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Vegetation patterns during salt marsh restoration reflect underlying processes 

related to colonization, reproduction, and interactions of halotolerant 

plants. Examining both pattern and process during recovery is valuable for 

understanding and managing salt marsh restoration projects. We  present a 

decade of vegetation dynamics during salt marsh restoration (2011–2020) at a 

study site in the Bay of Fundy with megatidal amplitudes, strong currents, cold 

winter temperatures, and ice. We mainly investigated reproduction (asexual 

and sexual) and associated spread rates of Spartina grasses, and their health-

related states (stem density, canopy height, and percent flowering) which help 

inform the probability of processes occurring. We also estimated modes of 

colonization and began quantifying the effects of interspecific interactions 

and environmental conditions on plant state. Spartina pectinata was the 

only pastureland plant to survive dike-breaching and saltwater intrusion 

in 2010; however, it was stunted compared to reference plants. Spartina 

pectinata patches remained consistent initially, before decreasing in size, and 

disappearing by the fifth year (2015). This early dynamic may provide initial 

protection to a developing salt marsh before Spartina alterniflora becomes 

established. Spartina alterniflora first colonized the sites in year 2 (2012), likely 

via deposition of rhizomal material, and then spread asexually before seedlings 

(sexual reproduction) appeared in year 4 (2014). Vegetation cover subsequently 

increased greatly until near-complete in year 9 (2019). The early successional 

dynamics of S. pectinata and S. alterniflora occurred spatially independently of 

each other, and likely contributed to sediment retention, creating an improved 

environment for S. patens, the dominant high marsh species in our region. 

Spartina patens have been slowly spreading into restoration sites from high 

elevation areas since year 6 (2016). We expect that competition between S. 

alterniflora and S. patens will result in the typical distinct zonation between 

high and low marsh zones. A next study will use the quantified processes for 

spatial-explicit modeling to simulate patterns of vegetation recovery, and to 

evaluate different salt marsh restoration strategies for the Bay of Fundy and 

elsewhere. Thus, proper identification and quantification of pattern-building 

processes in salt marsh vegetation recovery, the focus of our present study, 

was an essential step.
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Introduction

Community patterns are the result of underlying, patch-level 
processes of individual species (Levin, 1992; Tilman and Kareiva, 
1997; Liu et  al., 2016). Patch-level processes can be  generally 
defined as small-scale ecological changes in species that, when 
acting in unison with others and through time, affect larger-scale 
distributions of the communities in a defined area (Wu and 
Loucks, 1995). During ecological restoration, changes in 
vegetation community patterns reflect changes in species 
abundance and distribution (Radeloff et al., 2001; Peng et al., 2012; 
Virgin et al., 2020), and quantitatively analyzing processes related 
to colonization, reproduction, and interactions of these species 
can elucidate the trajectory (structure and rate of change) of the 
patterns (Hupp, 1992; Bergen et al., 2000). In addition, monitoring 
health-related states (live stem density, canopy height, and percent 
of live stems flowering) of vegetation at the patch-level informs the 
probability of processes occurring (Briske et al., 2005). Ecological 
studies that examine pattern, process, and state are valuable for 
understanding and managing ecosystems (Levin, 1999).

After tidal flow to salt marsh restoration sites is reestablished, 
the vegetation community undergoes substantial changes in its 
pattern, including extirpation of terrestrial or freshwater 
vegetation, decreased abundance of brackish vegetation, and 
increased abundance of halotolerant vegetation, which is typically 
led by those most tolerant of saltwater inundation and followed by 
those that are superior competitors at higher elevation (Sinicrope 
et al., 1990; van Proosdij et al., 2010; Virgin et al., 2020). The rate 
of vegetation recovery (i.e., rate of change of the vegetation 
community patterns) of salt marshes varies depending on several 
conditions including sediment deposition and edaphic 
characteristics; the species of terrestrial, freshwater, and semi-
halotolerant vegetation present prior to restoration; proximity to 
sources of reproductive material of halotolerant vegetation; and 
patch-level processes and states of vegetation (Broome et al., 1988; 
Warren et al., 2002). For the present salt marsh restoration study 
(Aulac, New Brunswick, Canada), community patterns following 
saltwater intrusion after breaching an agriculture dike (formerly 
protecting pasture land from tidal influence) and die-off of 
pastureland vegetation were: decline of the on-site semi-
halotolerant Spartina pectinata (freshwater cordgrass, syn. 
Sporobolus michauxianus), establishment and spread of Spartina 
alterniflora (saltwater cordgrass, syn. Sporobolus alterniflorus; 
Peterson et al., 2014; Bortolus et al., 2019), and establishment of a 
high marsh (dominated by salt marsh hay Spartina patens, syn. 
Sporobolus pumilus), resulting in a salt marsh with distinct 
zonation (Boone et al., 2017; Virgin et al., 2020).

Processes contributing to site-level community patterns 
observed during the Aulac salt marsh restoration project may 
have been driven by physiological thresholds, ecological 
interactions, or a combination of both. Spartina pectinata is a 
semi-halotolerant species with a salinity tolerance up to 0.2 M 
NaCl (12 ppt; Warren et al., 1985). Although spread rates of 
S. pectinata have been measured in a wet prairie ecosystem (up 
to 3 m y−1, Fraser and Kindscher, 2005), they have not been 
rigorously measured within the context of salt marsh 
restoration. In contrast, rates of S. alterniflora spread have been 
well studied in salt marshes throughout the world because of its 
capacity as an invasive species (Taylor and Hastings, 2004; 
Zhang et al., 2017). It is well-adapted to frequent flooding by 
saltwater, being tolerant of high salinities including 0.6 M NaCl 
(35 ppt; Vasquez et  al., 2006) and above (Webb, 1983). 
Furthermore, it displays tall and short phenotypes, with the 
short phenotype likely reflecting less favorable environmental 
conditions (Anderson and Treshow, 1980; Zerebecki et  al., 
2021). Spartina alterniflora’s asexual spread rates when 
colonizing intertidal soft sediments can be vigorous (134 ± 28 m 
y−1; Callaway and Josselyn, 1992), and its seeds can disperse up 
to hundreds of km via tidal currents (Morgan and Sytsma, 
2013). Seedlings typically need more than one growing season 
to become as tall as mature plants (Redfield, 1972), and in 
appropriate elevations and edaphic conditions, they are more 
successful growing in bare spaces than under mature canopies 
(Metcalfe et  al., 1986). Spartina alterniflora can tolerate low 
elevation marsh conditions (i.e., longer inundation) that other 
species cannot, which leads to strong vegetation zonation with 
S. patens. Spartina patens typically occupy high elevation areas 
in mature salt marshes. This zonation is controlled by abiotic 
stress on the seaward side and competitive stress on the 
landward side (Bertness, 1991). Spartina patens displays dense, 
clonal morphology, has a very high salinity tolerance (up to 
60 ppt, Hester et al., 1996), and spreads slower than S. alterniflora 
(~1 m y−1 estimated from Ayres et al., 2004). Frenkel and Boss 
(1988) (Oregon, United States) reported that S. patens did not 
begin to spread at an apparent exponential rate until three 
decades after its colonization. Overall, substantial research on 
processes affecting site-level patterns in salt marshes has been 
conducted (see citations included earlier in this paragraph), but 
more is needed to better understand them during restoration. 
Research on recovery dynamics of salt marshes is essential, 
because of historical high losses of salt marshes due to human 
activity (Gedan et al., 2009) and the relatively recent realization 
of their contribution to important ecosystem services, including 
protection of coastal infrastructure (Costanza et  al., 2008), 
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carbon sequestration (Mcleod et  al., 2011), and providing 
habitat for fish, birds, and invertebrates (Minello et al., 2003).

The objective of the present study was to identify and 
quantitatively analyze patch-level processes of vegetation 
community change that explain the site-level patterns observed 
during salt marsh restoration on a megatidal (semi-diurnal tidal 
amplitudes in the study area reach ~14 m; Fisheries and Oceans 
Canada, 2022a) and ice-influenced coastline. Our study examined 
plant dynamics annually from 2011 to 2020, following a managed 
realignment that started in Fall 2010 in the upper Bay of Fundy. 
We  investigated the health-related states and spread rates of 
Spartina grasses (S. pectinata, S. alterniflora, and S. patens), and 
modes of reproduction and seedling performance of S. alterniflora. 
Vegetation reproduction (mostly asexual) was the process that was 
quantified in the most detail during our study, but we  also 
provided our best estimate regarding colonization, and began 
quantifying the effects of biotic and abiotic interactions on health-
related vegetation states. We first present patterns of vegetation 
community change at the site level and then describe, in detail, 
patch-level dynamics including plant health-related states (stem 
density, canopy height, and percent flowering) and spread rates. 
We  subsequently discuss ecological insights and restoration 
implications and describe how our process-related results can 
be used to model spatial dynamics of vegetation.

Materials and methods

Study area

The sites of the salt marsh restoration project are located in 
Aulac, New Brunswick (Figure 1). The restoration project began 
in 2009 and is led by Ducks Unlimited Canada (DUC) and 
partners (Millard et al., 2013; Boone et al., 2017). Before the old 
dike was breached in fall 2010, the geomorphology of the site was 
assessed, and hydrodynamic modeling was done to encourage the 
reestablishment of salt marsh. The project consists of two 
restoration sites (Restoration East and West) and two established 
salt marsh sites (Reference East and West). The restoration is a 
managed realignment, where the agricultural dike bordering 
pastoral land was no longer feasible to maintain due to wave 
action, erosion, and sea level rise (Boone et al., 2017; Virgin et al., 
2020). A new dike was constructed ~100 m landward of the old 
agricultural dike; the latter was later breached to encourage the 
development of salt marsh in front of the new dike which should 
prolong its lifespan. Two breaches were excavated from the 
seaward dike of Restoration East and one breach for Restoration 
West. The Reference sites are mainly high elevation salt marsh 
with S. patens dominating (typical of Bay of Fundy salt marshes; 
Virgin et al., 2020) and S. alterniflora restricted to the creek and 
seaward edges. The initial elevation disparity between Restoration 
and Reference sites was as much as 2 m in some areas, and 
Restoration West (~11.0 ha in size) was ~0.43 m higher than 
Restoration East (~5.5 ha in size; Virgin et  al., 2020). The 

Restoration sites are typically inundated twice in a 24-h period, 
following the tidal regime of the region (Desplanque and 
Mossman 2004), with inundation times varying depending on the 
tidal amplitudes (Higher High Water Mean Tide is 11.66 m for 
nearby tidal station Pecks Point; Fisheries and Oceans Canada, 
2022b). In the pre-breach sampling of the sites to be  restored 
(summer 2010), the vegetation community was terrestrial with 
some semi-aquatic plants, notably S. pectinata (Virgin et al., 2020). 
Spartina pectinata was the only plant species that survived tidal 
inundation following breaching.

Vegetation dynamics at the site level

To determine large-scale vegetation patterns in Restoration 
sites, we  subdivided each site into five strata and visually 
estimated and sketched percent cover of vegetation and the 
spatial distribution of the different sized plant patches 
(monospecific groups of stems; see Figure 1, panels 2011–2014) 
in July. The strata dividing the Restoration sites ran 
perpendicular to the shoreline and were 100–180 m long and 
135–160 m wide. Vegetation cover was estimated visually by 
standing on the new landward dike midway through each 
stratum. From 2011 to 2014, before patches started merging, the 
number of patches per stratum was counted per size class. There 
were five size classes depending on patch diameter; they 
were < 0.1 (1), 0.1–0.5 (2), 0.5–1 (3), 1–2 (4), and > 2 m (5). In 
2013–2014, the species of Spartina (either S. pectinata or 
S. alterniflora) in these patches was recorded in three randomly 
selected half-strata censused on foot.

Dynamics of Spartina patches in 
restoration sites

To determine the details of plant spread and state (stem 
density, canopy height, and percent flowering), we haphazardly 
selected and monitored five replicate patches per species 
(S. pectinata and S. alterniflora) per site, every 2–4 weeks from 
mid-June until fall 2011–2020. Note that after winter, the plants 
first appear above ground in late May–early June. A patch selected 
for study was initially defined as a monospecific group of five or 
more stems that was at least 2 m away from the next closest patch; 
in 2014, this separation distance was reduced to 50 cm (the length 
of a rhizome; Bertness, 1991). From 2011 to 2014, new patches 
were selected, and their GPS location recorded at the beginning 
of each growing season. In contrast, from 2015 to 2020, the 
locations of patches selected in 2015 were monitored across 
subsequent years because the vegetation had largely coalesced 
into a meadow of Spartina. Patches were classified based on their 
attributes at the time of selection, hereafter referred to as patch 
type. Patch types were: S. pectinata (0.24–4.25 m starting 
diameter); Large S. alterniflora (8–20 m starting diameter) and 
Small S. alterniflora (0.28–2.06 m starting diameter); Seedling 
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S. alterniflora (young-of-the-year), first observed onsite in 2014; 
and S. patens located along dike edges or found within the 
Restoration sites (first observed in 2016 in Restoration West; see 
Supplementary Figure 1.1 for example year of patch locations). 
For each patch, the number of live and flowering stems were 
counted, and the first and fifth tallest plant heights were 
measured; the tallest stem was canopy height, and the fifth tallest 
was measured to detect possible presence of tall outliers. When 
patch diameter was larger than 1 m or if it merged with other 
patches, plant counts and height measurements were done within 
a quadrat (0.5 m × 0.5 m) near the middle of the patch. Patch area 
was estimated as an ellipse, for S. pectinata and S. alterniflora 
from 2011 to 2015 and for within-site S. patens from 2017 to 
2020, using the longest patch diameter and the diameter 
perpendicular to the longest. Each patch was photographed on 

each monitoring date with a ruler as a scale to complement 
field data.

Spartina in reference sites

In the Reference sites, Spartina spp. “patches” (i.e., GPS 
locations marked with a survey flag, Supplementary Figure 1.1) 
were monitored for plant counts and heights as in the section 
“Dynamics of Spartina patches in restoration sites” using a 0.25-
m2 quadrat. Three to five replicate “patches” per site for each 
patch type included both phenotypes of S. alterniflora, the tall 
form bordering protected creeks within the marsh (Creek type) 
and the short form located along the exposed seaward edge of the 
marsh (Edge type); S. pectinata near the terrestrial border in 

FIGURE 1

Location of the Aulac (Fort Beauséjour) salt marsh restoration project in New Brunswick, Canada (top left); the study area is in Cumberland Basin in 
the upper Bay of Fundy. Aerial photographs to show changes in vegetation cover in the two Restoration sites (see also Virgin et al., 2020). 
Photographs courtesy of Ducks Unlimited Canada (August 2011, July 2013, July 2014), Sebastian Richard (July 2017), and GSN (June 2020).
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Reference East (none present in Reference West); and S. patens in 
the high marsh zone. Note that the S. alterniflora edge patches in 
Reference East were omitted from analysis, because new patches 
(which were of mixed species composition and stressed) needed 
to be selected yearly due to the high erosion of that shoreline 
(Virgin et al., 2020).

Spartina patens encroachment onto 
restoration sites proper

To record the spread of S. patens from the new dike onto the 
Restoration sites, we  monitored six S. patens patches (n = 3 
Restoration site−1) per year from 2017 to 2020. These patches were 
selected based on their stem density and canopy height 
(approaching that of Reference sites: e.g., 418 ± 40 live stems m−2 
and 29 ± 2 cm tall; mean ± SE, n = 10 reference patches on 23 June 
2017), size (>1 m longest diameter), and integrity. A gridded 
1.0 m × 0.6 m quadrat, divided into 375 4.0 cm × 4.0 cm cells using 
monofilament line, was positioned such that ~10 cm of the 
seaward edge of the S. patens patch was within the quadrat on the 
first deployment date and its spread seaward could be recorded 
(see Supplementary Figure  2.1 for photograph of quadrat). 
Permanent bamboo stakes were inserted into sediment under the 
corners of the quadrat so that it could be placed into the same 
position at every sampling date. On each date, the seaward edge 
of the S. patens patches was carefully drawn on a gridded 
datasheet, as well as photographed. The distance advanced of the 
patches’ edge onto the Restoration sites proper was measured for 
each from the drawings, with the first drawing in mid-June 
representing a start distance of 0 cm.

Data analysis

To evaluate large-scale patterns, percent vegetation cover in 
Restoration sites was analyzed using ANOVA (Minitab 18 
Statistical Software, 2015) with Year (10 levels: 2011–2020) and 
Site (two levels: Restoration East and West) as fixed factors, and 
Stratum (five levels, nested in Site) as a random factor. Dynamics 
of the distribution of patch sizes (five size classes, with 
resemblance matrix constructed using Euclidian distance) were 
analyzed using Permutation Multivariate ANOVA (PRIMER with 
PERMANOVA add-on, v. 6; Anderson et al., 2008) with Year 
(four levels: 2011–2014) and Site as fixed factors, and Stratum as 
a random factor.

To determine change in Spartina patch area over a growing 
season, we first estimated area of each patch after a standardized 
period of 90 days by using simple linear regression of patch area 
versus days since the first sampling date (usually mid-June). 
Percent areal growth was then calculated by dividing by initial 
patch area and multiplying by 100. This was done for each patch 
of S. pectinata in 2011–2014, S. alterniflora in 2012–2015, and 
non-dike S. patens in 2017–2020. For S. pectinata and 

S. alterniflora, percent areal growth was analyzed using ANOVA 
with Year (three levels: 2012–2014) and Species (two levels) as 
fixed factors. Data obtained in 2011 for S. pectinata and 2015 for 
S. alterniflora were graphed but not included in the analysis.

To estimate encroachment of S. patens in dike patches onto 
the Restoration sites, we quantified incremental distance advanced 
after each sampling round, standardized for 2-week periods, 
during the growing seasons in 2017–2020. Specifically, using the 
grid drawings mentioned above, we  selected (in a stratified 
random manner) five measures of the leading patch edge per 
drawing, converted them to standardized incremental advance, 
and used ANOVA, with Year (four levels: 2017–2020) and Round 
(six levels: June–September) as fixed factors, and Patch (six 
replicates; nested in Year) as a random factor. Note that 
we  assumed edaphic conditions within Restoration sites were 
suitable for S. patens when S. patens patches had positive 
annual spread.

To examine differences in plant states of S. pectinata and 
S. alterniflora, live stem density, canopy height, and percent of 
live stems flowering were analyzed using ANOVA or 
PERMANOVA (which can be  used for univariate analysis; 
Anderson et al., 2008) using Euclidian distance. For S. pectinata 
in 2013–2014, which is when we had a complete dataset, Year 
(two levels) and Site type (two levels: Restoration and Reference) 
were fixed factors, and Patch (3–10 replicates) was a random 
factor (the error term). For S. alterniflora in 2015–2020, which 
is when we repeatedly monitored the same patches, Year (when 
used, six levels) and Patch type (four or eight levels, described 
in the section Spartina in reference sites) were fixed factors, and 
Patch (5–10 replicates; nested in Patch type) was a random 
factor. More explicitly, the analyses that spanned 6 years (2015–
2020, ~third week of August for each year) included the 
S. alterniflora patch types: Restoration Large, Restoration Small, 
Reference Creek, and Reference Edge; while the analyses 
conducted for an example year (namely 22 August 2017) to 
compare all patch types included the aforementioned patch 
types as well as young-of-the-year patches from 2014 to 2017. 
Planned contrasts in the PERMANOVAs focused on differences 
in vegetation states of the patch types sampled on 22 August 
2017 to determine how patch types in Restoration sites 
compared to patch types in Reference sites, as well as how many 
years it took for patches established by seedlings to be similar 
to mature patches.

For univariate analyses, assumptions of homogeneity of 
variance and normality of residuals were assessed using Cochran’s 
C test and visual examination of residuals, respectively. 
Dependent variables were transformed as necessary using logit 
for percent, square root for counts, and log10 for measurements 
(indicated in the tables). Construction of F-ratios and Pseudo 
F-ratios were as per Underwood (1997). Tukey’s post hoc 
comparisons were conducted where appropriate to help 
interpretation and are presented as Supplementary material. 
Means ± SE are presented throughout the results, unless 
indicated otherwise.
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Results

Site dynamics

Mean vegetation cover in Restoration sites was low to 
moderate in the first-year post breach (July 2011: Restoration East: 
25 ± 6% and Restoration West: 51 ± 5%, n = 5 strata) and decreased 
(by 22% in Restoration East and 28% in Restoration West) from 
2012 to 2013. From 2014 to 2019 however, vegetation cover 
rapidly increased (by 93% in Restoration East and 71% in 
Restoration West) before plateauing in 2019–2020; Figures 1, 2; 
Supplementary Table 1.1. Furthermore, the two Restoration sites 
differed (significant Year*Site interaction, p < 0.001; Table  1; 
Supplementary Table 1.1) in that the East site typically had less 
vegetation cover than the West site, but by 2019–2020 both sites 
had essentially complete cover (~95%; Figure 2).

Initially, Spartina vegetation cover was in the form of almost 
circular patches. Patches of S. alterniflora expanded rapidly (see 
the section Spartina spread rates) before eventually merging and 
empty space was mainly in-filled by S. alterniflora seedlings. The 
patch size distribution was dominated by small patches (<0.5 m 
diameter) in the early years (particularly 2012; Figure 3), with a 
few large S. pectinata patches (>1 m diameter) in the higher 
elevation areas in the sites. Patch size distribution shifted to mid 
and large sized patches in 2013, large patches (mostly 
S. alterniflora) dominated in 2014, and there was widespread 
merging of patches (all S. alterniflora) in 2015 (Table 1; Figure 2; 
Supplementary Table 1.2; Supplementary Figure 1.2). Very small 
patches (<0.1 m) were abundant in 2014, reflecting en masse 

appearance of S. alterniflora seedlings that year. The two sites again 
showed differences (significant Year*Site interaction, p = 0.001; 
Table 1), with the West site having relatively more of certain sized 
patches than the East site in some years (Figure 3).

Spartina spread rates

Focal Spartina pectinata patches, which survived the dike-
breaching, were small in the first year of restoration (1.3 ± 0.4 m2 
on 13 July 2011; n = 10 patches). In subsequent years (2012–2014), 
annually selected patches were 4.3 ± 1.2 m2 in mid-June. Spartina 
pectinata patches moderately increased in area (mean change: 75 
and 45% over 90 days) in the early years’ growing seasons (2011–
2012), and mostly decreased (mean change: −65 and −35%) 
afterwards, becoming extirpated from Restoration sites by 2015 
(p = 0.001 for Year effect; Table 2; Figure 4; Supplementary Table 2.1; 
Supplementary Figure 2.2).

Spartina alterniflora appeared in the Restoration sites in the 
second-year post breach (2012) as small patches (1.7 ± 0.2 m2 in 
mid-June 2012, Figure  3). In subsequent years (2013–2015), 
annually selected patches were 3.3 ± 0.5 m2 in mid-June. In 
contrast to S. pectinata, Spartina alterniflora patches greatly 
increased in area during every growing season from 2012 to 2015 
(p < 0.001 for Species effect; Table 2; Figure 4). Specifically, the 
increase in patch area for S. alterniflora was initially very high 
(mean change: ~330% in 2012) then lower in subsequent years 
(mean change: ~230% in 2013, ~200% in 2014, and ~ 175% in 
2015) as space became limited and patches began merging in 2015 

FIGURE 2

Estimated percent cover of vegetation in the Restoration sites in late July from 2011 to 2020 for the Aulac salt marsh complex. n = 5 strata. For 
boxplots, midline represents the median, + the mean, box edges the first and third quartiles, whiskers ± 1.5*interquartile range, and dots outliers. 
See Table 1 for ANOVA and Supplementary Table 1.1 for pairwise comparisons.
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(p = 0.001 for Year effect, Table 2; Figure 4; Supplementary Table 2.1; 
Supplementary Figure 2.2).

Spartina patens appeared on the side of the dike in 2012 
(Supplement 4 in Virgin et al., 2020) but did not start to spread 
onto the Restoration sites proper until 2016. During the 2017–
2020 growing seasons, incremental encroachment rate of dike 
patches of S. patens varied among years and sampling rounds 
(significant Year*Round interaction, p < 0.001, Table 3; Figure 5; 
Supplementary Table  2.2; Supplementary Figure  2.1 for 
photographs). The annual spread rate was highest and most 
consistent in 2017 (5.2 ± 1.3 cm 14 days−1, n = 36 patch-round 
combinations). In other years, dike patches slowly advanced 
(0.6 ± 1.1 cm 14 days−1 in 2018, 2.3 ± 1.2 cm 14 days−1 in 2019, and 
4.2 ± 2.5 cm 14 days−1 in 2020).

In 2016–2017, two isolated S. patens patches were discovered 
within Restoration West proper (none in Restoration East), which 
were ~ 2.3 m2 in mid-June 2017. One isolated S. patens patch was 
discovered in Restoration East in Fall 2020, and many more 
patches were found in Restoration West in 2021. During the 2017–
2022 growing seasons, isolated patches moderately increased in 
area by 50 ± 11% over 90 days (mean ± SE, n = 15 patch-year 
combinations; range-15–149%; Supplementary Figure 2.3).

Spartina pectinata plant dynamics

In the first year post-breach, Spartina pectinata plants in 
Restoration sites had live stem densities (303 ± 54 stems m−2 
measured on September 8, 2011, n = 10 patches) and percent 
flowering (25 ± 7%) similar to those generally observed in the 

Reference site [e.g., 210 ± 14 stems m−2 and 15 ± 3%, n = 4 patches, 
measured a later year (on 19 August 2014); Figure  6] but were 
stunted at ~50 cm height (MA Barbeau, personal observation). In 
subsequent years, live stem density and percent flowering of 
restoration S. pectinata greatly decreased [e.g., 61 ± 10 stems m−2 
(p < 0.001 for year effect) and 4 ± 1% (p = 0.023), respectively, on 
August 19, 2014], being lower than in the Reference site in 2013–
2014 (Table  4, Figure  6, Supplementary Tables 3.1–3.5, 
Supplementary Figure 3.1). Canopy height of S. pectinata remained 
stunted at ~1/3 that in reference locations (e.g., 40 ± 3 cm vs. 
111 ± 7 cm tall on August 19, 2014). Spartina pectinata in the 
Restoration sites were exposed to much higher soil salinity (51 ± 3 mg 
salt cm−3 dry sediment; estimated at 43 ppt based on water content 
of collected sediment cores, n = 24 patches) than those growing in 
the Reference sites (11 ± 2 mg salt cm−3 dry sediment; estimated at 
7 ppt, n = 6 patches; measured in 2013, p < 0.001 for Patch type effect, 
Supplement 5), likely contributing to their stressed condition. In 
addition, examination of S. pectinata root masses in 2013 indicated 
more dead roots per unit volume of sediment, and so a lower live to 
dead root ratio, for patches in Restoration sites (3.6 ± 0.8 mg dead 
roots cm−3, and a ratio of 1.3 ± 0.4:1, n = 6 patches) than in the 
Reference site [2.6 ± 0.7 mg dead roots cm−3 (p = 0.007 for Patch type 
effect) and a ratio of 5.2 ± 2.5:1 (p < 0.001); Supplement 6].

Spartina alterniflora plant dynamics

In the earlier years of restoration (2012–2015), small patches 
of S. alterniflora had lower live stem densities (e.g., 202 ± 91 stems 
m−2 on August 12, 2014, n = 10 patches) and lower or similar 
percent flowering (11 ± 3%) than reference plants [whether creek: 
471 ± 38 stems m−2 and 12 ± 2% (n = 8 patches), or edge patches: 
544 ± 51 stems m−2 and 35 ± 14% (n = 4 patches), p = 0.048 for 
Year*Patch type interaction], and a canopy height (80 ± 6 cm) that 
was intermediate between the reference creek plants (tall-form, 
107 ± 6 cm) and edge plants (short-form, 50 ± 7 cm; p < 0.001 for 
Patch type effect; Supplementary Tables 3.1, 3.6; 
Supplementary Figure 3.2). In later years (2016–2020), live stem 
density (e.g., 210 ± 10 stems m−2 on August 22, 2017, n = 10 
patches) and canopy height (115 ± 8 cm) of restoration patches 
that were small in 2015 reached the density (180 ± 12 stems m−2, 
n = 10 patches) and canopy height (102 ± 3 cm) of reference tall-
form plants (significant Year*Patch type interaction for all 
response variables, p < 0.001, Table  4; Figure  7; 
Supplementary Table  3.9; Supplementary Figure  3.2). The 
reference short-form plants had higher live stem densities 
(264 ± 30 stems m−2, n = 5 patches) and shorter canopy heights 
(32 ± 4 cm). Large patches, which appeared and became common 
in the mid-years (2014–2015), within the Restoration sites were 
similar to reference tall-form plants in 2015–2016 (e.g., 237 ± 9 
stems m−2 and 94 ± 6 cm on August 13, 2015). However, they 
started to approach the short-form state as live stem density 
increased (e.g., 254 ± 23 stems m−2 on August 12, 2019) and 
canopy height decreased (57 ± 3 cm) in the later years 

TABLE 1 Results for percent vegetation cover (ANOVA) and size 
distribution of plant patches (<0.1, 0.1–0.5, 0.5–1, 1–2, and >2 m in 
diameter; PERMANOVA) of Spartina spp. in the Restoration sites (East, 
West; each with five replicate strata) of the Aulac salt marsh complex 
from 2011–2020 and 2011–2014, respectively.

Dependent 
variable

Source df MS F p perm

Vegetation 

cover

Year 9 11,344 96.63 <0.001

Site 1 7,656 8.10 0.022

Year*Site 9 469 4.00 <0.001

Stratum(Site) 8 947

Year*Stratum(Site) 72 117

Patch size 

distribution

Year 3 8,821 28.61 0.001 999

Site 1 5,758 7.49 0.015 126

Year*Site 3 2,138 6.93 0.001 999

Stratum(Site) 8 770

Year*Stratum(Site) 24 308

Significant and interpretable value of ps (≤0.05) of fixed effects is bolded. For the 
PERMANOVA, F-value is a Pseudo-F, value of p was obtained by permutations, and 
perm = number of permutations. See Figures 2, 3 for boxplots of vegetation cover and 
patch size distribution, Supplementary Table 1.1 for pairwise comparisons of vegetation 
cover, and Supplementary Table 1.2 and Supplementary Figure 1.2 for analyses of patch 
size distribution per species.
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(2017–2020), which is associated with shorter distances from the 
seaward edge of the marsh (Supplement 7). Note that the large 
patches tended to be located more seaward on the Restoration 

sites than small patches, and so more exposed to wave and wind 
stress since the almost complete erosion of the old dike in 2016. 
Percent flowering of small and large restoration patches in 2016–
2020 showed variation but were within the range of reference 
plants (restoration: 32 ± 4 and 29 ± 3% flowering for small and 
large patches, respectively, averaged over mid-to late August 2016–
2020; reference: 35 ± 3 and 15 ± 2% flowering for creek and edge 
patches, respectively).

Spartina alterniflora seedlings (Supplementary Figure 3.3) first 
appeared en masse in 2014  in the Restoration sites, reflecting 
increased seed supply from locally established patches, and 
availability of suitable space (with appropriate marsh surface 
elevation, Supplement 8). Seedings continued to appear in good 
numbers until 2017, when availability of free space greatly 
diminished (Figures 1, 2). Young-of-the-year S. alterniflora had 
lower live stem densities (1/3–2/3 lower, e.g., 114 ± 14 stems m−2 

FIGURE 3

Estimated number of different sized patches of Spartina spp. in late July from 2011 to 2014 in the Restoration sites (East and West) of the Aulac salt 
marsh complex. n = 5 strata. See Figure 2 for explanation of boxplots and Table 1 for permutation Multivariate ANOVA (PERMANOVA).

TABLE 2 ANOVA results for asexual growth of plant patches (% 
change in area) of Spartina pectinata and S alterniflora over a 90-day 
growing period in the Restoration sites of the Aulac salt marsh 
complex in June–August 2012–2014.

Source df MS F p

Year 2 2.759 7.66 0.001

Species 1 35.485 98.52 <0.001

Year*Species 2 0.766 2.13 0.129

Error 54 0.360

Significant and interpretable p values (≤0.05) are bolded. Data were transformed using 
the logit function prior to analysis. See Figure 4 for boxplots and 
Supplementary Table 2.1 for pairwise comparisons.
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on August 22, 2017, n = 10 patches; Figure  8) during the 
growing season than established restoration patches and reference 
patches (p < 0.001 for Round*Patch type interaction, 
Supplementary Tables 3.4, 3.8; p < 0.001 for Year*Patch type 
interaction, Supplementary Tables 3.9, 3.10; 
Supplementary Figures  3.2, 3.4). Canopy height of seedling 
patches near the end of the growing season (e.g., 49 ± 4 cm on 
August 22, 2017) was similar to reference short-form plants, and 
about half that of established restoration patches and of reference 
tall-form plants. Furthermore, young-of-the-year plants did not 
flower. By the fall, collected specimens indicated that most started 
to reproduce asexually (Supplementary Figure 3.3). Early in their 
second year (June), the young plants are easily distinguishable 
from new seedlings and from older plants, because they are both 
robust-looking and singlets (Supplementary Figure 3.3). They had 
a live stem density (e.g., 193 ± 15 stems m−2 on August 22, 2017) 
and canopy height (98 ± 6 cm) approaching that of established 

restoration patches and reference tall-form plants, but their 
percent flowering was on average lower (1/3–1/2 lower; 28 ± 5% 
on 22 August 2017; Figure 8; Supplementary Tables 3.4, 3.8–3.10; 
Supplementary Figures  3.2, 3.4). By their third year, former 
seedling plants were similar in stem density (e.g., 204 ± 11 stems 
m−2 on August 22, 2017), canopy height (100 ± 5 cm), and 
flowering (62 ± 6%) to established restoration patches and 
reference tall-form plants.

Dynamics over a growing season (presented for 2016 and 
2017 as examples) showed that live stem density for plants that 
were not young-of-the-year started relatively high in mid-June 
(e.g., 613 ± 135 and 649 ± 114 stems m−2 for restoration small and 
large patches, respectively, measured in June 2016, n = 10 patches:), 
decreased over the growing season (325 ± 42 and 357 ± 53 stems 
m−2 for restoration small and large patches measured on August 
24, 2016), likely due to self-thinning (Roderick and Barnes, 2004), 
and had a small peak in early fall (338 ± 32 and 396 ± 52 stems m−2 
for restoration large and small patches measured on 24 September 
2016) with appearance of small stems that were produced 
asexually (significant Round*Patch type interaction, p < 0.001; 
Supplementary Table 3.4; Supplementary Figure 3.4). Young-of-
the-year began the growing season with low live density (e.g., 
90 ± 18 stems m−2 measured in mid-June 2016) and increased over 
the growing season as new seedlings continued to emerge in the 
summer (164 ± 24 stems m−2 measured on 24 August 2016), and 
as asexually produced stems started to appear in early fall 
(302 ± 23  stems m−2 measured on 24 September 2016; 
Supplementary Figure 3.3). The stems and leaves of all plant types 
senesced and died in mid to late fall (see also Baerlocher and 
Moulton, 1999). Canopy height for plants that were not young-of-
the-year rapidly increased from June (e.g., 36 ± 4 cm and 33 ± 3 cm 

FIGURE 4

Change in patch area of Spartina pectinata (2011–2014) and S. alterniflora (2012–2015) in the Restoration sites of the Aulac salt marsh complex. 
n = 10 patches. See Figure 2 for explanation of boxplots, Table 2 for ANOVA, and Supplementary Table 2.1 for pairwise comparisons.

TABLE 3 ANOVA results for incremental distance advanced (cm 
14 day−1) by dike patches of Spartina patens into Restoration sites of 
the Aulac salt marsh complex from June–September in 2017–2020.

Source df MS F p

Year 3 636.6 3.49 0.035

Round 5 155.2 0.35 0.881

Year*Round 15 935.9 2.12 0.015

Patch(Year) 20 182.4 2.38 <0.001

Round*Patch(Year) 100 442.1 5.78 <0.001

Error 576 76.5

Significant and interpretable p values (≤0.05) of fixed effects are bolded. See Figure 5 for 
graph and Supplementary Table 2.2 for pairwise comparisons.
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for restoration small and large patches in 2016) to July (72 ± 6 cm 
and 59 ± 3 cm of restoration small and large patches) and leveled 
off in August (98 ± 7 cm and 86 ± 8 cm for restoration small and 
large patches; significant Round*Patch type interaction, p < 0.001; 
Supplementary Tables 3.4, 3.8; Supplementary Figure 3.4). Young-
of-the-year grew sigmoidally (6 ± 0.5 cm in mid-June 2016), 
surpassed the height of reference short-form plants by end of 
August (47 ± 6 cm measured), and leveled off in September 
(55 ± 4 cm measured). All plant types showed a decreased canopy 
height in mid-fall as taller shoots died and remaining live shoots 
were measured. Flowering typically started toward the end of July, 
peaked in late-August/early-September (e.g., 60 ± 7 and 52 ± 10% 
of live stems flowering of small and large patches measured in 
early September 2016), and was finished by end of September. 
Two-year old plants started to flower in August and flowered less 
than more established plants (~130% less than four-year-old 
plants in August 2017). Note that reference short-form (edge) 
patches had high yearly variation in percent flowering 
(Supplementary Figure 3.4); in 2016 and 2017, percent flowering 
was relatively low.

Spartina alterniflora root masses in 2013 had a higher live to 
dead root ratio in Restoration sites (12.9 ± 4.5:1 on August 20, 
2013, n = 6 patches; at the time, S. alterniflora patches were all 
small) than reference creek (1.0 ± 0.1:1) and edge (2.1 ± 0.4:1) 
patches (p < 0.001 for Patch type effect; Supplementary Tables 6.1, 
6.2). Restoration live root mass per unit volume of sediment 
(2.7 ± 0.8 mg cm−3) was equivalent to reference tall-form (creek) 
plants (2.7 ± 0.8 mg cm−3), and dead root mass was lower 
(0.4 ± 0.1 mg cm−3) than both reference patch types (2.3 ± 0.6 and 
5.9 ± 2.0 mg cm−3 for creek and edge, respectively; p = 0.002 and 
0.007 for Patch type effect when testing differences in live and 
dead root masses, respectively; Supplementary Tables 6.1, 6.2). 

Spartina alterniflora was growing in sediments (measured in 2013) 
with somewhat higher salt content in the restoration patches 
(50 ± 4 mg salt cm−3 dry sediment; estimated at 41 ppt; n = 12 
patches) than in reference creek patches (40 ± 3 mg salt cm−3 dry 
sediment, estimated at 29 ppt; though the salinity difference was 
not significant, Supplementary Tables 5.1, 5.2).

Spartina patens plant dynamics and 
possible interaction with Spartina 
alterniflora

Spartina patens growing along the dike (observed since 2012) 
were well-established and resembled reference S. patens in live 
stem density (e.g., 3,376 ± 537 and 3,275 ± 217 stems m−2, 
respectively, n = 6–10 patches, measured in August 2018), canopy 
height (66 ± 6 cm and 54 ± 2 cm), and percent flowering (3 ± 2 and 
4 ± 1%) when measured in August 2017–2020 (p > 0.30 for Patch 
type effect on stem density and percent flowering; post-hoc p > 0.05 
for Patch type effect on canopy height; Supplementary Tables 3.11, 
3.12; Supplementary Figure 3.5). The isolated S. patens patches 
discovered growing within Restoration West (in 2016–2017) 
tended to have lower live stem density (e.g., 2,360 ± 584 stems m−2 
in August 2018, n = 2 patches, though not significant) and had 
shorter canopy height (37 ± 9 cm; p < 0.001 for Patch type effect) 
for plants growing in their center than S. patens growing on the 
dikes and in Reference sites (Supplementary Tables 3.11, 3.12; 
Supplementary Figure 3.5).

Shoots of S. patens growing along the inner edges of S. patens 
dike patches and isolated patches, where they could 
be interacting with S. alterniflora, had similar live stem densities 
[1,179 ± 388 and 1,616 ± 688 stems m−2 in August 2018 for inner 

FIGURE 5

Mean (± SE, n = 6 patches) cumulative distance advanced of Spartina patens from the landward (new) dike onto Restoration sites of the Aulac salt 
marsh complex from 2017 to 2020. See Table 3 for ANOVA and Supplementary Table 2.2 for pairwise comparisons.
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edges of dike patches (n = 3) and inner edges of isolated patches 
(n = 2), respectively], canopy height (58 ± 7 cm and 43 ± 9 cm), or 
percent flowering (1 ± 1 and 4 ± 4%) compared to shoots growing 
more centrally in the patches (3,056 ± 371 and 2,360 ± 584 stems 
m−2, 58 ± 5 and 37 ± 9 cm, and 0 ± 0 and 16 ± 16%, for dike and 
isolated patches, respectively; Supplementary Tables 4.1, 4.2; 
Supplementary Figure 4.1). The S. patens shoots growing just 
beyond the outside edges of the isolated patches, compared to 

shoots growing on the inside edges mentioned above, had lower 
live stem density (216 ± 64 stems m−2), were shorter (35 ± 7 cm), 
and did not flower (p = 0.005 and p < 0.001 for Round*Patch type 
for live stem density and canopy height, respectively; 
Supplementary Tables 4.1, 4.2; Supplementary Figure  4.1). 
Spartina alterniflora plants growing along the edges of the dike 
patches and isolated patches of S. patens generally had lower live 
stem densities (89 ± 8, 148 ± 60, and 164 ± 28 stems m−2), shorter 

FIGURE 6

State of Spartina pectinata in late August/early September in the Restoration and Reference sites of the Aulac salt marsh complex from 2011–2014. 
In Restoration sites, n = 8–10 patches; for Reference sites, n = 3–4 patches; nd = no data. Spartina pectinata was not monitored in the Reference 
sites in 2011–2012, and canopy height was not recorded in the Restoration sites in 2011. See Figure 2 for explanation of boxplots, Table 4 for 
ANOVAs, and Supplementary Table 3.3 for pairwise comparisons.
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canopy height (52 ± 13 cm, 67 ± 6 cm, and 58 ± 4 cm), and less 
percent flowering (0 ± 0, 8 ± 1, and 9 ± 3% for patches on the dike 
edges, the inner edges of isolated patches, and the outer edges of 
isolated patches, respectively, in August 2018) than those 
growing in monoculture S. alterniflora areas (183 ± 20 and 
292 ± 40 stems m−2, 92 ± 6 and 70 ± 7 cm, and 26 ± 9 and 14 ± 4% 

percent of live stems flowering, for restoration small and large 
patches in Restoration West, respectively; n = 10 patches; 
p = 0.006, p = 0.003, and p < 0.001 for Round*Patch type for live 
stem density, canopy height, and percent flowering, respectively; 
Supplementary Tables 4.1, 4.3; Supplementary Figure 4.2).

Discussion

We collected detailed measurements over 10 years of Spartina 
plant states and patch dynamics that underlie vegetation recovery 
patterns at two sites in the Aulac salt marsh restoration project in 
the upper Bay of Fundy. We estimated modes of colonization of 
S. alterniflora and S. patens, measured asexual spread of 
S. pectinata, S. alterniflora, and S. patens; monitored seedling 
production of S. alterniflora; began quantifying interactions 
between S. alterniflora and S. patens; and began exploring how 
spatial distribution within the sites affected S. alterniflora health-
related states. In the following discussion, we first briefly examine 
the observed site-level patterns, and then discuss the patch-level 
processes in terms of dynamics, ecological insights, restoration 
implications, and planned research.

Recovery patterns of the salt marsh 
vegetation community in Aulac

Following breaching of the old agriculture dike in 2010 
(Boone et al., 2017; Virgin et al., 2020), site-level vegetation 
patterns reflected initial persistence, then decline, and 
disappearance of S. pectinata in under 5 years, followed by 
spread of S. alterniflora in the mid years, and of S. patens in 
the later years (Virgin et al., 2020). Vegetation recovery has 
followed secondary, progressive succession where site-level 
community changes are expected to eventually result in spatial 
distributions of the vegetation communities observed in the 
reference sites (i.e., climax condition of salt marshes in the 
region). During other salt marsh restoration projects in New 
England and the Bay of Fundy, freshwater and brackish 
vegetation typically disappears quickly (<6 years; Burdick 
et al., 1996; van Proosdij et al., 2010; Smith and Warren, 2012). 
Increasing cover of halotolerant vegetation during salt marsh 
restoration typically begins with species that are more tolerant 
to inundation and salinity (e.g., S. alterniflora, but also 
succulent forbs including Suaeda and Salicornia spp.; Virgin 
et al., 2020), followed by species less tolerant to both (e.g., 
S. patens; Redfield, 1972; Mossman et  al., 2012). In Aulac, 
S. alterniflora most likely colonized the restoration sites via 
rhizomal material brought into the sites by the tide and ice 
blocks during winter (based on observations of ice blocks and 
their content; van Proosdij et al., 2006; Boone et al., 2017) and 
lack of observed seedlings in the early years. After the sites 
were colonized, S. alterniflora spread asexually before 
seedlings were observed in the project’s fourth year (2014). 

TABLE 4 ANOVA results for live stem density (# stems m−2), canopy 
height (cm), and percent flowering (% of live stems flowering) of 
Spartina pectinata and S. alterniflora in Restoration and Reference 
sites (i.e., two site types) in the Aulac salt marsh complex over 
years.

Species Dependent 
variable

Source df MS F p

S. pectinata Live stem 

density 

(square root)

Year 1 21.09 1.05 0.316

Site type 1 163.80 8.11 0.009

Year*Site type 1 8.05 0.40 0.533

Error 23 20.07

Canopy 

height (log10)

Year 1 9.80 E-04 0.08 0.784

Site type 1 1.06 83.56 <0.001

Year*Site type 1 1.52 E-02 1.19 0.289

Error 20 1.27 E-02

Percent 

flowering 

(logit)

Site type 1 2.11 5.12 0.043

Error 12 4.12 E-01

S. 

alterniflora

Live stem 

density 

(square root)

Year 5 192.12 48.96 <0.001

Patch type 3 272.19 26.09 <0.001

Year*Patch type 15 18.33 4.67 <0.001

Patch(Patch 

type)

31 10.42

Year*Patch 

(Patch type)

155 3.92

Canopy 

height (log10)

Year 5 3.59 E-02 6.72 <0.001

Patch type 3 1.09 62.86 <0.001

Year*Patch type 15 3.21 E-02 6.01 <0.001

Patch(Patch 

type)

31 1.74 E-02

Year*Patch 

(Patch type)

155 5.35 E-03

Percent 

flowering

Year 5 5.52 E-01 24.28 <0.001

Patch type 3 2.41 E-01 5.31 0.005

Year*Patch type 15 1.07 E-01 4.72 <0.001

Patch(Patch 

type)

31 4.56 E-02

Year*Patch 

(Patch type)

155 2.27 E-02

For S. pectinata, data were collected in late August/early September in 2013–2014 (live 
stem density, canopy height) or 2014 (percent flowering); n = 8–10 for Restoration sites, 
and n = 3–4 for Reference sites. For S. alterniflora, data for multiple patch types were 
collected in mid-August from 2015–2020; Patch types include small and large patches in 
Restoration sites, and creek and edge patches in Reference sites; n = 10 patches per type, 
except n = 5 for edge patches. Significant and interpretable p values (≤0.05) of fixed 
effects are bolded. Data transformation prior to analysis indicated in parenthesis. See 
Figures 6, 7 for boxplots of S. pectinata and S. alterniflora, respectively, 
Supplementary Tables 3.3, 3.7 for pairwise comparisons.
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Asexual spread was rapid during our project (nearing complete 
cover after 9 y) as has been reported in regions where 
S. alterniflora is considered native (Trilla et  al., 2009) and 
invasive (Taylor and Hastings, 2004; Zhang et al., 2017). While 
recovery of vegetation communities was rapid in both Aulac 
restoration sites, differences in site dynamics likely reflected 
an initial lower surface elevation of the East site (Boone et al., 
2017) and differing (though high) rates of sediment deposition 

(Virgin et al., 2020); this demonstrates that subtle differences 
in site conditions can affect vegetation recovery dynamics. A 
restoration project in Maine, United States, reached 70% of 
halotolerant vascular plant cover in 6 years (Burdick et  al., 
1996), and another in the Bay of Fundy reached 100% cover in 
3 years (van Proosdij et al., 2010). Attaining high salt marsh 
vegetation percent cover is quite fast in the Bay of Fundy 
(<6 years), likely due to high deposition of sediment and 

FIGURE 7

State of Spartina alterniflora in mid-August in established patches in Reference and Restoration sites of the Aulac salt marsh complex from 2015 to 
2020. n = 10, except n = 5 for Reference edge patches. See Figure 2 for explanation of boxplots, Table 4 for ANOVAs, Supplementary Table 3.7 for 
pairwise comparisons, and Supplementary Figure 3.2 for more detailed plant dynamics.
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vegetation propagules (van Proosdij et al., 2010; Roman and 
Burdick, 2012; Virgin et al., 2020) resulting from large tidal 
amplitudes. Furthermore, in this and other restoration 
projects to date in the Bay of Fundy (Bowron et  al., 2012; 
Norris et  al., 2020), it has been observed that recovery of 
vegetation appears most rapid if the tidal waters move over 
established marsh before entering a site to be restored, likely 
because this is a direct source of vegetation propagules. In 
other geographic locations, especially in areas with small tidal 
amplitudes, high vegetation percent cover may take more than 
10 years (Burdick et al., 1996; Garbutt et al., 2006; Weinstein 
et al., 2019). Currently, we are observing a gradual spread of 
S. patens into the restoration sites from high elevation areas, 
including the dike edge and isolated patches within the sites. 
We  forecast continued spread and eventual dominance of 
S. patens, coinciding with ongoing sediment deposition and 
elevation increase, which will competitively displace 
S. alterniflora to lower elevation areas (Bertness, 1991) and 
lead to the expected plant zonation of S. alterniflora occupying 
low elevation marsh areas and S. patens dominating 
higher elevations.

Processes underlying the early phases of 
salt marsh restoration and their 
implications

Development of vegetation patterns during salt marsh 
recovery can be  described in phases, which is useful when 
examining underlying patch-level processes. The first and second 
phases of salt marsh restoration in Aulac were the high initial 
sediment deposition occurring immediately after breaching 
(phase 1, year 1) and the loss of S. pectinata and colonization and 
spread of S. alterniflora (phase 2, years 2–5; see Virgin et al., 2020). 
Competition between brackish and halotolerant species (e.g., 
Phragmites sp. and Typha sp. vs. S. alterniflora; Roman et al., 1984; 
Barrett and Niering, 1993) has played a substantial role in 
successional dynamics of vegetation communities during previous 
salt marsh restorations. During the second phase of our salt marsh 
restoration project, the disappearance of S. pectinata and 
proliferation of S. alterniflora was the probable result of 
inappropriate environmental conditions for the former species, 
and ample suitable habitat for the latter, rather than interspecific 
competition. Soil water salinity of the sites was considered lethal 

TABLE 5 PERMANOVA results for effect of patch type on each of live stem density (# stems m−2), canopy height (cm), and percent flowering (% of 
live stems flowering) of Spartina alterniflora in Restoration and Reference sites in the Aulac salt marsh complex on 22 August 2017.

Dependent 
variable

Source df MS Pseudo F p perm p(MC)

Live stem density Patch type 7 16,132 6.58 <0.001 979 0.001

Small vs. Large 1 3,699 0.86 0.386 91 0.372

Small vs. Creek 1 4,500 3.54 0.063 58 0.069

Large vs. Edge 1 2,466 0.38 0.533 165 0.558

Small vs. s2014, s2015 1 564 0.54 0.490 111 0.459

s2015 vs. s2016 1 627 0.36 0.562 67 0.563

s2016 vs. s2017 1 31,363 15.56 0.001 86 0.002

Error 67 2,449

Canopy height Patch type 7 6089.7 25.13 <0.001 999 0.001

Small vs. Large 1 5923.7 16.28 0.001 645 0.001

Small vs. Creek 1 838.5 2.56 0.128 573 0.132

Large vs. Edge 1 7857.0 60.31 0.002 693 0.001

Small vs. s2014, s2015 1 3617.7 9.93 0.005 638 0.006

s2015 vs. s2016 1 22.9 6.73 E-02 0.825 574 0.801

s2016 vs. s2017 1 11756.0 41.39 0.001 702 0.001

Error 67 242.4

Percent flowering Patch type 7 5.96 E-01 19.86 <0.001 997 0.001

Small vs. Large 1 1.74 E-01 3.15 0.093 992 0.108

Small vs. Creek 1 4.08 E-06 2.13 E-04 0.989 988 0.984

Large vs. Edge 1 3.50 E-01 5.44 0.047 800 0.034

Small vs. s2014, s2015 1 6.27 E-04 2.28 E-02 0.873 995 0.883

s2015 vs. s2016 1 5.85 E-01 17.56 0.002 993 0.002

s2016 vs. s2017 1 3.80 E-01 25.60 0.001 597 0.001

Error 67 3.00 E-02

Patch types are small, large, seedling 2014 (s2014), seedling 2015 (s2015), seedling 2016 (s2016), and seedling 2017 (s2017) patches in Restoration sites, and creek and edge patches in 
Reference sites; n = 10 patches (except n = 5 for edge patches). p values were obtained by permutation, and perm = number of permutations; note that those obtained by Monte Carlo 
simulations [p(MC)] should be used when perm is low (<100). Significant and interpretable p values (≤0.05) are bolded. Planned contrasts examined differences of interest between patch 
types. See Figure 8 for boxplots.
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for S. pectinata (>0.2 M NaCl or 12 ppt; Warren et al., 1985), but 
suitable for S. alterniflora (Webb, 1983; Betzen et  al., 2019). 
Furthermore, the availability of empty and suitable habitat would 
have minimized competition between S. pectinata and 
S. alterniflora (Craine and Dybzinski, 2013). The two species were 
located far apart in the restoration sites, with surviving S. pectinata 
occupying the high elevation areas of the sites (see year 1 aerial 
photograph in Figure 1; marsh surface elevation profiles presented 

in Supplementary Figure S1.1 of Virgin et  al., 2020), and 
S. alterniflora colonizing bare areas at intermediate elevations. 
Thus, conversion from S. pectinata to a S. alterniflora-dominated 
area was driven by interactions with their environment (or 
edaphic conditions), and not by competitive interactions 
between species.

We initially expected the colonization and spread of 
S. alterniflora would be from high elevation dike edges, because 

FIGURE 8

State of S. alterniflora in established and seedling patches in the Restoration and Reference sites of the Aulac salt marsh complex on August 22, 
2017. Patch types labeled as a year (e.g., “s2014”–“s2017”) are young-of-the-year from said year. n = 10 patches, except n = 5 for Reference edge 
patches. See Figure 2 for explanation of boxplots, Table 5 for PERMANOVAs, and Supplementary Figures 3.2, 3.4 for more detailed plant dynamics.
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S. alterniflora grows most successfully in non-halophytic 
conditions with little competition (Bertness, 1991). Instead, 
we observed circular colonies (patches) of S. alterniflora dotting 
the sites, which had the tall-form phenotype when they matured. 
The vigorous spread by S. alterniflora was possible likely due to 
appropriate elevational range of most of the sites’ surface (Proffitt 
et al., 2003) and high nutrient content of the soil (Keizer et al., 
1989; Langley et al., 2013). The S. alterniflora seedlings in 2014 
(year 4) must have been produced by the healthy-looking mature 
plants in the restoration sites in 2013, which we observed bearing 
seeds in addition to dense batches of seeds on the mud surface. 
Other studies have reported seedling colonization in the first-year 
post-restoration (van Proosdij et  al., 2010), although seedling 
establishment of Spartina spp. can be  erratic (Callaway and 
Josselyn, 1992). Clonal species are more often thought to transition 
from mostly sexual to asexual reproduction when establishing in 
a new site (Silvertown, 2008), which is opposite to what 
we observed during the Aulac restoration. In contrast to sites that 
are up tidal channels or are landward of established salt marshes, 
the Aulac sites face the open Bay of Fundy (Cumberland Basin), 
and we suspect that seeds would not have been readily brought in 
by tidal water. Furthermore, the Aulac sites’ surface elevation may 
not have been suitable for the successful germination of seeds 
until the fourth year of the project. Indeed, we  observed that 
seedlings in 2014 occurred within a narrow range of elevation 
(Supplement 8). Also, very high sedimentation rates in the early 
years [as much as 50 cm in the first year, averaging 18.3 ± 3.8 cm 
(mean ± SE, n = 20 plots) in Restoration East and 10.8 ± 1.4 cm 
(n = 27 plots) in Restoration West; Virgin et al., 2020] may have 
contributed to lack of germination if seeds were present; 
S. alterniflora germination rates decrease when buried under too 
much sediment (Zhao et  al., 2020). In addition, our later 
monitoring of S. alterniflora patches that started from young 
plants indicated that it takes 2–3 years for the plants to flower 
substantially, supporting the claim that onsite plants would have 
started producing substantial amounts of seeds only at the end of 
the 2013 growing season. As the typical ecosystem engineer 
species of salt marsh on the east coast of North America, the 
colonization and initial asexual and sexual spreads of S. alterniflora 
were considered crucial for the successful development of salt 
marsh habitat during our restoration project.

Our process-related observations and attendant ecological 
insights during the early phases (particularly phase 2, Virgin et al., 
2020) of the restoration suggest three restoration implications. 
First, the initial presence of S. pectinata onsite (present before and 
after the breaching), along with S. alterniflora which appeared a 
year later, likely aided in binding sediments (Neumeier and 
Ciavola, 2004) and preventing erosion, which has been reported 
during failed restoration projects where retrogressive succession 
results in the failure of salt marsh establishment (French et al., 
2000). Spartina pectinata has not previously been thought of as a 
good temporary species facilitating the initial development of a 
salt marsh. Due to its potential value as a facilitator and lack of 
competition with S. alterniflora, we propose that S. pectinata is a 

good temporary plant when initiating a salt marsh restoration and 
assists in salt marsh development in the first 3–4 years. This idea 
should be tested in a field experiment conducted concurrently 
with a planned restoration, in which presence/absence of 
S. pectinata is manipulated. Second, the appearance of 
S. alterniflora at our Aulac sites was delayed compared to other salt 
marsh restoration projects in the Bay of Fundy. When considering 
where to breach an old dike, we suggest that the presence of an 
established salt marsh seaward of the restoration site should 
be included in the list of criteria of the breach (see Boone et al., 
2017). This would provide an immediate source of vegetation 
propagules brought in by tidal water. This idea could be tested 
further by studying the effect of breach location relative to 
surrounding established salt marsh on initial vegetation recovery, 
as well as in a spatial modeling exercise examining the importance 
of input rate of S. alterniflora propagules relative to other processes 
in the vegetation recovery. Third, at north temperate latitudes, ice 
blocks are a vector of colonization for various organisms as well as 
a source of sediment transport (van Proosdij et  al., 2006; 
Macfarlane et al., 2013; Lundholm et al., 2021). The importance of 
ice blocks for sediment transport had been considered in planning 
the breaches in Aulac (i.e., by making the breaches large enough 
to allow ice in; Boone et al., 2017). However, we had not originally 
considered ice blocks to be  a primary mode of S. alterniflora 
colonization for our sites. This idea could be  assessed by 
quantifying density of ice blocks appearing on site and proportion 
of ice blocks with marsh plant rhizomal material. This information 
could then be used to parameterize the input rate of S. alterniflora 
propagules in a spatial model. The size distribution of plant 
patches outputted from the model and observed in the field could 
then be  compared. To summarize, three implications were 
suggested during the early restoration phases (particularly phase 
2, the decline and eventual disappearance of S. pectinata and 
colonization and spread of S. alterniflora) which, if considered 
while planning future restoration projects, could speed the 
appearance of the later phases.

Processes underlying the later phases of 
salt marsh restoration and their 
implications

The third phase (years 6–10) of salt marsh restoration in Aulac 
was characterized by the dominance of S. alterniflora with the 
continued merging of patches and infilling by seedlings, resulting 
in decreased spatial variation and homogenization of vegetation 
density and diversity (Supplementary Figure 1.3; Virgin et al., 
2020). The production of S. alterniflora seeds and subsequent 
germination into seedlings were important processes underlying 
the spatial vegetation pattern up until year 8 (2018), at which time 
free space became vanishingly small, and very low densities of 
seedlings were observed, mostly interspersed among mature 
plants. We  stopped establishing and monitoring new seedling 
patches that year (2018) because there were almost none. Mature 
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plants were still producing seeds, but sexual reproduction was no 
longer an important process affecting spatial patterns. Seeds likely 
had low germination success because of light and space limitations, 
i.e., intraspecific competition with established plants (Metcalfe 
et al., 1986). Our results suggest that successful spread by sexual 
reproduction of S. alterniflora was related to availability of space, 
in addition to appropriate edaphic conditions. Any spread of 
S. alterniflora in the later part of the third phase appeared mostly 
through asexual production of shoots either from plants in the 
older established patches or from past seedlings which were 
creating shoots asexually starting in their second year of life. Thus, 
the two modes of reproduction (asexual and sexual) were highly 
complementary with their relative importance changing as the 
recovery proceeded and led to the rapid spread and domination 
of S. alterniflora throughout the sites. A restoration implication of 
this is that transplanting S. alterniflora tillers or plugs of seedlings 
(e.g., grown in greenhouse) upon initiating a restoration may not 
contribute much to the recovery of vegetation cover in site 
situations like ours, i.e., within an elevation range of a low marsh 
zone, and where sediment deposition is high and passive 
establishment of the primary ecosystem engineer species 
(S. alterniflora in our case) is prompt. In other situations, such as 
in a high marsh zone (even in the Bay of Fundy; Rabinowitz et al., 
2022) or other geographic locations (Travis et al., 2002; Novy et al., 
2010), transplanting tillers and/or seedlings has been shown to 
be worthwhile.

Aside from their influence on site-level spatial patterns, which 
was presented as part of our current study, a potential restoration 
implication and likely consequence of the high number of 
seedlings appearing during recovery (from 2014 to 2017, or end 
of phase 2 and start of phase 3) that requires investigation is the 
potential increase in S. alterniflora genetic diversity. Indeed, 
we did collect plant samples for genetic analysis in 2016–2017, but 
still need to process them. Restoration projects elsewhere did 
observe that natural levels of genetic diversity in S. alterniflora can 
develop quickly through passive colonization if a ready source of 
propagules is available (Louisiana; Travis et al., 2002). Genetic 
diversity in S. alterniflora can influence many aspects affecting 
recovery dynamics, including plant performance and spread rates 
(Seliskar et al., 2002; Wang et al., 2012), germination response 
(Seneca, 1974; Travis et al., 2002), flowering phenology (Somers 
and Grant, 1981), adaptability (Travis et al., 2002), and interactions 
with other species, such as competition, facilitation, and resistance 
to consumer pressure and fungal infection (Travis et al., 2002; 
Proffitt et al., 2005; Zerebecki et al., 2017). With the return to 
mostly asexual reproduction in S. alterniflora once a marsh site is 
fully vegetated, genetic diversity is expected to decrease as certain 
competitively superior genotypes begin to dominate the maturing 
marsh (Travis et al., 2004); this should be tested at our sites in the 
future. Overall, the third phase of restoration was defined by the 
natural proliferation and success of S. alterniflora until its near 
complete cover of the restoration sites.

The Aulac salt marsh restoration is now just starting the 
fourth phase (years 10+), distinguished by the development of the 

S. alterniflora short phenotype, spread of S. patens, and likely 
interaction between S. alterniflora and S. patens (Virgin et al., 
2020). During earlier phases, mature S. alterniflora plants 
throughout the restoration sites were the tall phenotype (similar 
in canopy height to those growing in creeks of reference sites), 
indicating that they were healthy and not stressed by intraspecific 
competition, nutrient limitation, or abiotic conditions (Anderson 
and Treshow, 1980; Zerebecki et  al., 2021). However, at the 
beginning of the fourth phase, S. alterniflora growing close to the 
seaward edge of the restoration sites began to resemble the short-
form plants of the reference marshes. Bay of Fundy salt marshes 
typically have a scarped seaward edge, which is elevated compared 
to the sides of the creeks within the marshes where tall-form 
S. alterniflora grows. This seaward edge is exposed to 
environmental stress (including tidal, wind, and wave action), and 
is occupied by short-form S. alterniflora. Our recent observations 
of spatial heterogeneity in canopy height in the restoration sites, 
with short S. alterniflora plants seaward in more elevated and 
older vegetated areas, and tall S. alterniflora plants landward in the 
lower elevation, protected and more newly vegetated areas 
(including the borrow pits), are approaching the reference 
condition. The transition in phenotype from tall form to short 
form in the seaward area of our sites may be due to increasing 
intraspecific competition among these older S. alterniflora plants 
(Wang et al., 2005), decreasing edaphic conditions with accreting 
marsh surface elevation and presumably less tidal flushing 
(resulting in the delivery of less fresh sediment and nutrients; 
Mendelssohn and Seneca, 1980), and/or environmental stress in 
the form of mechanical action by high tidal, wave, and wind 
energy (e.g., causing high rates of plant mass loss, particularly in 
apical sections of leaves; Baerlocher and Moulton, 1999). 
We suspect that a combination of the above is involved because 
the old seaward dike (breached in 2010 in demarcated locations) 
protected the developing marsh until it was essentially fully 
eroded after winter 2016 (Virgin et  al., 2020); this resulted in 
much higher environmental stress on the young marsh. However, 
we only started detecting the short phenotype in 2019 (Figure 7). 
Targeted research is needed to disentangle the cause(s) of the 
change in phenotype, since proximity to the seaward marsh edge 
and age of the S. alterniflora patches are confounded in our study, 
and this is further confounded by the effect of the yearly increased 
accretion of the marsh surface (mean accretion ± SE between 2010 
and 2020: 0.57 ± 0.05 m, n = 45 GPS locations, range: 0.13–1.25 m). 
Note that although our restoration sites have accreted substantially, 
their surface elevation in 2020 (mean ± SE: 5.92 ± 0.04 m CGVD28, 
n = 45 locations) still has much accretion to do to reach the 
elevation of reference sites (6.83 ± 0.07 m CGVD28; n = 7 locations; 
data from J. Ollerhead). Two restoration implications arise from 
our above observations. First, dike-breaching plans need to 
consider the duration of protection provided to the developing 
young marsh. This duration partly depends on the state of the old 
dike when breached. For the Aulac project, although a new 
(managed realignment) dike was built in 2006, dedicated plans for 
breaching were done in 2009, and the breaching occurred in 2010, 
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when the old dike had already started to erode (Boone et  al., 
2017). Implementing the breaching sooner would have given the 
developing marsh more time to develop while being protected. 
Second, conversion of S. alterniflora patches from tall form to 
short form is indicative of the increased maturity of the restoring 
marsh, heading toward the reference condition, and is an easy 
metric to monitor. Overall, development of distinct S. alterniflora 
phenotypes is a key indicator of the fourth phase of restoration in 
Aulac, as is the spread of S. patens.

Just before and at the start of the fourth phase, S. patens began 
spreading into the restoration sites from the higher elevation dike 
areas as well as from individual patches within the restoration sites 
proper. We  predicted spread from dike edges would be  the 
primary mode of spread because S. patens performs best in high 
elevation salt marsh areas (Bertness, 1991). Like S. alterniflora, 
we  did not expect that S. patens would colonize and begin 
spreading in relatively high elevation areas in the middle of the 
restoration sites. We suspect that these isolated, circular, within-
site, S. patens patches originated from rhizome material or turf 
deposited by ice blocks during the winter in a similar manner to 
S. alterniflora (Lundholm et al., 2021), since the isolated S. patens 
patches were already substantial in size (1–2 m in diameter) when 
we found them (one in 2016 and one in 2017 in Restoration West, 
one in fall 2020 in Restoration East, and ~ 20 in 2021 in Restoration 
West). Based on the morphologies of the grasses, namely the long 
rhizomes of S. alterniflora and dense clonal morphology of 
S. patens, we think that S. alterniflora mostly colonized as rhizome 
material and S. patens as turf, but this needs to be investigated by 
inspecting ice blocks in winter. Thus far, we have only detected 
asexual colonization and spread of S. patens, and not by sexual 
reproduction although S. patens patches in restoration and 
reference sites do flower. There is reduced need for planting tillers 
or seedlings in sites like ours since plant material readily colonizes 
a restoration area passively. After colonizing the restoration sites, 
the increase in S. patens has been relatively slow compared to that 
of S. alterniflora earlier in the restoration.

Spartina patens encroachment has been slow likely due to the 
plant’s dense clonal morphology, gradually improving edaphic 
conditions, and possible interactions with S. alterniflora (Bertness, 
1991; Pennings et al., 2005). Based on S. patens dynamics to date 
and as mentioned above, only recently has the marsh surface likely 
reached high enough elevation (and consequent appropriate 
inundation conditions) that enabled S. patens to spread. More 
years of monitoring are needed to determine if an increasing rate 
of spread will occur (Frenkel and Boss, 1988). In the upper Bay of 
Fundy (such as our Aulac sites), appropriate edaphic conditions 
for S. patens develop naturally since sedimentation rates are very 
high (Virgin et al., 2020). Other regions may require anthropogenic 
intervention to improve edaphic conditions for high elevation 
marsh species including S. patens (Fearnley, 2008), which when 
not appropriate, negatively influence plant performance 
(Anastasiou and Brooks, 2003; Merino et al., 2010) and prevent 
colonization (Gleason and Zieman, 1981). In addition, other 
regions may require planting of tillers or seedlings if plant material 

does not readily colonize a restoration area passively as it does in 
the upper Bay of Fundy. As edaphic conditions for S. patens 
continue to improve in Aulac, we  expect that S. patens will 
competitively displace S. alterniflora (Bertness, 1991). Recently, 
S. alterniflora plants adjacent to S. patens patches appeared to 
be experiencing competitive stress, based on their observed lower 
stem densities and canopy heights than further away from these 
patches. It is not clear if S. patens are experiencing stress from 
adjacent S. alterniflora. Continued monitoring as well as 
experimentation on interspecific interactions between S. patens 
and S. alterniflora are needed to quantify plant states and spread 
rates in this situation, and to better understand processes 
underlying the fourth phase of salt marsh restoration during 
our project.

Conclusion

We conducted a decade-long study to quantify plant states and 
patch-level processes that lead to changes in vegetation community 
patterns during salt marsh restoration in the upper Bay of Fundy. 
Our focus on processes enabled us to better understand the phases 
of salt marsh restoration pattern change identified by Virgin et al. 
(2020). We  found that S. pectinata, surviving after the dike 
breaching, was stressed, growing in sediment of high salinity, and 
declined because of these environmental conditions rather than 
competition with S. alterniflora. We also suggest that S. pectinata 
has potential in protecting a new restoration site, facilitating 
sediment retention. Spartina alterniflora initially colonized the 
restoration sites 2 years post-breach (in 2012), we  think via 
deposited vegetative material, and soon after displayed the tall 
phenotype and rapid asexual spread. After the appearance of 
S. alterniflora seedlings in 2014 as well as continued asexual spread, 
the percent cover of vegetation in the restoration sites became 
greater than 90% by 2019. Seedlings took 2 years to reach mature 
live stem density and canopy height, and 3 years to reach mature 
percent flowering. As the restoration site aged, we began observing 
evidence that the short form phenotype of S. alterniflora was 
forming near the seaward scarped edges of the sites. We  also 
observed S. patens slowly spreading from high elevation dike areas 
into the restoration sites and outward from isolated patches within-
site. We expect these processes to continue until the restoration 
sites resemble established salt marshes by displaying distinct 
zonation between high and low marsh zones, and with tall and 
short phenotypes of S. alterniflora. In a future study, we plan to use 
our patch-level process information to estimate parameters for 
spatial-explicit modeling to examine patterns of percent vegetation 
cover and patch size distributions at the site level and to compare 
against observed patterns (complemented with recent and 
on-going remote sensing of salt marsh vegetation at our sites; 
Norris et al., 2022). Once developed, the modeling exercise will 
be used to evaluate different restoration strategies and help plan 
future restoration projects in the Bay of Fundy. Aside from 
contributing to a future modeling exercise, our study also provided 
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relevant, detailed-oriented information and insight for salt marsh 
restoration strategies.
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