and restoration practices have tended to focus on
limiting competition among transplants—perhaps a leg-
acy of ecology’s early preoccupation with competition as
the dominant driver of community structure (Goldberg &

Barton, 1992; Hairston et al., 1960; Schoener, 1983). More
recently, facilitation has been recognized as an important
driver of community structure (Fowler, 1986; Stachowicz,
2001), with stress mediating the balance of positive and
negative interactions in the Stress Gradient Hypothesis
(SGH) framework (Bertness & Callaway, 1994). The SGH
proposes that facilitation will be most important where
stress is greatest, and this framework underlies much of
the work demonstrating facilitation in natural communi-
ties to date (He et al., 2013). Based on this evidence, prac-
titioners have been encouraged to incorporate facilitation
into restoration designs for stressful systems (Halpern
et al., 2007; Padilla & Pugnaire, 2006). Planting seedlings
in the shelter of established “nurse plants” or clustering
groups of transplants together has reduced stress and
improved plant performance in some restoration pro-
jects (Duggan-Edwards et al., 2020; G�omez-Aparicio
et al., 2004; Silliman et al., 2015). However, the propor-
tion of studies that have tested whether positive interac-
tions improve restoration outcomes is very low (Zhang
et al., 2018).

Salt marshes have strong gradients in abiotic condi-
tions across elevation and support a limited flora, making
them excellent systems to test restoration designs inten-
ded to mitigate stress for a suite of species. Studies
documenting positive interactions between plants in nat-
ural marsh systems (Bertness & Hacker, 1994; Bertness &
Leonard, 1997) suggest the potential value of facilitation
as a marsh restoration tool. Drastic loss of salt marsh
habitat also makes these systems high-priority targets for
restoration that will benefit from experiments to establish
best practices (Barbier et al., 2011; Gedan et al., 2009).
Several restoration projects have demonstrated that close
neighbors can relieve exposure stress in intertidal habitat
(Clausing et al., 2023), and anoxia or erosion stress in
subtidal and low marsh habitat (Bos & Van Katwijk,
2007; Silliman et al., 2015). These stressors weaken at
higher elevation where inundation periods and wave
action are reduced, so restoration designs that incorpo-
rate facilitation may not be beneficial in the high marsh
(Bertness & Ellison, 1987; Bertness & Hacker, 1994;
Silliman et al., 2015). However, stress related to desicca-
tion and evaporative salt concentration can increase at
higher elevations—particularly in dry climates. Climate
has a strong effect on plant interaction patterns and res-
toration outcomes, and neighbor interactions in the high
marsh may play out differently in Mediterranean or arid
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climates compared with mesic systems (Bertness &
Ewanchuk, 2002; Silliman et al., 2015). In Mediterranean
high marsh, desiccation and hypersaline conditions dur-
ing dry summers (Callaway et al., 1990; Mahall & Park,
1976) may be more important stressors than the tidally-
driven anoxia that is prevalent at lower elevations. In
addition, most studies testing facilitation in marsh resto-
ration design have focused on single species that are
strong dominants at lower marsh elevations (e.g., Spar-
tina or Salicornia). Plant communities in the high marsh
are more diverse (Peinado et al., 1995; Wasson &
Woolfolk, 2011), and there is a need to identify restora-
tion strategies that support the establishment of a suite of
species in restored habitat. On the central California
coast, several high marsh species tend to occur as patches
in a Salicornia pacifica matrix, suggesting that intraspe-
cific facilitation may help these species establish and
spread. Earlier work in this system did not find that clus-
tering improved the survival or growth of two high marsh
specialists (Tanner et al., 2022). However, this study was
carried out in a particularly mesic year, and in small-
scale plots where topsoil was retained. Outcomes may
differ on a vast expanse of bare, low organic soil in a
constructed marsh, especially if rainfall is limited.

Soil amendments may also play an important role in
the success of marsh restoration plantings. Restoration of
wetlands that have been degraded by fill or by subsidence
usually requires the addition or removal of sediment,
which can result in substrates that differ from native
marsh soils (Langis et al., 1991; Mendelssohn & Kuhn,
2003; Stagg & Mendelssohn, 2010). For example, soils on
constructed marsh habitat can have more sand and less
organic content than reference marsh, slowing the recov-
ery of plant and invertebrate communities (McAtee
et al., 2020). In dry climates like southern California,
restored marsh soils may also become hypersaline, con-
tributing to the failure of restoration plantings (Zedler
et al., 2003). Soil amendments have the potential to miti-
gate plant stress on restored habitat, and biochar is
viewed as a particularly promising soil amendment for
the marsh because it has improved plant performance in
other systems where drought or salinity are prominent
stressors (Agegnehu et al., 2017; Ali et al., 2017; Luo
et al., 2017). A stable form of carbon-rich charcoal,
biochar can increase the water-holding capacity of soil
and competitively bind Na+ ions, leading to lower salt
concentrations in plant tissues and improving plant per-
formance (Ali et al., 2017; Hammer et al., 2015). To date,
research on biochar effects in coastal salt marsh restora-
tion projects remains limited.

In this work, we tested different restoration treat-
ments in a landscape-scale high marsh restoration project
situated in Monterey Bay, California (USA), which has a

Mediterranean climate. Growing conditions at this site
may be particularly stressful due to the large bare
site footprint, its high position in the tidal frame, low
organic soil content, construction-related soil compac-
tion, and the warm, dry conditions associated with Medi-
terranean summer. To ensure the generality of our
findings and provide insight that can inform the design
of other high marsh restoration projects, we tested seven
plant species, including all taxa (other than the marsh
dominant, S. pacifica) that make substantial contribu-
tions to high marsh cover in this watershed and other
central California estuaries. This experiment employed
over 17,000 transplants, making it one of the largest
marsh restoration experiments to date, and its 3-year
duration allowed us to assess restoration treatment
effects on long-term cover as well as early survival and
growth.

We asked: (Q1) Does early survival vary across eleva-
tion (i.e., moisture and salinity gradients), and do close
neighbors improve survival where plants performed less
well? (Q2) Do close neighbors or biochar addition treat-
ments improve (a) plant growth or (b) later survival at
high versus low elevation? (Q3) Do restoration plantings
with close neighbors lead to greater restoration success in
terms of (a) native or (b) exotic cover? Do patterns vary
across elevation and/or species? (Q4) How do rainfall
and seasonal trends in soil water potential, soil percent
moisture, and soil temperature influence abiotic stress
gradients in this system? (Q5) During summertime
drought, do soil metrics differ under plant canopies com-
pared with the open, suggesting a potential mechanism
for facilitation between neighbors? The answers to these
questions will contribute to our understanding of plant
interactions in the high marsh and their influence on res-
toration success, informing the design and adaptive man-
agement of salt marsh restoration projects.

METHODS

Site description

In the Elkhorn Slough Estuary (Figure 1a), open
exchange with Monterey Bay drives a daily average tidal
range of 1.6 m and maintains estuarine salinity near
31 ppt. The central California coast has a mild Mediterra-
nean climate with wet winters and dry summers, and
infrequent inundation coupled with summertime
drought can create hypersaline conditions in the high
marsh (Callaway et al., 1990; Fresquez, 2014). Below
Mean Higher High Water (MHHW), this system is domi-
nated by S. pacifica (Chenopodiaceae) and lacks the
Spartina species found in some California estuaries.
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At higher elevations, the S. pacifica dominant can be
interrupted by large patches of the perennial species
Distichlis spicata, Frankenia salina, and Jaumea carnosa.

These high marsh specialists represent three plant fami-
lies (Poaceae, Frankeniaceae, Asteraceae) and collectively
may contribute up to 40% of high marsh cover

F I GURE 1 Legend on next page.
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(Wasson & Woolfolk, 2011). Other high marsh peren-
nials are less common in this system and include
Extriplex californica (Chenopodiaceae), Limonium
californicum (Plumbaginaceae), Spergularia macro-
theca (Caryophyllaceae), and Triglochin concinna
(Juncaginaceae). The patchy distribution of high
marsh specialists in this system raises the question of
whether close conspecific neighbors may have a facili-
tative effect in the high marsh.

Sediment addition and sediment removal were used
in tandem to restore the 25-ha Hester Marsh site on the
Elkhorn Slough National Estuarine Research Reserve
(Fountain et al., 2019). During Phase I construction in
2018, soil was scraped from a hillside grassland bordering
the estuary and pushed down into the marsh plain, rais-
ing it approximately 90 centimeters and setting it above
MHHW under the current tidal regime. A 30-meter-wide
band of the scraped hillside was then graded to a gentle
slope of high marsh habitat sitting between 1.95 and
2.20 m North American Vertical Datum of 1988
(NAVD88), where experiments for this study were
installed (Appendix S1: Figure S1). Soils in this cons-
tructed high marsh tended to be heterogenous after
grading, and low in organic content because of their ori-
gin (i.e., subsurface layers of the hillside exposed via
scraping). Low organic content coupled with higher
temperature and evaporation rates on bare soils of the
constructed high marsh may contribute to transplant
stress, particularly during Mediterranean summer.

Our primary goal at Hester Marsh was to create
diverse habitat that would remain resilient to a century
of sea-level rise, and our secondary goal was to learn as
much as possible about best practices for large-scale res-
toration work in this and similar systems. To that end,
we built experiments into the project that would allow us
to test the effectiveness of different restoration strategies
for maximizing the growth and cover of a diverse suite of
species. We allowed S. pacifica to colonize the site natu-
rally (Shikuzawa et al., 2024; Zedler et al., 2001), and
focused on planting less common high marsh specialists
that were likely to be propagule-limited, particularly at
higher elevations where seed would only disperse on rare
king tides.

Propagation

Propagation success was low for two of the seven species
studied here, so we revised our large-scale block planting
design to focus on the remaining five species (Figure 2a;
Appendix S1: Figure S1) and used the available stock of
L. californicum and T. concinna in smaller scale experi-
mental plantings adjacent to blocks (see Appendix S1:
Section S1: Propagation for more details).

Experimental design

Overview

In the fall of 2018, we established six blocks for our main
restoration planting in the high marsh elevation band
(~1.95–2.20 m NAVD88). Blocks were ~30 m long from
the landward to the seaward edge, ~35 m wide, and
spaced 30–40 m apart (Figure 1b). Each block was
subdivided into 10 columns, with 2 columns allocated to
each primary species (D. spicata, E. californica, F. salina,
J. carnosa, and S. macrotheca); one column in each pair
was planted in the uniform treatment, and one in the
clustered treatment (Figure 1c) (see Appendix S1:
Section S2: Experimental design for more details). We
also planted L. californicum and T. concinna in “wings”
on either side of each block; wings were installed near
the top of blocks because these species tend to occur at
the upper edge of the high marsh in this watershed.

Planting treatments

In uniform columns, transplants were spaced 50 cm apart
to limit interactions between neighbors. In clustered col-
umns, groups of nine plants were installed 10 cm apart to
promote interactions between neighbors (Figure 2b). This
spacing was informed by previous work in this system
(Tanner et al., 2022) and is similar to treatments applied
in other studies (O’Brien & Zedler, 2006; Silliman
et al., 2015). In January 2019, we planted 2700 seedlings
in each block (540 seedlings for each of the five primary

F I GURE 1 (a) Location of the restored Hester Marsh in Elkhorn Slough Estuary in Monterey Bay, California, USA. (b) Six blocks

(~30 × 35 m) were installed between 1.95 and 2.20 m NAVD88 on the gently sloping high marsh adjacent to the western hillside (the source

of high marsh fill). Each block was subdivided into 10 planted columns, with a pair of columns assigned to each of the five primary species.

The location of supplemental Extriplex californica plantings at Yampah is shown on the eastern side of the restored marsh (see dashed white

line). (c) In each column pair, one column was planted in the clustered pattern and one in the uniform pattern of the assigned species.

Darker brown bands show the location of marked 9-plant units at high and low elevation, where biochar was applied to half of the marked

plants for each of the five primary species. Inundation time in planted columns ranged from ~2 h per year near the upland boundary of the

block to ~92 h near the lower marsh boundary.
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species, with 270 seedlings per column). We marked
nine-plant units at “high elevation” (~2.16 m NAVD88)
and “low elevation” (~2.0 m NAVD88) in each column
(Figure 1c). These marked nine-plant units (n = 48 per
species) were used for growth and survival surveys that
would be too intensive to carry out across the entire
planted block (see Appendix S1: Section S2: Experimental
design for more details). In the wings near the top of the
blocks, we planted nine-plant units of L. californicum
and T. concinna in each planting pattern as limited

transplant stock allowed (n = 18 replicates for
L. californicum and n = 6 replicates for T. concinna).

Biochar addition treatment

We developed a biochar addition treatment to test
whether invasive blue gum (Eucalyptus globulus) felled
on Reserve lands could be beneficially used as a soil
amendment to promote transplant establishment at the

F I GURE 2 (a) The five species used in large-scale block plantings: Distichlis spicata, Extriplex californica, Frankenia salina, Jaumea carnosa,

and Spergularia macrotheca (left to right). (b) Each column was planted with 270 individuals of the assigned species. In clustered columns, nine-

plant units were planted with 10 cm spacing between individuals. In uniform columns, all plants were evenly distributed using 50 cm spacing.

Flags indicate marked nine-plant units at high and low elevation where survival and growth were measured in the biochar treatment (blue flags)

and the control treatment (pink flags). Photos of columns planted with F. salina in (b) were taken from the upland edge of the planted block,

looking across the main channel of the restored marsh toward Yampah Island. Photo credits: Karen E. Tanner, 2019 and 2020.
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Hester Marsh restoration site (see Appendix S1: Section S3:
Biochar, Table S1 for more details). We assigned half of all
the marked nine-plant units at high and low elevation to
the biochar treatment (see Appendix S1: Section S2: Experi-
mental design for more details). We added 18 mL of biochar
(~14% by volume) to dibbler holes before installing plants
assigned to this treatment group. Due to limited transplant
stock, we did not include L. californicum or T. concinna in
the biochar addition experiment.

Supplemental E. californica plantings at
Yampah

In the spring of 2019, high E. californicamortality near the
bottom of planted blocks was associated with compacted
soils and standing water. These conditions only occurred
in a subset of blocks, likely related to differences in soil
texture and/or paths traveled by vehicles during construc-
tion. A trend for higher survival in clustered plantings
under these conditions motivated a second clustering
experiment using leftover stock of E. californica, installed
in December 2019. This supplemental experiment was car-
ried out at Yampah Island on the eastern side of the
restored Hester Marsh (Figure 1b), where sediment was
added to raise marsh elevation and heavy equipment
compacted soils. At each Yampah plot (n = 20 total), we
installed one nine-plant unit in the uniform pattern and
one nine-plant unit in the clustered pattern. No biochar
treatment was applied in this experiment.

Inundation during the study period

Tidal inundation data from the Reserve’s nearby water
quality monitoring station were used to estimate hours of
inundation across elevation for the period August 2018–
August 2021, from the end of Phase 1 site construction
through final cover surveys (Figure 1c) (see Appendix S1:
Section S4: Tidal inundation and rainfall for more details).

DATA COLLECTION

Overview

We relied on two data collection strategies: surveys on
transects across the full elevation gradient in planted col-
umns, and measurements at marked nine-plant units in
designated high-elevation and low-elevation locations
(Figure 1c) where biochar addition treatments were also
applied (see Appendix S1: Section S5: Data collection for
more details).

Q1: Early survival across the elevation
gradient (9 weeks after planting)

Following planting, we observed high E. californica
and S. macrotheca mortality near the bottom of some
planted blocks, where soils were compacted and water-
logged from tides and heavy rains. This mortality
occurred during the first few weeks after transplanting
and affected plants at lower elevations than the nine-
plant units we had marked to track long-term growth
and survival in the “low elevation” group. We therefore
conducted a one-time survival survey on transects
across the full elevation gradient in planted blocks to
quantify early mortality (see Appendix S1: Section S5.1
for more details).

Q2a: Plant volume at high versus low
elevation (14 weeks after planting)

We compared growth at nine-plant units in the clustered
versus uniform planting treatments at high and low ele-
vation (Figure 1c) in May of 2019, using maximum height
and diameter measurements to estimate plant volume
(see Appendix S1: Sections S2: Experimental design and
S5.2 for more details).

Q2b: Survival at high versus low elevation
(18 weeks after planting)

Main planting

We assessed survival in clustered versus uniform nine-
plant units at high and low elevation (Figure 1c) (see
Appendix S1: Section S2: Experimental design for more
details). Individuals in clusters became more difficult
to distinguish as plants grew, so we carried out our
final survey in June of 2019. To accommodate the
nonindependence of plants in clusters, we counted
the number of plants still alive in each marked clus-
tered or uniform unit and divided by the total origi-
nally planted (typically nine plants—in rare cases
where transplants of the incorrect species were discov-
ered in plantings and were removed, the original total
was decremented).

Supplemental E. californica plantings at
Yampah (installed December of 2019)

We assessed the survival of all E. californica in nine-plant
units on a monthly basis for the duration of the experiment.
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Q3: Percent cover across the elevation
gradient (2019, 2020, 2021)

We assessed cover in summer because it is an active
growing period for most perennial natives planted in
our restored high marsh. Surveys carried out in June
(2019) or July (2020 and 2021) were also early enough to
capture cover of annual exotic species, which tend to
senesce during the dry season. We marked a starting
point at the top of the block (2.2 m NAVD88) and an
endpoint at the bottom of the block (1.95 m NAVD88)
in each planted column and collected presence/absence
data on these transects each year (see Appendix S1:
Section S5.3 for more details). Forty-one distinct taxa
were observed on the initial survey in June of 2019,
including 11 natives and 30 exotic species (see
Appendix S1: Table S2 for a complete list); a subset of
these same species were observed on July surveys in
subsequent years. By July, senescent exotic annuals
could be difficult to identify to the species level but
could still be easily distinguished from high marsh
natives and from each other. We therefore assessed
exotic cover on the basis of the total unique exotics
encountered.

Q4: Rainfall and seasonal trends in soil
water potential and percent moisture in
the open (2019)

We used records from a nearby weather station to report
rainfall during the planting year (2019), and to calculate
average rainfall for the 20-year period, January 2001–
January 2020 (see Appendix S1: Section S4: Tidal inunda-
tion and rainfall for more details).

To track changes in percent moisture and soil water
potential over time, we collected soil samples in the open
at all blocks (see Appendix S1: Section S5.4, Table S3 for
more details).

Q4 and Q5: Seasonal trends in soil
temperatures in the open and under plant
canopies (2019–2020)

To compare soil temperatures in the open and under-
neath plant canopies, we installed Thermochron
iButton units (model DS1921G, Maxim Integrated, San
Jose, California, USA) at each block. Units were
installed in the open (n = 6 across blocks) and under-
neath canopies of extra transplants alongside each
planted block (n = 1 iButton unit per species per

block) (see Appendix S1: Section S5.5 for more
details).

Q5: Soil water potential and percent
moisture in the open and under plant
canopies during summertime drought
(35 weeks after planting)

Near the end of the first dry season (September 2019), we
collected soil cores underneath plant canopies to compare
with soil cores taken in the open (see Appendix S1: Section-
S5.6 for more details). Sample sizes were n = 6 cores each
for E. californica, F. salina, and S. macrotheca; n = 4 cores
for J. carnosa (two individuals died); and n = 4 cores for
D. spicata (one individual died and one core classified as
having light cover was dropped prior to analysis).

STATISTICAL ANALYSES

Overall approach

All analyses were carried out in R version 4.3.2 (R Core
Team, 2023). We used the lme4 package (Bates et al.,
2014) to build linear models, linear mixed-effects models,
or generalized linear mixed-effects models (GLMMs) as
needed, choosing the most appropriate family for each
data set. We used the Anova function from the car pack-
age (Fox & Weisberg, 2011) to extract p values from all
models (we chose the Type III approach to accommodate
unbalanced data). In models including elevation as a
numerical covariate, we removed nonsignificant interac-
tions to avoid compromising the calculation of Type III SS,
reporting results using the reduced model. For all ana-
lyses, we used the DHARMa package (Hartig, 2021) to
generate model diagnostic plots and test for deviations
from model assumptions. We inspected quantile–quantile
plots, applying a Kolmogorov–Smirnov test for uniformity
as well as dispersion and outlier tests on the overall
models. We also tested models for zero inflation, and
tested within categorical predictors for violations of unifor-
mity and homogeneity of variance (Levene’s test). Unless
otherwise stated below, models met all assumptions.

Q1: Early survival across the elevation
gradient (9 weeks after planting)

We used binomial generalized linear models (GLMs) to
assess survival across elevation by planting treatment for
each species. Models included elevation (continuous) and
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planting pattern (clustered vs. uniform) as fixed effects.
We also chose to include block as a fixed effect because
we observed clear differences in survival among the three
blocks surveyed, but the low number of blocks made a
random block effect inappropriate. Diagnostic plots
revealed a minor deviation from the expected quantiles
for E. californica but did not suggest a serious problem in
model fit for this species.

Q2a: Plant volume at high versus low
elevation (14 weeks after planting)

We chose to model volume using natural log-transformed
data after inspecting the shape of raw and transformed
data sets by species. Linear mixed models for the five pri-
mary species included planting pattern (clustered
vs. uniform), elevation (high vs. low), the interaction
between planting pattern × elevation, and block as a ran-
dom effect for all species except J. carnosa, where in-
cluding block triggered a singular fit error (likely due
to low between-block variation). We also built linear
models using natural log-transformed volume data for
L. californicum and T. concinna, including only the plant-
ing pattern as a fixed effect (again dropping the random
block effect to avoid overfitting). The biochar predictor
had no significant effect on plant volume for the five pri-
mary species and was dropped from all models. Homogene-
ity of variance was violated for the planting pattern
predictor in the J. carnosa model (p = 0.018), so results for
this species should be considered approximate.

Q2b: Survival at high versus low elevation
(18 weeks after planting)

We used binomial geGLMMs or GLMs to assess the pro-
portion of plants surviving for six of the seven species
studied here (because 99% of marked J. carnosa individ-
uals survived in all treatments, we do not report statisti-
cal tests for that species). For the remaining species, we
used the total number of individuals planted in each clus-
tered or uniform unit (usually nine plants) as a weighting
factor in the model. We built GLMMs for D. spicata,
E. californica, and S. macrotheca, including planting pat-
tern (clustered vs. uniform), elevation (high vs. low), the
interaction between planting pattern × elevation, and
block as a random effect. We used the glmmTMB pack-
age (Brooks et al., 2017) to extend the S. macrotheca
model to correct for zero inflation identified in DHARMa
diagnostics. We dropped the random block effect from
the F. salina model to avoid overfitting (likely caused by

low between-block variation given the high survival of
this species), using a binomial GLM instead. The biochar
predictor had no significant effect on the survival of any
species tested, and was dropped from all models. Finally,
we built binomial GLMs to model L. californicum and
T. concinna survival at high elevation, including only
planting pattern as a fixed effect (block was dropped from
models to avoid overfitting).

Q3a: Percent transplant cover across the
elevation gradient (2019, 2020, 2021)

We tested the effect of planting treatment on cover in
each year, choosing a binomial approach for presence/
absence data on transplanted species. For all species and
years but one, we built binomial GLMMs including eleva-
tion (continuous gradient), planting pattern (clustered
vs. uniform), the elevation × planting pattern interaction,
and block as a random effect. Nonsignificant interaction
terms involving the elevation covariate were dropped
from final models, as described above. We also
dropped the random block effect from the 2019 D. spicata
cover analysis to avoid model overfitting (likely caused
by low variation between blocks). Homogeneity of vari-
ance was violated for the planting pattern predictor in
the S. macrotheca 2019 model (p = 0.021), and diagnostic
plots revealed a minor deviation from the expected
quantiles for S. macrotheca in 2020, so results for this spe-
cies should be considered approximate.

Q3b: Percent exotic cover across the
elevation gradient (2019, 2020, 2021)

Because most exotic annuals encountered were upland spe-
cies, and even salt-tolerant exotics do not occur at the low-
est elevations studied here, we dropped data points below
2.035 m NAVD88 (near the low elevation location shown
in Figure 1c) before carrying out analyses. This reduced the
2019 and 2020 data sets from 149 to 99 sampling points per
transect and reduced the 2021 data set from 59 to 39 sam-
pling points per transect. We then summed the number of
unique exotic species encountered at each sampling point
(pin drop). We chose a Poisson approach as most appropri-
ate for these count data, building GLMMs including plant-
ing pattern (clustered vs. uniform), elevation (continuous
gradient), the elevation × planting pattern interaction, and
block as a random effect. Nonsignificant interaction terms
involving the elevation covariate were dropped from final
models, as described above. Models passed zero-inflation
and overdispersion tests for most species and years, but
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DHARMa diagnostics revealed numerous deviations from
uniformity and homogeneity of variance in 2020 models
(see Appendix S1: Section S6: Statistical analysis of exotic
cover for details). Despite these deviations, patterns in
quantile–quantile plots did not suggest serious problems
with model fit.

Q4 and Q5

See Appendix S1: Section S7: Statistical analyses of soil
data for details on how soil temperature, soil water
potential, and soil percent moisture data were analyzed
and assessed for model fit.

RESULTS

Q1: Does early survival vary across the
elevation gradient, and do close neighbors
improve survival where plants performed
less well (9 weeks after planting)?

Plant survival to 9 weeks was high for D. spicata,
F. salina, and J. carnosa, while E. californica and S.
macrotheca suffered substantial mortality during this
period (Figure 3; Appendix S1: Figure S2a). Elevation
was a significant predictor of survival for E. californica,
J. carnosa, and S. macrotheca, with more transplants
surviving at higher elevations (Figure 3b,d,e;
Appendix S1: Table S4b,d,e; p < 0.031 for all three spe-
cies). Planting pattern had no significant effect on sur-
vival of any species, but marginally significantly
(p = 0.051) more E. californica individuals survived in
clustered plantings (Figure 3b; Appendix S1:
Table S4b). Survival of D. spicata and F. salina was
unaffected by elevation, planting pattern, or block
(Figure 3a,c; Appendix S1: Table S4a,c). Block had a
significant effect on E. californica and S. macrotheca
survival only (p < 0.001 and p = 0.002, respectively;
Appendix S1: Table S4b,e).

Q2a: Do close neighbors or biochar addition
improve plant volume at high versus low
elevation (14 weeks after planting)?

Plant volume across the five primary species was
strongly and significantly affected by both elevation
and planting pattern (Figure 4, left panels; Table 1).
Plants were consistently larger at higher elevation and
in the uniform plantings (p < 0.022 for both predictors,

all species). Only E. californica showed a significant
effect of the planting pattern × elevation interaction,
where plant size increased more strongly at high eleva-
tion in the uniform plantings (Figure 4b; Table 1b).
The biochar predictor had no significant effect on plant
volume for the five primary species (Appendix S1:
Tables S1 and S5). L. californicum and T. concinna
planted at high elevation were also significantly larger
in uniform plantings (Appendix S1: Figure S3a,
Table S6; p < 0.001 and p = 0.013, respectively).

Q2b: Do close neighbors or biochar addition
improve survival at high versus low
elevation?

Main planting

Plant survival to 18 weeks was significantly greater
at high versus low elevation for E. californica and
S. macrotheca (Figure 4g,j; Table 2b,d, p < 0.002 for
both species). Survival of E. californica was also mar-
ginally significantly higher in clustered plantings
(Table 2b, p = 0.074). A significant effect of elevation
(p = 0.006) and a marginally significant effect of plant-
ing pattern (p = 0.054) on D. spicata survival
(Figure 4f; Table 2a) were driven by two locations
where survival was <30%; if these data points were
dropped, only a marginally significant planting
pattern × elevation interaction remained (p = 0.067).
Elevation, planting pattern, and their interaction had
no effect on the survival of F. salina (Figure 4h;
Table 2c), and 99% of J. carnosa individuals survived
across all treatments (Figure 4i). The biochar predictor
had no significant effect on the survival of any of the
species tested in planted blocks (Appendix S1:
Table S7). At high-elevation plantings in block wings,
L. californicum survival was significantly higher in uni-
form plantings (Appendix S1: Figure S3b, Table S8a,
p = 0.003), but planting pattern had no effect on the
survival of T. concinna (Appendix S1: Table S8b,
p = 0.236).

Supplemental E. californica planting at Yampah
(high elevation only)

On the first survival survey 8 weeks after planting, in
January 2020, we found only a handful of seedlings alive
and in poor condition. By the end of February 2020, we
observed complete mortality across both the uniform and
clustered planting treatments at Yampah.
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F I GURE 3 Legend on next page.
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Q3a: Do restoration plantings with close
neighbors lead to greater restoration
success in terms of native cover (2019,
2020, 2021)?

Planted species cover generally increased across elevation
(Figure 5), and increased with each growing season for
D. spicata, F. salina, and J. carnosa (Appendix S1:
Figures S4 and S5). The cover of E. californica (Figure 5b)
and S. macrotheca (Figure 5e) was more variable over
space and time, especially for the latter, which attained
high cover in the first growing season but declined there-
after (Appendix S1: Figure S4). Clustering never had a
positive effect and instead suppressed cover when main
planting pattern effects were significant (Table 3). A sig-
nificant planting pattern × elevation interaction for
D. spicata cover in 2019 suggested a subtle switch in
neighbor effects across elevation, with minor effects on
cover. Otherwise, significant planting pattern × elevation
interactions indicated a stronger benefit of the uniform
planting as elevation increased (e.g., F. salina and
S. macrotheca in 2019; Figure 5c,e), but could also signal
a weakening negative effect of neighbors at some eleva-
tions, resulting in similar performance in both treatments
(e.g., S. macrotheca in 2021; Figure 5e). By the 2021 grow-
ing season, cover was significantly lower in clustered
plantings for all species (Figure 5; Table 3).

Q3b: Do restoration plantings lead to
greater restoration success in terms of
exotic cover (2019, 2020, 2021)?

Most exotic invaders in planted areas were upland spe-
cies, and exotic cover significantly increased with ele-
vation in all years (Figure 6). Significant effects of
planting pattern on cover were relatively rare and var-
ied with the species planted. Exotic cover in D. spicata
columns was unaffected by planting pattern (Table 4a;
Figure 6a). In areas planted with E. californica, a sig-
nificant elevation × planting pattern interaction
reflects a switch from higher exotic cover in the clus-
tered treatment at mid-elevations to higher exotic
cover in the uniform treatment at the highest eleva-
tions (Table 4b; Figure 6b). Exotic cover tended to be

higher in clustered plantings of F. salina across the ele-
vation gradient (Table 4c; Figure 6c). Exotic cover in
columns planted with J. carnosa or S. macrotheca was
variable across years, tending to be higher in clustered
plantings at mid-elevation, but higher in uniform
plantings near the upland transition (Table 4d,e;
Figure 6d,e).

Q4: How do rainfall and seasonal trends in
soil water potential, soil percent moisture,
and soil temperature influence abiotic
stress gradients in this system (2019)?

The weather followed a characteristic Mediterranean pat-
tern in the first growing season, with a cool wet winter
and warm dry summer. Following planting, rainfall was
above the 20-year average in February and May
(Appendix S1: Figure S6a). Soil moisture content ranged
from a summertime low of ~2% to more than 25% during
the wet season, was highly variable across blocks, and
followed a general pattern of greater moisture near the
bottom of blocks where inundation was more frequent
(Appendix S1: Figure S6b). Soil water potential during
the wet season ranged from nearly zero (the maximum
value possible) at the upland edge of the block to
−40 MPa at the lower marsh boundary near the end of
the dry season (Appendix S1: Figure S6c). The most nega-
tive soil water potential values were observed at lower
elevations, where frequent inundation likely maintained
more saline conditions. Soil temperatures in the open
ranged from a mean high of 33�C in September to a mean
low of 17�C in December (Appendix S1: Figure S7a).

Q5: During summertime drought, do soil
metrics differ under plant canopies
compared with the open (35 weeks after
planting)?

Sampling location (in the open vs. under plant canopies)
had no effect on soil water potential near the end of the dry
season (Appendix S1: Figure S7c, Table S9). In contrast, soil
moisture was significantly higher under plant canopies
(Appendix S1: Figure S7b, Table S10a). Post hoc tests

F I GURE 3 The proportion of transplants surviving to 9 weeks in the clustered and uniform planting pattern, on transects across the

full elevation gradient in three planted blocks: (a) Distichlis spicata, (b) Extriplex californica, (c) Frankenia salina, (d) Jaumea carnosa,

(e) Spergularia macrotheca. Individual plants at each elevation are visualized as dots at position 1.0 on the y axis (live plants) or position 0.0

on the y axis (dead plants). Filled orange dots indicate plants in the clustered planting pattern, and open blue dots indicate plants in the

uniform planting pattern; because three individuals per planting treatment were surveyed at each elevation, up to six dots may be stacked at

each elevation (for example, when all plants in both treatments survived at a given elevation, six stacked dots appear at position 1.0). Linear

survival trends in the clustered planting pattern are shown in orange, and survival trends in the uniform planting pattern are shown in blue.
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revealed that this effect was largely driven by the difference
in soil moisture under F. salina canopy versus bare soil
(Appendix S1: Table S10b). Soil temperatures were also
coolest under F. salina canopy (Appendix S1: Figure S7a).

Soil temperatures differed in the open versus under
plant canopies (Appendix S1: Table S11). Temperatures
in the open and under the relatively sparse canopies of
D. spicata and J. carnosa canopies were higher, especially
during warmer months, while temperatures under the
denser canopies of E. californica, F. salina, and
S. macrotheca tended to be cooler (Appendix S1:
Figure S7a, Table S12).

DISCUSSION

Intraspecific interactions in restoration

Facilitation has been advanced as an important tool to
reduce stress at restoration sites, but we found little evi-
dence of positive interactions between plants in our
restored salt marsh. In our main restoration planting, we
found that close neighbors slightly improved survival of a
single species (E. californica), but this benefit was
strongly outweighed by competition for space as plants
grew. For the remaining species, we found that clustering
did not benefit plant performance in any way, and in fact
close neighbors strongly suppressed growth and cover for
all five species in planted blocks, as well as growth of two
additional species planted in block wings. Our supple-
mental restoration planting at Yampah the following year
was designed as a second test of neighbor effects on
E. californica under stressful conditions, but in this case,
clustering conferred no survival benefit (all transplants
died in clustered as well as uniform plantings). We also
found no benefit of clustering on F. salina and J. carnosa
performance in an earlier plot-scale experiment at a
restored lagoon in the Elkhorn Slough complex (Tanner
et al., 2022). Given our efforts to detect intraspecific facili-
tation in restoration plantings that collectively cover seven
species, three independent experiments in separate years,
and tests at both the plot and landscape scale, we conclude
that close conspecific neighbors do not improve high
marsh restoration outcomes in this estuary—and likely
will not benefit restoration efforts in similar systems.

Our results were surprising because positive interac-
tions between plants that mitigate stress have been

F I GURE 4 Performance of marked plants in the clustered and

uniform planting patterns at high and low elevation: Left panels (a–
e) show natural log-transformed plant volume at 14 weeks, and

right panels (f–j) show percent transplant survival at 18 weeks. The

clustered planting pattern is shown in orange, and the uniform

planting pattern is shown in blue. Error bars show one SD. See

Figure 1c for the position of the high- and low-elevation locations

within planted blocks.
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demonstrated in both natural and restored systems. Once
the SGH (Bertness & Callaway, 1994) laid out a relation-
ship between neighbor interaction patterns and stress,
this framework was validated by theoretical modeling
efforts (Travis et al., 2005, 2006) and empirical studies in
alpine systems (Callaway et al., 2002; Cavieres
et al., 2006), deserts (McAuliffe, 1986; Nobel, 1980),
grasslands (Greenlee & Callaway, 1996), oak woodlands
(Callaway, 1992; Callaway & D’Antonio, 1991), salt
marshes (Bertness, 1991; Bertness & Shumway, 1993;
Bertness & Yeh, 1994), and intertidal zones
(Bertness, 1989; Leslie, 2005). The broad evidence for
positive neighbor effects in a range of natural systems
(He et al., 2013) prompted scientists to propose that
facilitation should be incorporated into restoration
designs for stressful habitat (Halpern et al., 2007;
Padilla & Pugnaire, 2006). Positive interactions that
improve restoration outcomes have previously been
demonstrated in coastal systems. In a test of interspe-
cific facilitation including three taxa studied here

(F. salina, J. carnosa, and L. californicum), O’Brien and
Zedler (2006) found that more transplants tended to sur-
vive sediment smothering and salinity stress when
planted in tight clusters. Studies focused on intraspecific
interactions have also found positive effects on restora-
tion outcomes; Bos and Van Katwijk (2007) found that
clustered eelgrass plantings were able to withstand
greater hydrodynamic stress, and Silliman et al. (2015)
demonstrated that clumping buffers anoxia and erosion
stress for Spartina transplants in the low marsh. At our
restoration site, we hypothesized that conspecific neigh-
bors with the same stress tolerance and resource needs
could still drive a benefit via shading effects on soil
moisture and plant water relations. Yet, plants in the
uniform treatment performed best, suggesting that any
benefit of shading in the clustered treatment was
outweighed by competition for belowground resources
(e.g., water) or aboveground resources (e.g., space). As a
result, intraspecific facilitation does not appear to be an
effective tool for improving restoration success in this

TAB L E 1 Linear mixed-effects model and linear model results evaluating the effects of planting pattern (clustered vs. uniform), high

versus low elevation, and the planting pattern × elevation interaction on natural log-transformed plant volume for the 5 primary species: (a)

Distichlis spicata, (b) Extriplex californica, (c) Frankenia salina, (d) Spergularia macrotheca, and (e) Jaumea carnosa.

Model type and species Predictor F df Residual df SS p

Linear mixed-effects model

(a) D. spicata (n = 47) (Intercept) 1290.39 1 5.00 <0.001

Planting pattern 14.21 1 38.09 0.001

Elevation 5.74 1 38.09 0.022

Planting pattern × Elevation 1.16 1 38.09 0.288

(b) E. californica (n = 48) (Intercept) 1339.29 1 5.00 <0.001

Planting pattern 142.51 1 39.00 <0.001

Elevation 40.95 1 39.00 <0.001

Planting pattern × Elevation 10.75 1 39.00 0.002

(c) F. salina (n = 48) (Intercept) 3595.69 1 5.00 <0.001

Planting pattern 224.40 1 39.00 <0.001

Elevation 89.43 1 39.00 <0.001

Planting pattern × Elevation 2.35 1 39.00 0.133

(d) S. macrotheca (n = 47) (Intercept) 3630.48 1 4.99 <0.001

Planting pattern 321.48 1 38.11 <0.001

Elevation 50.38 1 38.11 <0.001

Planting pattern × Elevation 0.15 1 38.11 0.704

Linear model

(e) J. carnosa (n = 48) (Intercept) 4704.85 1 2409.36 <0.001

Planting pattern 118.62 1 60.74 <0.001

Elevation 7.44 1 3.81 0.009

Planting pattern × Elevation 0.91 1 0.46 0.346

Note: Results when including the nonsignificant biochar treatment predictor are presented in Appendix S1: Table S5. Bold values indicate significant effects
(p ≤ 0.05).
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central California high marsh. Many of the species stud-
ied here are widely distributed in marsh communities
on the US West Coast (Janousek et al., 2019), and previ-
ous work has identified strong similarities between
marsh communities on the California coast and in the
Mediterranean region (Peinado et al., 1995). Where
high marsh floristic composition and climate regime
are similar to the system studied here, we predict that
close conspecific neighbors will suppress restoration
success. Clustered plantings using different species
may yield better outcomes in the high marsh, particu-
larly when those species differ in abiotic tolerance and
competitive ability (Maestre et al., 2009).

Physical stressors affecting restoration
outcomes

Stress can make revegetation of restoration sites challeng-
ing, and the ability to identify and mitigate stressors is
key to enhancing restoration success (Beheshti et al.,
2023; Brooks et al., 2015; O’Brien & Zedler, 2006). Stress
mitigation may be particularly important on constructed

habitat, where heavy equipment can compact soil and grad-
ing creates large swathes of bare earth where exposure
stress can be high (Mossman et al., 2012; Thomsen
et al., 2022; Zedler et al., 2003). We observed clear evidence
of stress in some planted blocks, and in the supplemental
experiment at Yampah. In particular, early survival of
E. californica was highly variable across planted blocks
(ranging from 35% to 91%) and appeared to be related to
local soil conditions. S. macrotheca also experienced patchy
mortality, particularly in one block where 24% of trans-
plants died during the first 10 weeks. At the Yampah site
where we planted only E. californica, all transplants died
during the first few weeks after planting. For effective adap-
tive management of this and other similar restoration pro-
jects, it is critical to characterize the stressors present and
explore solutions for decreasing them (Zedler, 2017).

We observed clear differences in plant performance
across elevation, with impacts on mortality and/or
growth and cover depending on species. Transplant per-
formance generally declined downslope, and natural
recruitment of S. pacifica was also lower near the bottom
boundary of the high marsh (Thomsen et al., 2022).
Although hypoxia is known to impair salt marsh plant

TAB L E 2 Generalized linear mixed-effects model and generalized linear model results evaluating the effects of planting pattern

(clustered vs. uniform), high versus low elevation, and the planting pattern × elevation interaction on transplant survival to 18 weeks for

four of the five primary species: (a) Distichlis spicata, (b) Extriplex californica, (c) Frankenia salina, and (d) Spergularia macrotheca (statistical

tests for Jaumea carnosa are not presented because marked plant survival was 99% across all treatments). Results when including the

nonsignificant biochar treatment predictor are presented in Appendix S1: Table S5.

Model type and species Predictor χ2 df p

GLMM (binomial)

(a) D. spicata (n = 48) (Intercept) 40.01 1 <0.001

Planting pattern 3.73 1 0.054

Elevation 7.58 1 0.006

Planting pattern × Elevation 0.14 1 0.704

(b) E. californica (n = 48) (Intercept) 15.68 1 <0.001

Planting pattern 3.20 1 0.074

Elevation 18.09 1 <0.001

Planting pattern × Elevation 0.54 1 0.461

(c) F. salina (n = 48) Planting pattern 1.47 1 0.226

Elevation 0.00 1 0.956

Planting pattern × Elevation 2.75 1 0.097

GLM (zero-inflated binomial)

(d) S. macrotheca (n = 48) (Intercept) 49.96 1 <0.001

Planting pattern 0.01 1 0.925

Elevation 9.93 1 0.002

Planting pattern × Elevation 0.01 1 0.925

Abbreviation: GLMM, generalized linear mixed-effects model. Bold values indicate significant effects (p ≤ 0.05); italic values indicate marginally significant
effects (p ≤ 0.10).
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F I GURE 5 Percent cover of the five primary species, surveyed across the full elevation gradient in all blocks for 3 years (2019, 2020,

2021). Years are ordered from right to left to show trends for increasing cover across both years and elevation. Each row of panels shows the

cover of a single species across 3 years, starting in the top row with (a) Distichlis spicata and ending with (e) Spergularia macrotheca. The

clustered planting pattern is shown in orange, and the uniform planting pattern is shown in blue. Error bars show one SD.
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performance (Bertness & Ellison, 1987; Davy et al., 2011;
Janousek & Mayo, 2013), it seems unlikely to be the cul-
prit here; lower elevations of the high marsh are inun-
dated more frequently, but still rarely at this site because
the entire marsh was constructed to sit high in the tidal
frame (Fountain et al., 2019). However, microtopography
and sediment properties could still create waterlogged
conditions at unexpected elevations (Crooks et al., 2002).
Measurements of soil water potential declined at lower
elevations while soil moisture content increased, indicat-
ing that salinity may have a stronger influence than
moisture on soil water potential measurements. Although
this finding suggests that salinity may be an important

driver of stress in this system, a study of soil salinity at
this site carried out in 2019 found that soil salinities in
the high marsh were not extreme (Thomsen et al., 2022).
We were also surprised to find an apparent lack of stress
at upper elevations in the high marsh, where we thought
drought would have a strong influence on plant per-
formance in this Mediterranean system. However, ple-
ntiful rainfall in late winter and spring of 2019 may
have allowed transplants sufficient time to establish
and become resilient to dry summertime conditions.
Although soil cores spanned the full rooting zone for
seedlings at the time of planting, root growth beyond that
zone may have allowed transplants to tap into sources of

TAB L E 3 Transplant cover in 2019, 2020, 2021: Results from binomial generalized linear mixed-effects models and a generalized linear

model evaluating the effects of elevation, planting pattern (clustered vs. uniform), and the elevation × planting pattern interaction in block

columns planted with each of the five primary species: (a) Distichlis spicata, (b) Extriplex californica, (c) Frankenia salina, (d) Jaumea

carnosa, and (e) Spergularia macrotheca.

Species and predictor

2019 native cover 2020 native cover 2021 native cover

χ2 df p χ2 df p χ2 df p

(a) D. spicata

(Intercept) … … … 25.53 1 <0.001 37.82 1 <0.001

Elevation 5.49 1 0.019 17.19 1 <0.001 32.73 1 <0.001

Planting pattern 5.92 1 0.015 12.16 1 <0.001 8.42 1 0.004

Elevation × Planting pattern 5.84 1 0.016 … … … … … …

(b) E. californica

(Intercept) 45.44 1 <0.001 11.03 1 0.001 2.22 1 0.137

Elevation 34.83 1 <0.001 5.62 1 0.018 0.69 1 0.406

Planting pattern 6.15 1 0.013 6.71 1 0.010 9.25 1 0.002

Elevation × Planting pattern 6.63 1 0.010 7.40 1 0.007 … … …

(c) F. salina

(Intercept) 60.61 1 <0.001 14.12 1 <0.001 0.76 1 0.385

Elevation 51.28 1 <0.001 16.19 1 <0.001 1.48 1 0.224

Planting pattern 3.72 1 0.054 2.72 1 0.099 2.83 1 0.093

Elevation × Planting pattern 5.33 1 0.021 4.83 1 0.028 3.91 1 0.048

(d) J. carnosa

(Intercept) 23.27 1 <0.001 18.30 1 <0.001 50.44 1 <0.001

Elevation 15.48 1 <0.001 12.07 1 0.001 45.14 1 <0.001

Planting pattern 2.65 1 0.103 5.07 1 0.024 17.35 1 <0.001

Elevation × Planting pattern … … … 4.41 1 0.036 … … …

(e) S. macrotheca

(Intercept) 75.88 1 <0.001 64.17 1 <0.001 28.53 1 <0.001

Elevation 63.54 1 <0.001 52.35 1 <0.001 24.23 1 <0.001

Planting pattern 98.48 1 <0.001 8.61 1 0.003 5.94 1 0.015

Elevation × Planting pattern … … … … … … 5.59 1 0.018

Note: The sample size for each species in 2019 and 2020 was n = 1788; the sample size for each species in 2021 was n = 708. A generalized linear model was
used for D. spicata in 2019 to avoid overfitting. Nonsignificant interaction terms involving the elevation covariate were dropped from the final models (see
Methods: Statistical analyses for more details). Bold values indicate significant effects (p ≤ 0.05); italic values indicate marginally significant effects (p ≤ 0.10).
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F I GURE 6 Percent exotic cover in columns planted with the five primary species in the clustered or uniform pattern, surveyed across the

full elevation gradient in all blocks for 3 years (2019, 2020, 2021). Years are ordered from right to left to show trends for increasing exotic cover

over time in columns planted with some species (most exotic plants in this watershed are upland species, so exotic cover also increases with

elevation). Each row of panels shows exotic cover in columns planted with a single native species, starting in the top row with (a) Distichlis

spicata and ending with (e) Spergularia macrotheca. Exotic cover in the clustered planting pattern is shown in orange, and the uniform planting

pattern is shown in blue; cover can exceed 100% where multiple exotic species were encountered on point intercepts. Error bars show one SD.
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moisture that we could not detect—including a potential
influx of groundwater from the adjoining scraped hillside
(Montalvo et al., 2024).

We also observed high mortality in localized areas of
the main restoration planting, particularly in low-elevation
areas with visibly compacted soil that also accumulated
salt deposits during the dry season. Compaction can limit
establishment of salt marsh vegetation (Callaway, 2001),
and we speculate that soil compaction in these locations
may have exacerbated flooding or salinity stress, with
patchy but strong negative effects on early survival of
E. californica and S. macrotheca. Subtle variations in
microtopography can have a strong influence on salt

marsh plant performance (Xie et al., 2019), and soil texture
interacts with tidal regime to drive changes in soil water
content and salinity that can favor or suppress particular
species (Moffett et al., 2010). Clearly, environmental condi-
tions near the bottom of some blocks were not favorable
for survival of E. californica or S. macrotheca. At Yampah,
where sediment was added to build up lost elevation, con-
ditions appeared to be uniformly stressful, and all supple-
mental plantings of E. californica died. This area has
remained much more bare than planted blocks on the
western side of the site—and areas that have remained
bare are also more saline (Pausch, 2024; Thomsen
et al., 2022), further hindering plant colonization.

TAB L E 4 Exotic cover in 2019, 2020, 2021: Results from Poisson generalized linear mixed effects models evaluating the effects of

Elevation, Planting pattern (Clustered vs. Uniform), and the Elevation × Planting pattern interaction in block columns planted with each of

the 5 primary species: (a) D. spicata, (b) E. californica, (c) F. salina, (d) J. carnosa, and (e) S. macrotheca.

Species and predictor

2019 exotic cover 2020 exotic cover 2021 exotic cover

χ2 df p χ2 df p χ2 df p

(a) D. spicata planted columns

(Intercept) 61.66 1 <0.001 241.74 1 <0.001 111.89 1 <0.001

Elevation 54.00 1 <0.001 234.13 1 <0.001 109.17 1 <0.001

Planting pattern 9.93 1 0.002 0.01 1 0.919 0.03 1 0.863

Elevation × Planting pattern 10.09 1 0.001 … … … … … …

(b) E. californica planted columns

(Intercept) 53.57 1 <0.001 249.03 1 <0.001 107.22 1 <0.001

Elevation 45.49 1 <0.001 242.61 1 <0.001 104.50 1 <0.001

Planting pattern 15.31 1 <0.001 26.34 1 <0.001 8.27 1 0.004

Elevation × Planting pattern 15.19 1 <0.001 26.30 1 <0.001 8.22 1 0.004

(c) F. salina planted columns

(Intercept) 64.52 1 <0.001 182.23 1 <0.001 74.20 1 <0.001

Elevation 56.40 1 <0.001 174.59 1 <0.001 72.68 1 <0.001

Planting pattern 3.17 1 0.075 10.47 1 0.001 2.89 1 0.089

Elevation × Planting pattern … … … … … … … … …

(d) J. carnosa planted columns

(Intercept) 47.83 1 <0.001 156.20 1 <0.001 91.98 1 <0.001

Elevation 40.28 1 <0.001 147.30 1 <0.001 88.41 1 <0.001

Planting pattern 0.67 1 0.412 2.98 1 0.084 5.80 1 0.016

Elevation × Planting pattern … … … … … … 5.83 1 0.016

(e) S. macrotheca planted columns

(Intercept) 71.90 1 <0.001 274.68 1 <0.001 163.93 1 <0.001

Elevation 66.25 1 <0.001 267.70 1 <0.001 162.17 1 <0.001

Planting pattern 8.18 1 0.004 0.91 1 0.340 3.62 1 0.057

Elevation × Planting pattern 8.02 1 0.005 … … … … … …

Note: Data points below 2.035 m NAVD88 were dropped prior to this analysis because nearly all exotics in this system are upland species and none occur at the
lowest elevations in planted blocks. The sample size for each species in 2019 and 2020 was n = 1188; the sample size for each species in 2021 was n = 468.
Nonsignificant interaction terms involving the elevation covariate were dropped from the final models (see Methods: Statistical analyses for more details). Bold

values indicate significant effects (p ≤ 0.05); italic values indicate marginally significant effects (p ≤ 0.10).
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Managers should consider actions that could mitigate
these stressors in similar systems. None of the strategies
that we tested at this large-scale restoration site were
effective at reducing stress. In our main restoration plant-
ing, biochar soil amendment did not improve plant sur-
vival or growth, aligning with findings from a separate
sediment treatment study carried out at Elkhorn Slough
and seven other reserves (Raposa et al., 2023). In that
study, the authors found that biochar addition did not
affect vegetation cover or sediment salinity but did pro-
mote drainage and oxygenation. However, such benefits
may be of limited value in the high marsh, where inun-
dation (and anoxic conditions) is relatively rare. Our clus-
tering treatment had a mild positive effect on early
survival of E. californica, but it ultimately had a strong
negative effect on growth or cover of all species. These
outcomes may be explained if stress is primarily driven
by salinity or compaction, which is unlikely to be buff-
ered by close neighbors or the modest soil amendment
treatments applied here. However, mortality of E.
californica and S. macrotheca within the first 9 weeks of
planting occurred during a period of heavy rainfall,
which could be expected to mitigate excess soil salinity.
Moreover, given the elevated position of the constructed
marsh in the tidal frame and breaching of the site in
August of 2018, the high marsh had undergone relatively
few cycles of inundation by the time of restoration plant-
ing. We therefore suspect that soil compaction drove
stressful conditions in areas of localized mortality.
Regardless of the exact mechanisms at play in cons-
tructed marsh habitat, smaller test plantings across
broader areas and multiple years will mitigate the risks
posed by variable weather and spatially patchy soils.
Active intervention may be required to jump-start coloni-
zation in persistently bare areas; the combination of
freshwater addition and decompaction has proved effec-
tive in other restored salt marsh systems that have been
slow to recover (Beheshti et al., 2023).

Learning from large-scale restoration
experiments

Large-scale restoration projects provide invaluable oppor-
tunities to test and refine restoration practices (Zedler,
2017). Guidance on the most effective strategies is lacking
in many systems, and this makes restoration practice
inherently experimental—yet restoration projects are
rarely designed as experiments (Zedler, 2005). Experi-
ments that test different restoration treatments can shed
light on mechanisms that govern the assembly and struc-
ture of restored communities (Beheshti et al., 2023;
Doherty et al., 2011; Zedler, 2017). Identifying these

mechanisms allows development of best practices to
enhance restoration success in similar systems, and
to fine-tune these practices for particular sites—where
outcomes are influenced by the specific combination of
topography, abiotic characteristics, and species present.
Long-term monitoring of restoration experiments is also
needed to distinguish successful strategies from unsuc-
cessful ones (Wolters et al., 2005)—yet monitoring is
typically limited to a brief window following restoration
efforts. We designed the Hester Marsh restoration pro-
ject as a suite of restoration experiments coupled with
long-term monitoring on an unprecedented scale. We
learned from these experiments while also revegetating
a formerly bare marsh.

Using multiple species lends powerful generality to
our findings. We tested the effects of conspecific cluster-
ing on seven species from different plant families, includ-
ing all species that make substantial contributions to
high marsh cover (aside from the dominant S. pacifica,
which tends to recruit well at restored sites in this sys-
tem). We also tested biochar addition effects on five of
these species in the main restoration planting. This
approach allows us to make a clear and strong recom-
mendation that practitioners should space plants apart to
minimize competition in similar marsh restoration pro-
jects, and that biochar amendment is unnecessary. How-
ever, we still found differences in plant performance
among species. F. salina and S. macrotheca were fast
growers and reached >30% cover in the first 5 months,
when other species remained at 10% or less cover. Once
established, L. californicum appeared to flourish in this
system, while none of the T. concinna transplants sur-
vived. D. spicata and J. carnosa grew very slowly and con-
tributed little cover in the first year, but steadily
increased to >20% cover on average by the third year.
F. salina was clearly best suited to growing conditions at
our site, consistently providing the most cover among
planted species in each year and increasing in cover year
over year. We recommend this species as a top performer
for this and similar systems, as did a related study
(Shikuzawa et al., 2024).

Recognizing that it can be expensive and time-
consuming to incorporate monitoring into restoration
projects, we tracked different metrics to assess which pro-
vided the most insight into restoration outcomes over our
3-year period of study. Given that restoration projects
often set goals that relate directly to cover, and that clus-
tered planting designs may trade off survival and subse-
quent growth and cover (Duggan-Edwards et al., 2020), it
is important to monitor more than early survival. Cover
across elevation is the most important variable to moni-
tor for tidal marsh restoration (Wolters et al., 2005), and
doing this just once a year is more informative for
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managers than focusing on time-consuming parameters
like individual plant size or survival during the first
growing season. If our experiments had considered a
more limited time period or spatial area, we likely would
have missed strong spatial patterns in plant performance
in response to elevation and local soil characteristics over
time. If we had just tracked outcomes in the main resto-
ration planting during the first growing season, we would
have ranked S. macrotheca as much more successful than
D. spicata or J. carnosa. However, despite excellent per-
formance in the first growing season, S. macrotheca cover
dropped drastically in subsequent years while the
cover of D. spicata and J. carnosa continued to increase
steadily. We also likely would have concluded that neigh-
bor facilitation can improve restoration outcomes for
E. californica—but in the long run, neighbors were not
beneficial. Moreover, the supplemental E. californica
planting installed in a different year and area of the resto-
ration site suffered total mortality, showing how variable
success can be. Taken together, these results highlight that
it is wise to avoid drawing conclusions from restoration
outcomes over limited temporal and spatial scales
(Witman et al., 2015). Planning restoration work in phases
that span different growing seasons and areas of a restora-
tion site provides more opportunities to learn about the
factors that govern restoration success (Zedler, 2017).

Our experiments were designed to test the effective-
ness of different restoration strategies over broad spatial
and temporal scales that are relevant for large-scale resto-
ration projects. This design is important because much
guidance for restoration comes from small plot-scale
experiments that focus on early performance and may
not be informative for practitioners who need to operate
at landscape scales. The insights gained by building well-
designed experiments and long-term monitoring into
large restoration projects can be applied to enhance out-
comes of future restoration phases and to identify best
practices for other, similar systems.
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