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ABSTRACT
Coastal development has negatively impacted estuarine ecosystems over the past two centuries. In southern California, 
USA, salt marshes are valued for their high animal and plant diversity and for providing foraging and nesting habitat 
for species of conservation concern. Given the ecological importance of this regionally rare habitat, coastal managers 
have prioritized salt marsh restoration, despite its many challenges. We review lessons learned on the effect of design 
and adjoining landscape on early vegetation development in a 60.7 ha tidal wetland restoration project in a southern 
California estuary where nearly one-third of 37.6 ha of planned salt marsh was excavated to high marsh elevations. 
Initial planting to facilitate vegetation development in large areas of the high marsh (> 1.7 m MLLW) was unsuccessful, 
likely due to hypersaline soils. In some areas, subsurface freshwater intrusion likely enhanced planted vegetation, which 
outperformed vegetation planted at comparable high elevations in other areas. In the mid-marsh (< 1.7 m MLLW), 
vegetation development from natural recruitment exceeded that of the planted high marsh. After five years, vegetation 
cover in the high marsh remained low. To address this issue, the marsh plain was re-graded lower in some areas and a 
planting program was established to hasten vegetation development. Lessons learned pertain to the critical importance 
of initial wetland design, which in this project led to sparse vegetation cover and the necessity of re-grading and large-
scale planting to facilitate vegetation establishment.
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Coastal development has negatively affected estuarine 
ecosystems over the past two centuries, leading to the 

degradation and loss of the critical ecosystem services and 
socioeconomic values that these systems provide (Kennish 
2002, Zedler and Kercher 2005, Lotze et al. 2006, Valiela 
et al. 2009). Within the Southern California Bight, 48% of 
historical estuarine wetland habitat types have been lost 
since the mid 1800s, with estuarine vegetated wetlands 
experiencing a 75% loss through large- and small-scale 
habitat destruction and modification, including the instal-
lation of structures restricting tidal flow, dredging, and the 

filling of intertidal salt marsh to create upland and support 
development (Stein et al. 2014, Beller et al. 2014).

Salt marshes often form extensive habitat within estu-
arine ecosystems, providing shoreline stabilization, the 
preservation of native biodiversity, food chain support for 
invertebrates, fish and birds, and opportunities for research, 
teaching, and recreation (Onuf et  al. 1979, Zedler and 
Kercher 2005, Beller et al. 2014). In the tidally influenced 
salt marshes of semi-arid southern California, USA, the 
higher elevation marsh is particularly valued as the loca-
tion of high plant and insect diversity, and foraging and 
nesting habitat for endangered Passerculus sandwichensis 
(Belding’s Savannah Sparrow) and other species of con-
servation concern (Zedler et al. 1992, Powell and Collier 
1998, Rosencranz et al. 2018). Salt marsh loss and degrada-
tion has caused population declines of obligate plant and 
animal species, and in some cases local extirpation of these 
species from sites (Ferren 1985, Sullivan 2001, Noe et al. 
2019). Consequently, the preservation and restoration of 
salt marsh is a priority of government agencies and non-
government organizations charged with the conservation 
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of coastal ecosystems in California and elsewhere (SCWRP 
2018, CWMW 2023).

Tidal wetland restoration projects are often consid-
ered successful if prescribed goals or success criteria are 
satisfied. For example, a success criterion could be that a 
restored wetland reaches specific habitat acreage targets 
or provides functions and values expected of a reference 
system(s) in the region (Mitsch and Wilson 1996, Zedler 
and Callaway 2000, Vivian-Smith 2001, Raposa et al. 2018). 
However, successfully satisfying these criteria can be diffi-
cult (Zedler and Callaway 2000, Thom et al. 2005, Callaway 
2005). Challenges to achieving success begin during the 
initial design phase, and continue through construction 
where excavation and grading to appropriate tidal eleva-
tions is necessary to achieve the topography and hydro-
periods required of the planned habitats (Callaway 2001, 
Wolters et al. 2008, Day et al. 2021, Wang et al. 2021).

For salt marsh restorations, project success generally 
includes the timely development of native vegetation, 
which provides habitat structure and food for marsh-
associated invertebrate and vertebrate species. In mature 
marshes, there is a general association between tidal ele-
vation and the distribution of salt marsh plant species 
and restoration project designs require an understanding 
of these relationships. These relationships are driven by 
species-​specific tolerances to abiotic stressors that co-vary 
with elevation, and biological interactions (Zedler et al. 
1999, Sullivan 2001, Janousek et al. 2019). However, plan-
ning for timely vegetation development using relationships 
between plant distributions and elevation within the wet-
land prior to restoration, or in mature reference wetlands, 
may be unsuccessful, particularly at higher tidal elevations, 
if abiotic conditions are stressful to new recruits or plant-
ings (Zedler et al. 2003).

The vegetation of tidal marshes in southern California 
consists of low lying forbs and grasses that include Spartina 
foliosa (California cordgrass), typical at low marsh eleva-
tions, Salicornia pacifica (pickleweed), a plant typical of 
middle marsh tidal elevations, and a mixed assemblage of S. 
pacifica, Arthrocnemum subterminale (Parish’s glasswort), 

Limonium californicum (marsh rosemary), Frankenia salina 
(alkali seaheath), and Distichlis spicata (saltgrass), among 
the dominant species at higher elevations (Purer 1942, 
Onuf et al. 1979, Ferren 1985, Zedler et al. 1992).

Restoration projects may rely on natural recruitment to 
vegetate newly restored habitat (Sullivan 2001, Day et al. 
2021). This approach is most feasible in areas of high seed 
supply, and where topographic and edaphic conditions are 
conducive to the germination, survival and growth of new 
recruits. However, the development of vegetation cover 
through natural recruitment may take years to decades 
to achieve equivalency with natural wetlands (Craft et al. 
1999, Zedler and Callaway 1999, Williams and Orr 2002). 
Vegetation development may be especially problematic at 
higher tidal elevations (e.g., > 1.77 m Mean Lower Low 
Water, MLLW) that experience infrequent tidal inunda-
tion and hypersaline soils (Zedler et al. 2003, O'Brien and 
Zedler 2006, Beheshti et al. 2023).

More commonly, vegetation development at restored 
sites is achieved through a combination of natural recruit-
ment and the planting of nursery grown plants (Sullivan 
2001, Day et al. 2021). Planting not only reduces the reli-
ance on seed supply that may be spatially and temporally 
variable (Rand 2000, Lindig-Cisneros and Zedler 2002, 
Morzaria-Luna and Zedler 2007, Xie et al. 2019, Liu et al. 
2024), but also bypasses the vagaries of germination and 
early growth and survival. Planting can also accelerate the 
development of feedbacks between vegetation and soil 
conditions (e.g., soil shading, moisture retention) that 
may ameliorate high soil salinity and enhance vegetation 
development. The negative effects of some biotic factors 
(e.g., competition) on plant survival and growth that may 
be important in mature marshes (Bertness et al. 1987, Pen-
nings and Callaway 1992, Emery et al. 2001) are expected 
to be less important in newly planted restoration sites since 
plant density is initially low. In contrast, edaphic factors 
that include soil salinity, soil moisture, and nutrient limita-
tion are expected to be more important to achieving suc-
cessful plant establishment in newly restored sites (Zedler 
et al. 2003, O’Brien and Zedler 2006).

  Restoration Recap  •
•	 We review the effect of topographic design on early veg-

etation development in a 60.7 ha tidal marsh restoration 
project in San Diego County, CA.

•	 A large proportion of the site (11.4 ha, 31%) was planned 
high salt marsh. Initial planting to facilitate vegetation 
development was unsuccessful (< 10% cover) in large 
areas after five years due to hypersaline soils, whereas 
cover exceeded 30–50% at high marsh elevations in 
other areas in proximity to upland groundwater intrusion 
or the river channel.

•	 In the mid-marsh, vegetation development from natural 
recruitment (no planting) exceeded that of planted areas 
in the high marsh. Poor vegetation development at high 
elevations triggered re-grading to lower elevations and 
implementation of a planting program.

•	 A design that incorporates lessons learned from this study 
on the effect of graded topography of the marsh plain 
should alleviate the need for regrading to achieve timely 
vegetation cover.
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Under favorable conditions, vegetation cover can 
develop quickly at planted sites. For example, at the Friend-
ship (Model) Marsh Restoration site in Tijuana Estuary, 
planted vegetation achieved 100% cover within two years, 
although canopy height remained low compared with refer-
ence sites for four years (Keer and Zedler 2002). However, 
planted vegetation can perform poorly at restoration sites 
for various reasons, including high soil salinities, low soil 
nutrients and moisture content, and coarse soil texture 
atypical of salt marsh habitat (Haltiner et al. 1996, Zedler 
et al. 2003, Liu et al. 2024). For example, stem density and 
canopy architecture of planted S. foliosa in a constructed 
marsh in San Diego Bay were not comparable to those in 
a reference site even 10 years post-construction (Zedler 
et  al. 1999). Topographic and hydrologic design could 
ameliorate conditions that impede successful vegetation 
development (e.g., poor natural recruitment, planting 
mortality), but the specifics of a particular design, which 
ideally include attention to elevation, slope and drainage, 
surface heterogeneity, soil properties, adjacent upland, and 
the planting program, may not be fully considered during 
the restoration planning process.

Vegetation developed unevenly within and among con-
struction modules in the San Dieguito Wetlands Res-
toration Project in southern California despite planting 
following grading in the planned high marsh. Here, we 
review factors associated with restoration design and the 
adjacent upland that impeded, or facilitated, the early 
post-construction development of salt marsh vegetation 
within San Dieguito Lagoon, one of the largest extant 
estuarine systems in San Diego County, California. We 
used aerial imagery to compare early vegetation develop-
ment between planned high and middle marsh among 

construction modules to evaluate the supposition that 
vegetation would develop through natural recruitment at 
planned middle marsh elevations, but that planting would 
be required at higher elevations. We used on-the-ground 
sampling of vegetation cover and soil properties to identify 
factors likely leading to the poor performance of planted 
vegetation at higher elevations in some areas, but not other 
areas. The goal of this article is to provide lessons that will 
inform the design and restoration of salt marsh habitat in 
California and elsewhere.

Material and Methods

Physical Setting
San Dieguito Lagoon is located approximately 32  km 
north of San Diego, California (32.970°N, 117.261°W), 
adjacent to the city of Del Mar (Figure 1). The lagoon 
experiences a semi-arid climate and strongly seasonal 
rainfall that occurs primarily from December through 
March. Annual rainfall measured at the San Diego Inter-
national Airport, approximately 32 km from San Dieguito 
Lagoon, ranged from 8.4 cm to 57.4 cm with an annual 
average of 25.4 cm from 1965 to 2024 (San Diego County 
Water Authority, unpublished data). The wetland receives 
freshwater inputs primarily from the San Dieguito River 
with flows highest following rainstorms and declining 
during the dry summer and fall. Tidal exchange in the 
wetland occurs through an inlet to the Pacific Ocean. 
Tides are mixed semi-diurnal with planned high, mid and 
low marsh habitats expected to be exposed 99.6 to 99.9%, 
81.7 to 99.6% and 61.8 to 81.7% of the time, respectively, 
following restoration (SCE 2005).

Figure 1. Map showing the loca-
tion of San Dieguito Lagoon, the 
construction modules, and habitat 
components within the San Die-
guito Wetlands restoration site. 
A) Location of the project in San 
Diego County in coastal southern 
California, USA. B) Map of the 
wetland restoration construction 
modules alongside the San Dieguito 
River. This study was conducted in 
modules W2/3, W5, W10, and W16.
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San Dieguito Lagoon and the San 
Dieguito Wetlands Restoration Project
Prior to the late 1800s, San Dieguito Lagoon was the largest 
of the six San Diego County estuaries, providing approxi-
mately 243 ha of estuarine open water and wetland habitat 
(MEC 1993, Stein et al. 2014, Beller et al. 2014). Much of 
the wetland was filled in during urban and agricultural 
development from the 1880s through the 1970s, which 
reduced the extent of estuarine wetlands to about 81 ha. 
The goal of the 60.7 ha San Dieguito Wetlands Restoration 
Project (SDW) is to restore primarily weedy, non-native 
ruderal uplands that were historical wetlands within the 
San Dieguito Lagoon system to fully tidal wetland habi-
tats. Southern California Edison (SCE) designed and con-
structed this project as partial mitigation for the impacts 
of the San Onofre Nuclear Generating Station (SONGS) 
on the marine environment (CCC 1997, SCE 2005). The 
project is required to meet specific mitigation require-
ments, as performance standards, provided in the Coastal 
Development Permit for the operation of SONGS. Habitat 
targets were selected after consideration of several alterna-
tives in the project EIR/EIS process that could satisfy the 
mitigation requirement required by the California Coastal 
Commission (CCC 1997). This article’s authors were not 
involved in project design, final decision on the selected 
project alternative, or in construction activities. The res-
toration was expected to provide ecosystem services like 
those of relatively undisturbed wetlands in the region (CCC 
1997, SCE 2005).

Restoration was conducted in five construction mod-
ules (Table 1, Figure 1) that differed in size, topography 
and planned mix of habitats. Planned high marsh, graded 
to tidal elevations ranging from 1.86 m to 2.07 m (Mean 
Lower Low Water, MLLW, Table 1), comprised nearly one-
third of the 37.5 ha of planned vegetated salt marsh. In two 
modules (W2/3, W10) high marsh comprised the majority 
(> 50%) of the planned salt marsh (Table 1). Nearly one-
half of the remaining planned salt marsh was graded to 
middle marsh elevations ranging from 1.37 m to 1.86 m 
MLLW, whereas 23% was graded to low marsh elevations, 
ranging from 1.1 m to 1.37 m MLLW (Table 1).

Tidal creeks were not included in the Restoration Plan 
per se (SCE 2005), but three 50–60 m long linear precur-
sor creeks were constructed in module W2/3 with the 

Table 1. Planned areas (and percentage contribution) 
of low, middle, and high salt marsh habitat in the 
study restoration modules in San Dieguito Wetlands. 
Elevations of planned habitats: low marsh 1.09 m to 
1.37 m, middle marsh 1.37 m to 1.86 m, and high 
marsh 1.86 m to 2.07 m MLLW (SCE 2005). This study 
was conducted in modules W2/3, W16, W5, and W10. 
See Figure 1 for module locations.

Planned Area (ha)
Module Low Marsh Middle Marsh High Marsh
W1 1.18 (44.2%) 1.27 (47.6%) 0.22 (8.2%)
W2, 3 0.11 (1.4%) 3.47 (42.7%) 4.55 (56.0%)
W4, 16 5.72 (26.4%) 12.31 (56.9%) 3.60 (16.6%)
W5 1.55 (71.8%) 0.43 (19.9%) 0.18 (8.3%)
W10 0 (0%) 0 (0%) 2.87 (100)
Total (ha) 8.56 (22.8%) 17.48 (46.7%) 11.42 (30.5%)

expectation that they would evolve over time into longer 
tidal creek networks. Seven creek networks were also con-
structed in module W4/16 (Litzba et al. 2011, Figure 1). 
Further details of restoration project design and con-
struction are provided in SCE (2005) and Supplementary 
Material, Table S1.

One goal of the restoration project was to achieve the 
high cover (i.e., > 85%) of salt marsh vegetation typical of 
relatively undisturbed, natural tidal wetlands in the region. 
Several plant species were expected to naturally colonize 
the planned high and middle salt marsh, including S. paci-
fica, A. subterminale, M. littoralis, D. spicata, and F. salina, 
while S. foliosa was expected to become established at low 
marsh elevations.

Planting supplemented natural recruitment in the 
high marsh. SCE contractors planted over 350,000 plants 
throughout the restoration at high marsh elevations (1.77 
to 2.07 m MLLW) between December 2008 and March 
2009 (Supplementary Material, Table S2). Most plants 
(90%) were S. pacifica. Plants were commercially sourced 
and grown from cuttings in 5  cm containers prior to 
planting (MCC 2009). During commercial grow-out, 
plants were initially watered with freshwater but accli-
mated to increasingly higher salinities prior to planting. 
Plants were planted at densities of between 2.0 and 4.7 
plants m−2 (Table 2).

Table 2. Number of container plants and spacing between plants planted at high marsh elevations in the San 
Dieguito Wetlands project in December 2008–March 2009. Spartina foliosa not included (MCC 2009). Plant species 
provided in Table S2.

Module Area Planted (ha) Number of Plants Plant Spacing (m) Planting Density (No. m−2)
W2/3 5.73 183,596 0.55 3.2
W16 3.05 123,678 0.49 4.1
W5 0.067 3,118 0.46 4.7
W10 2.10 41,895 0.64 2.0

https://er.uwpress.org/content/43/4/260/tab-supplemental
https://er.uwpress.org/content/43/4/260/tab-supplemental
https://er.uwpress.org/content/43/4/260/tab-supplemental
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Remote Sensing of Vegetation Cover 
in High and Middle Marsh
We used multispectral aerial imagery to compare vegeta-
tion development in the planted high marsh (above the 
1.77 m MLLW elevation contour) across modules and to 
the unplanted mid-marsh (Figure 1). The 1.77 m MLLW 
elevation contour was used to delineate the lower eleva-
tional boundary of high marsh in our analysis rather than 
the design elevation of 1.87  m MLLW because vegeta-
tion was planted above this elevation. Aerial imagery was 
acquired using fixed-wing aircraft flown at 1,829–3,048 m 
altitude in summer and fall (October 2008, 2009, August 
2010, June 2012, August 2013), overlapping the period 
of highest plant productivity (Onuf 1987, Zedler et  al. 
1992). The 4-banded red-green-blue-near infrared (RGB-
NIR) imagery was captured with a 1,024 × 1,024 pixel, 
12-bit digital multispectral DMSC camera (Spec-Terra, 
LTD, Australia) (2008–2010) or a 14,430 × 9,420 pixel, 
16-bit multispectral UltraCam camera (Microsoft, Aus-
tria) (2012–2013) flown at a ground sampling distance of 
25 cm for the 2008–2010 imagery and 20 cm for the 2012 
and 2013 imagery. Imagery was stored as ortho-mosaics. 
Imagery acquired in 2011 was excluded from the analysis 
due to the use of a 3-band camera.

We assessed vegetation cover from the aerial imagery 
using a pixel-based, supervised classification based on 
spectral characteristics, and from ground-based obser-
vations of the vegetation cover type to create a thematic 
raster dataset. Classes were grouped as vegetated or non-
vegetated. Vegetation percent cover was calculated within 
module boundaries by first summing the area of pixel 
classes scored as vegetated within the contours delineating 
planned high and middle salt marsh and then dividing by 
the total pixel number. Training samples were created by 
drawing polygons around pixels that were representative 
of each vegetation cover class and used with the Support 
Vector Machine classifier in ArcGIS Pro 3.3.2. We com-
pared percent cover estimates from aerial imagery with on 
the ground point contact estimates (see Methods in next 
section) in July 2009 and July 2012.

Performance of Planted Salt Marsh Plants
To compare changes in vegetation cover in the high marsh 
among modules and over time, we also sampled vegetation 
on the ground within 42 two-meter-wide belt transects 
extending from 1.77 m to 2.07 m MLLW. This sampling 
included module W5, the high marsh that was not well 
sampled using aerial imagery (see Results). Sampling was 
conducted along the same transects in April 2009, July 
2009, and July 2012. Cover estimates were recorded at 
0.5 m intervals along the transect. At each interval, con-
tacts were recorded at five points (0.5 m apart) along a 
bar extending 2  m perpendicular to the transect. Only 
first contacts were recorded (vegetation layering was not 

measured). Point contact data were categorized by plant 
species, as bare space or other non-vegetated cover (e.g., 
wood, macroalgal wrack) for analysis. Percent cover of 
each category for each transect was calculated from the 
summed contacts by category divided by the total number 
of contacts scored.

Marsh Slope and Soil Properties in High Marsh
The slope of the constructed marsh plain can influence 
the drainage of marsh soils and thus soil properties that 
could affect vegetation development (Callaway 2001). We 
estimated the slope of the marsh plain between 1.77  m 
and 2.07  m MLLW using ArcGIS Pro 3.3.2 to measure 
the linear distance between these elevations along each 
transect line. Slope was expressed as “rise to run” ratio (1: 
linear distance between 1.77 m and 2.07 m) and as percent 
change in elevation between 1.77 m and 2.07 m.

Soil properties can affect plant growth and survival (Cal-
laway et al. 2001). We characterized selected soil properties 
in the laboratory using two replicate soil samples taken 
each at the 1.77 m and 2.07 m MLLW endpoints of a subset 
(n = 20 of 42) of transects. Samples were collected using a 
4 cm diameter core taken to a depth of 6 cm in September 
2009. Percent cover of vegetation was estimated visually 
in two replicate 0.5 m × 0.5 m quadrats that included the 
soil sampling locations within each quadrat. Vegetation 
layering was not recorded.

Individual soil samples were wrapped in aluminum 
foil, returned to the laboratory in airtight plastic bags and 
refrigerated until analysis for soil salinity, soil moisture, 
soil (bulk) density, nitrogen content and percent organic 
matter. Estimates of soil salinity were made using a subsam-
ple from one core and the 1:1 (dry soil:water) soil dilution 
method (Callaway et al. 2001). Estimates of soil moisture 
were made using the second core from the change in weight 
of the soil sample before and after drying at 60°C for 48 
hours. Soil bulk density was estimated using the weight of 
the dry core expressed per known core volume (modified 
from Callaway et al. 2001). Subsamples (50–90 mg sample) 
of the second core were ground with a ceramic mortar and 
pestle and analyzed for percent nitrogen using a CE440 
CHN Elemental Analyzer (Exeter Analytical, Inc., Chelms-
ford, MA). Percent organic matter was measured as loss 
on ignition after combustion of a 7–14 g wet subsample in 
a muffle furnace at 400°C for 4 hours (Mook and Hoskin 
1982, Callaway et al. 2001). Grain size analysis (% sand, silt, 
clay) was conducted in two construction modules by SCE 
contractors (Supplementary Material, Table S3).

Data Analysis
To explore the effect of module and time on vegetation 
cover in the planted high marsh, we used a beta regres-
sion model in the betareg package in R with transect 
data collected in modules W2/3, W5, W10, W16 and 
vegetation cover as the response variable, and module 

https://er.uwpress.org/content/43/4/260/tab-supplemental
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and dates as fixed factors. Beta regression models are 
appropriate with data bounded by 0 and 1 (Cribari-Neto 
and Zeileis 2010, Geissinger et al. 2022). We used post-
hoc Tukey pairwise tests to compare vegetation cover 
between modules.

To examine relationships between vegetation cover and 
soil properties at high marsh elevations across all modules, 
we fit a beta-regression model using the vegetation cover 
data taken in quadrats as the response variable with soil 
salinity, soil percent water, bulk density, percent organic 
matter, and percent nitrogen as the independent variables. 
We excluded two transects from these analyses dominated 
by the brackish-affinity reed Typha latifolia (broadleaf cat-
tail). We examined correlation plots to assess collinearity 
prior to analysis and examined residual plots to ensure that 
model assumptions were met. All analyses were conducted 
using R version 4.4.0 (R Core Team 2024).

Results

Constructed Topography and Natural 
Recruitment of Vegetation
Aerial imagery revealed little vegetation development (< 5% 
cover) in module W2/3, above or below the 1.77 m MLLW 
contour in 2008 eight months following grading (Figures 
2A, 3A). Vegetation cover below 1.77 m MLLW remained 
low in 2009 but increased through natural recruitment and 
growth to 9.7% in 2012 and 23.9% in 2013 (Figures 2A, 
3B–E). In contrast, vegetation cover above 1.77 m MLLW 
remained sparse over the five-year period (1.8% in 2008 vs. 
2.3% in 2013) despite the planting of nearly 184,000 plants 

Figure 2. Change in the percent cover of salt marsh 
vegetation over time estimated from aerial imagery in 
modules A) W2/3, B) W16, C) W5, and D) W10 from 
2008 to 2013. Data unavailable from above the 1.77 m 
contour in W5 (but see Figure 7) and below this con-
tour in W10.

Figure 3 A–E. Change in the cover of salt marsh vegeta-
tion visualized using aerial imagery in module W2/3 
from 2008 to 2013 (year indicated to the right of each 
figure). White dashed line indicates 1.77 m MLLW 
contour. Green = vegetation, brown = unvegetated. 
Note the constructed tidal creeks in 2012 and 2013 
and change in location of the 1.77 m MLLW contour. 
The broader marsh plain was not re-graded.

across more than 5.7 ha in December 2008–January 2009 
(Table 2, Figures 2A, 3, 4).

In an attempt to increase flooding frequency of the 
marsh plain and enhance plant establishment, the short 
linear precursor creeks originally constructed in W2/3 were 
re-graded into longer creeks in November 2010 (Figure 
2D). However, only ~11% of the module was re-graded to 
< 1.77 m. Consequently, inundation of the broader marsh 
plain remained relatively unchanged. Vegetation naturally 
colonized the edges (~1.3 m MLLW, Project Design Con-
sultants, unpublished data) of the newly constructed creeks 
(Figure 4C), but cover remained < 5% on the high elevation 
marsh plain from 2012 through 2013 (Figures 2A, 3, 4).

Aerial imagery also revealed little vegetation develop-
ment (<  1%) in module W16 above and below 1.77  m 
MLLW in 2008 eight months following grading (Figures 
2B, 5A). Below 1.77 m MLLW, cover remained < 1% in 
2009; however, cover increased through natural recruit-
ment to 5.0% in 2010 and reached 20.6% in 2013 (Figures 
2B, 5A). Over 123,000 plants were planted above the 1.77 m 
MLLW contour in W16 (Table 2, Figure 6). In contrast 
to module W2/3, vegetation cover in W16 above 1.77 m 
MLLW increased abruptly from < 1% in 2008 to 43.7% in 
2009 following planting, but cover declined to 34.9% in 
2010, and 8.5% in 2013 (Figures 2B, 5, 6).
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Figure 4. A) View of module W2/3 in 2009 showing berm in foreground and sparse vegetation cover on the rela-
tively flat marsh plain, B) view of W2/3 in 2010 showing continuing sparse vegetation cover at higher tidal eleva-
tions (foreground) and higher vegetation cover at lower elevations to the left, C) view of Salicornia pacifica (white 
arrow) colonization along the banks of constructed creeks in W2/3, and sparse cover on the surrounding marsh 
plain, and D) naturally recruited vegetation below the 1.77 m contour (white arrow) in W2/3, and sparse vegeta-
tion cover above this elevation (black arrow) prior to re-grading the marsh plain lower in 2014.

The proportion of habitat above 1.77  m MLLW in 
module W5 consisted of a narrow strip ~3 m wide and 
sloped, with most of the module graded lower than 1.77 m 
(Tables 1, 3). The area between 1.77 m and 2.07 m MLLW 
was planted (Table 2), and sampled on the ground, but the 
resolution of the aerial imagery to estimate cover within 
this ~3 m wide strip was insufficient for this purpose and 
only cover below 1.77 m MLLW is reported here. Vegeta-
tion cover below 1.77 m MLLW increased from 2.4% in 
2008 to 32.6% in 2013 (Figures 2C, 7). Conversely, W10 
was planned entirely as high marsh. Thus, only cover 
above 1.77 m MLLW is reported here. Vegetation cover 
above 1.77 m in W10 increased from 14.4% in October 
2008 (three months prior to planting) to 32.6% in 2013 
(Figures 2D, 7).

Performance of Plantings in High Marsh, 
Topography, and Soil Properties
Beta regression analysis revealed no interaction between 
module and date (χ2 =5.292, df = 3, p = 0.15) on veg-
etation cover along transects in the planted high marsh 
(1.77–2.07 m); therefore, the analyses were re-run without 
the interaction term. There was a significant effect of both 
module (χ2 =41.730, df = 3, p < 0.001) and date (χ2 =5.241, 
df = 1, p = 0.022) on vegetation cover (Figure 8). Post-hoc 
Tukey pairwise tests found that all module combination 
pairs differed significantly (p < 0.05) except for W10 versus 
W16 (p = 0.782).

Vegetation growth along the transects was initially rapid 
in module W16, with mean cover increasing approximately 
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Figure 5 A–E. Percent cover of salt marsh vegeta-
tion visualized using aerial imagery in module W16 
from 2008 to 2013. White dashed line indicates 
1.77 m MLLW contour. Green = vegetation, brown = 
unvegetated.

Figure 6. View of planted vegetation primarily, Sali-
cornia pacifica, looking east to west (A) May 2009, 3–4 
months following planting and (B) June 2009, above 
the 1.77 m MLLW contour in module W16. Sparsely 
vegetated habitat below this elevation evident on the 
left side of (A). Same area in (C) February 2010 show-
ing the boundary between naturally recruited (NR) 
and planted (P) vegetation.

ten-fold, 4.8% to 49.5%, from April to July 2009, then 
decreasing to 39.7% cover by July 2012 (Figure 8). In con-
trast, transect sampling revealed no significant increase in 
vegetation cover in module W2/3 from 2008 through 2012. 
This result was due to an observed nearly 100% mortality 
of planted plants within the first year (MCC 2009, Page 
and Schroeter, pers. obs.). Some natural recruitment was 
observed along the transects, in shallow depressions or 
at the toe of the earthen berm bordering the wetland-
upland boundary, but this contributed little to overall cover 
that remained < 10% in July 2012 (Figure 8). Vegetation 
cover along the high marsh transects in W5 showed little 
increase, from 0% in April 2009 to 15% in July 2012 (Figure 
8). Cover along transects in W10 increased by a similar 
amount from 26.8% in April 2009 to 44.3% in July 2012 
(Figure 8). The 26.8% cover in W10 developed between 
the time it was graded (December 2008), planted (January 
2009) and measured in April 2009.

Slope ratio of the constructed high salt marsh plain, 
measured along the transects from 1.77 m to 2.07 m MLLW, 
ranged from shallow slope values of 1:289 in W2/3 and 
1:344 in W10, to a steeper slope of 1:10 in W5 (Table 3). 
Average width of the marsh plain between 1.77 m to 2.07 m 

MLLW ranged from 88 m in W2/3 and 106 m in W10 to 
3 m in W5 (Table 3).

Soil salinity within the high marsh was highly variable, 
ranging from < 10‰ to > 100‰ (Figure 9). Soil salinities 
exceeded 76‰ at several stations in July 2009, with the 
highest values measured in module W2/3. Low salinity 
values (< 32‰) along the northern edge of W16, where 
plant growth was greatest, reflected shallow groundwater 
seepage from adjacent developed upland. In W10 and 
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Figure 7 A–E. Change in the cover of salt marsh vegeta-
tion visualized using aerial imagery in modules W5 and 
W 10 from 2008 to 2013. White dashed line indicates 
1.77 m MLLW contour. Green = vegetation, brown = 
unvegetated. Black lines indicate module boundaries.

Figure 8. Percent cover of salt marsh vegetation mea-
sured along transects in the high marsh (1.77–2.07 m 
MLLW) in San Dieguito Wetlands from April 2009 
through July 2012. Mean values ± 1 SE. Number of 
transects = 8 (W2/3), 4 (W5), 4 (W10), and 11 (W16).

Table 3. Comparison of width and slope of the marsh plain among modules as measured along transects between 
1.77 m and 2.07 m MLLW. Mean values ±1SE.

Module Width (m) Slope Ratio Slope % No. Transects
W2/3 88.0 ± 6.8 1:289 0.35 ± 0.04 8
W16 20.3 ± 2.2 1:67 1.49 ± 0.13 13
W5 3.1 ± 0.0 1:10 10.20 ± 0.00 4
W10 105.9 ± 13.0 1:344 0.29 ± 0.04 4

Table 4. Results of beta regression analysis evaluating 
relationships between percent cover of native marsh 
vegetation and measured soil properties. Data from 
1.77 m and 2.07 m elevations combined.

Variable df χ2 p
Soil salinity (ppt) 1 7.073 0.008
Water content (%) 1 3.029 0.082
Bulk density (g/cm3) 1 0.154 0.695
Organic matter (%) 1 0.012 0.913
Total nitrogen (%) 1 2.456 0.117

W5, soil salinity was likely ameliorated in places by the 
proximity of sampling sites to the San Dieguito River 
and percolation of less saline riverine water into the soils 
of this module. Other than a brackish marsh with cat-
tail and bulrush in the western portion of W16 that was 
excluded from our analysis, groundwater inputs were not 
evident elsewhere in our study modules (although there 
are a couple of small freshwater seeps elsewhere on the 
project site).

Of the soil properties measured, soil salinity best 
explained variation in percent cover of vegetation among 
sampling stations (p = 0.008, Table 4). Other factors that 
could influence planting success, such as percent organic 
matter (p = 0.913, Table 4) and bulk density (p = 0.695, 
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Figure 9. Pattern of soil salinity at high marsh elevations in A) module W2/3 and B) modules W5, W10, and W16 in 
September 2009.
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Table 4), were not significant explanatory variables, 
although a near significant p-value for soil percent water 
(p = 0.082) and percent nitrogen (p = 0.117, Table 4) sug-
gested the potential importance of these properties to plant 
establishment at our stations.

Discussion

Marsh Topography and Adjoining Landscape 
Influence the Performance of Planted Vegetation
Typical of many wetland restoration projects, planting 
in San Dieguito Wetlands aimed to expedite vegetation 
development following construction (SCE 2005). Planting 
soon after construction focused on high marsh elevations 
where the natural recruitment of plants was expected to 
be slow. Planners projected that natural recruitment would 
be sufficient to enable timely vegetation development at 
middle marsh elevations. Expectations of successful plant 
establishment either through planting or natural recruit-
ment were based solely on the relationships between plant 
distributions and tidal elevation observed at the site prior 
to restoration and elsewhere in the region (SCE 2005). Our 
results reveal that these expectations did not adequately 
consider the effect of constructed topography (width, slope 
and elevation of the marsh plain) on edaphic factors that 
could inhibit early plant establishment.

We observed that the increase in vegetation cover at 
high marsh elevations varied dramatically among mod-
ules, with soil salinity identified as the most important 
edaphic variable driving this difference. In the natural, 
semi-arid salt marshes of southern California, soil salin-
ity typically increases with tidal elevation, and soils can 
become extremely hypersaline at higher elevations (Cal-
laway et  al. 1990, Pennings and Callaway 1992, Zedler 
et al. 2003, Beheshti et al. 2023). Typical seawater salinity 
of the eastern Pacific Ocean at the latitude of southern 
California is 34‰ (Sverdrup et al. 1962), which contrasts 
with the salinity of hypersaline soils of southern Califor-
nia salt marshes that can exceed 80‰ during the summer 
and fall. At San Dieguito Wetlands, we recorded salinities 
as high as 136‰ on the graded high marsh of restoration 
module W2/3. Salinities higher than ~70‰ are considered 
stressful to plant establishment in newly restored wetlands 
(Haltiner et al. 1996, Zedler et al. 2003). Planting success 
and the distribution of marsh plant species in restored and 
natural California salt marshes is strongly influenced by 
plant tolerance of high soil salinity (Mahall and Park 1976, 
Callaway et al. 1990, Pennings and Callaway 1992, Zedler 
et al. 2003, Beheshti et al. 2023), and stressful soil salinity 
is a likely explanation for poor vegetation development in 
areas planned as high marsh in module W2/3.

Hypersaline soil of module W2/3 was a product of 
the initially designed high tidal elevation (56% of habitat 

graded > 1.86 m MLLW, Table 1) and, therefore, the infre-
quent tidal inundation, broad width (X = 88  m), and 
shallow slope (1:289) of the planned high marsh. As a 
result, tidal waters that drained slowly or ponded on the 
marsh surface following flooding during the highest spring 
tides evaporated, contributing to a visible white salt crust. 
Because the marsh plain was not substantially re-graded 
lower when the short linear precursor creeks were length-
ened in 2010, the marsh plain remained exposed except 
during the highest tides. This pattern was analogous to 
that seen in a San Diego Bay restoration where surface 
soil salinities following grading exceeded 100‰ at some 
locations (Zedler et al. 2003). The exposure of plants to 
salinity stress was likely compounded by lower moisture 
content of the soil due to infrequent tidal inundation, and 
elevated surface soil temperatures (not measured).

Freshwater inputs originating from adjoining upland 
ameliorated stressful edaphic conditions associated with 
high tidal elevation in portions of module W16. This 
subsurface flow traveled underneath the adjacent berm 
to penetrate the high marsh (MCC 2009) and supported 
the rapid growth of plants (primarily S. pacifica) planted 
in the high marsh. These inputs allowed for an unplanned 
“natural” experiment on the effects of reduced soil salin-
ity and elevated moisture on the performance of planted 
plants. Ultimately, SCE contractors considered the subsur-
face seepage to be undermining the earthen berm and a 
drainage system was installed to divert this flow westward 
to the area of W16 where a brackish marsh developed 
in 2009. By 2019, surface soil salinities had increased in 
the absence of freshwater inputs to exceed 80‰ and the 
cover of healthy plants detectable using aerial imagery had 
declined to < 10% in places in the high marsh (Page et al. 
2020, Beheshti et al., in preparation).

In the case of module W10, vegetation developed most 
rapidly along the northwestern edge of the module adjacent 
to the river channel. This module was graded entirely to 
high marsh elevations with a relatively flat marsh plain. Soil 
salinities were moderate (< 50‰), probably due to seepage 
of river channel waters. Module W5 was graded almost 
entirely (~90%) as middle and low marsh, where vegetation 
cover increased over time through natural recruitment and 
growth. These findings suggest that plant recruitment, and 
the growth of planted plants in the high marsh, might be 
most successful in areas bordering lower salinity waters 
(W10), and where high marsh is narrow and sloping (W5), 
enhancing the seepage and drainage of riverine and tidal 
waters that ameliorate high soil salinity.

Soil properties other than salinity could influence veg-
etation development. Inorganic nitrogen inputs that might 
originate in the seepage of groundwater (e.g., Page 1995) 
or river water that could stimulate plant growth were 
not reflected in soil N measurements. Although we did 
not measure soil particle size at the time, an analysis of 
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data collected by SCE contractors in 2008 did not find a 
significant difference in the percentage of sand, silt, and 
clay between modules W2/3 and W16, although there was 
a trend of higher clay content in the soil samples of W2/3 
(Supplementary Material, Table S3). We did not observe 
other stressors in San Dieguito Wetlands that could have 
explained the poor performance of planted vegetation such 
as sedimentation, the burrowing of invertebrates, her-
bivory, or unusually sandy soil reported at other restored 
sites (Zedler et al. 2003).

Constructed Topography and Vegetation 
Development from Natural Recruitment
Vegetation cover increased below ~1.77 m MLLW only 
through natural recruitment, and a distinct boundary was 
visible between this naturally recruited vegetation and 
vegetation planted above the 1.77  m elevation contour 
in module W16 (Figures 6A, C). Our topographic and 
vegetation surveys revealed that ~1.77  m MLLW could 
be a potential “critical tide level” (sensu Doty 1946) in 
those modules where inundation time decreased abruptly 
above this elevation. This elevation exceeded the estimated 
Mean Higher High Water (MHHW) of 1.55 m MLLW in 
San Dieguito Wetlands (Elwany, pers. com.). MacDonald 
(1988) analyzed the relationship between tidal elevation 
and the maximum duration of both continuous submersion 
and exposure of the marsh plain using data from Mission 
Bay marsh (San Diego County). This analysis noted a 
marked increase in the maximum duration of continu-
ous exposure above MHHW: short tidal submergences 
(< 6 h) on several consecutive days were followed by sev-
eral weeks or months of continuous exposure. Periods of 
continuous exposure would increase at higher elevations 
that are inundated even less frequently, and elevations of 
the graded high marsh, 1.77–2.07 m MLLW, are rarely hit 
by the highest tides. Plants may respond more to changes 
in the maximum duration of continuous submersion or 
exposure than to average annual total submergence times 
(MacDonald 1988).

The low successful recruitment of vegetation above 
~1.77 m MLLW was clearly visible in module W2/3 (Fig-
ures 2A, 4) and in the strip of bare space in W16 (Figure 
8C). It is likely that an abrupt reduction in inundation 
frequency above this elevation could reduce seed delivery 
and expose seeds and juvenile plants to prolonged edaphic 
stresses of higher soil salinity, temperature, and low mois-
ture that could affect the successful germination and post-
germination survival of seedlings (Shumway and Bertness 
1992, Zedler et al. 2003). Our data support the supposition 
that natural recruitment would be higher below than above 
1.86 m MLLW, which was initially planned as the upper 
elevational boundary of middle marsh, and that habitat 
higher than this would require a planting program to 
achieve vegetation cover goals (SCE 2005).

Adaptive Management of the San 
Dieguito Wetlands Restoration Project
Lessons learned following construction of the San Dieguito 
Wetlands confirm the importance of topographic design 
for timely vegetation development (Zedler and Callaway 
2001, Smith and Warren 2012, Brooks et al. 2015, Craft 
2022, Twomey et al. 2024). The consequences of the shal-
low constructed slope in module W2/3 (1:289, 0.3%) over 
a high and wide marsh plain were dramatically evident 
in the persistently very low overall vegetation cover post-
construction. A steeper slope is typically recommended to 
facilitate drainage of tidal waters. For example, Sheehan 
(2013) recommended a slope for the marsh plain rang-
ing from 1:200 (0.5%) to 1:100 (1%) while Craft (2022) 
recommended a slope of 1:100 (1%) to 1:33 (3%). Without 
monitoring and adaptive re-grading to address the under-
performance of vegetation, it is likely that overall vegetation 
cover would have remained sparse over a large proportion 
of the W2/3 module, and the desired overall comparabil-
ity of the San Dieguito Wetlands Restoration Project to 
natural wetlands in the region that typically have > 85% 
cover (Smith et al. 2023) would be impeded.

Following the recommendations of geomorphologists, 
the elevation of the marsh plain in module W2/3 was re-
graded lower by approximately 15–30 cm in March 2014 
to increase inundation and encourage vegetation develop-
ment (Sheehan 2013). The re-grading shifted the 1.77 m 
MLLW contour further inland from the river channel, 
increasing the proportion of module below 1.77 m exposed 
to regular tidal flooding from 40 to 90%. The marsh plain 
was also re-graded from a relatively flat slope to a slope of 
1: < 100 (Sheets 1 and 2, SCE 2014) towards the constructed 
creeks to facilitate drainage and increase the range of 
elevations flooded during most high tides. More recently, 
the implementation of measures to address factors limit-
ing planting success at elevations higher than 1.77 m that 
included soil decompaction, irrigation with freshwater, 
and planting (Beheshti et al. 2023), has increased vegeta-
tion cover such that areas sparsely vegetated in 2012 had 
at least 30% cover in 2023 (Smith et  al. 2023, Beheshti 
et al. 2024). Overall, vegetation cover wetland-wide is on 
a promising trajectory of increase towards values typical 
of other wetlands in the region (Beheshti et al. 2024). The 
consequence of reducing stressful salinities demonstrated 
by the initial rapid growth of planted plants in module 
W16, followed by their decline when freshwater seepage 
stopped, further supports the importance of ameliorating 
high soil salinity to achieve planting success.

Design considerations should include not only the eleva-
tion, width, and slope of the marsh plain, but surface 
heterogeneity that includes tidal creeks (Callaway 2005, 
O'Brien and Zedler 2006, Craft 2022). Other than the 
30–50 m long linear precursor creeks that were expected 
to evolve into tidal creeks over time, there was no planned 

https://er.uwpress.org/content/43/4/260/tab-supplemental
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incorporation of tidal creek networks or other topographic 
heterogeneity into module W2/3. Tidal creeks can enhance 
flooding and drainage of the marsh plain and provide a 
variety of other functions including enhancing seed dis-
persal (Shi et al. 2020), and plant species richness, biomass, 
and production (Zedler et al. 1999, Sanderson et al. 2000, 
Schile et al. 2011), as well as providing habitat and food 
resources for invertebrates, fish, and birds (Zedler et al. 
1992, Desmond et al. 2000, Mallin and Lewitus 2004).

We learned from the San Dieguito Wetlands Restoration 
Project that re-grading (in 2010) to extend the short pre-
cursor creeks in module W2/3 did not lead to an increase 
vegetation cover in the module. Without more extensive 
lowering and contouring of the adjacent high marsh plain, 
vegetation remained sparse above the 1.77  m contour 
through 2013 (Figure 3A–E). We observed that vegetation 
did recruit to the lower elevation edges of the tidal creeks 
prior to re-contouring in 2014, but vegetation develop-
ment occurred primarily along the edges of creeks with 
little recruitment on the adjacent ungraded high marsh 
(Figures 2, 4C).

In conclusion, the large-scale San Dieguito Wetlands 
Restoration Project initially exhibited shortcomings in 
project design (Zedler and Callaway 2001, Craft 2022). This 
has extended the timeline of development of vegetation 
cover across the entire planned salt marsh beyond the 3–5 
years noted as typical for salt marsh restoration projects, 
including some sites in southern California (Keer and 
Zedler 2002). Others have found variable rates of vegeta-
tion development (Ambrose et al. 2006) but rarely has veg-
etation cover remained < 10% for multiple years over large 
areas as was the case in the high marsh of module W2/3.

The low natural recruitment and poor performance of 
planted vegetation at higher elevations in W2/3 neces-
sitated major intervention in the form of re-grading in 
2014 to lower the elevation and re-contour of the marsh 
plain, and a follow-up large-scale planting program to 
facilitate salt marsh development. Such interventions come 
with logistical constraints that include the ability to access 
areas without damaging portions of the restoration that 
are progressing as planned, as well as additional costs and 
ecological impacts. The need for adaptive management can 
be greatly reduced if the planned design incorporates the 
lessons learned outlined here pertaining to the effects of 
graded elevation on vegetation development. If a goal of 
the restoration is to achieve high vegetation cover within a 
few years, then grading to elevations below 1.77 m MLLW 
initially will facilitate achievement of this goal. If a goal 
is to have ~30% of the salt marsh as high marsh above 
1.77  m, as originally planned, then vigorous, extensive 
intervention in the form of soil treatments and irrigation 
to ameliorate high soil salinity should occur in the early 
phases of the project (Beheshti et al. 2023). In the absence 
of adaptive management, vegetation cover would likely 
have remained sparse throughout the restoration project 

for many years, impeding the development of cover similar 
to that in natural wetlands in the region.
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