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Revegetation decisions have genetic consequences:
actively and passively restored salt marshes display
different genetic diversity and composition
Katie P. Sperry1,2, Sarah C. Crosby3, Anna E. Bartholet1, Anne Randall Hughes1

Genetic diversity facilitates common restoration goals like creating resilient and adaptable populations. Yet, the genetic consequences
of restoration are rarely considered. To inform and motivate the inclusion of genetic diversity into restoration decision-making, we
assessed the genetic diversity of the salt marsh foundation species Spartina alterniflora in three types of salt marshes: actively planted
restored sites, passively colonized restored sites, and natural marshes. We found that active restoration was associated with higher
genetic diversity, whereas passive restoration and natural marshes were equivalently associated with lower genetic diversity. All three
marsh types had disparate genetic composition, but only actively restored sites contained seemingly non-local genotypes. These distinct
genetic outcomes likely have proportionally distinct implications for eco-evolutionary processes. Our work adds to growing evidence
that genetic diversity can be influenced by restoration decisions and should therefore be considered during restoration planning and in
restoration policy.

Keywords: active versus passive restoration, biodiversity-ecosystem function, genetic diversity, habitat restoration, population
genetics, salt marsh, Spartina alterniflora

Implications for Practice

• Revegetation practices (planting or allowing for coloniza-
tion) are associated with different plant genetic diversity
and composition. As such, the genetic consequences of
revegetation ought to be considered while choosing a
strategy.

• Neither revegetation strategy was associated with
reduced genetic diversity compared to natural popula-
tions, a promising sign that neither choice results in genet-
ically depauperate populations.

• The genetic consequences of many active plantings are
dependent on the propagation practices of commercial
nurseries; clarifying these practices in advance can
inform likely genetic outcomes during the restoration
planning process.

Introduction

Biodiversity is being lost across ecosystems and taxa (Pimm
et al., 2014; Chase et al., 2020), to the detriment of ecological
functioning and stability (Hautier et al., 2015; Fanin
et al., 2018) and human wellbeing (Cardinale et al., 2012;
Stange et al., 2021). Of particular concern, given ecosystems’
need to respond to rapid global climate change, is the loss
of genetic diversity (Leigh et al., 2019; Exposito-Alonso
et al., 2022). Evolution acts on genetic variation; therefore,
populations with low genetic diversity may be less adaptable
to changing environmental conditions (Etterson, 2004;
Hoffmann & Sgr�o, 2011).

Beyond evolutionary potential, genetic diversity’s benefits
extend to ecological dynamics in populations, communities,
and ecosystems. Within populations, genetic diversity can pro-
mote productivity (Crutsinger et al., 2006; Kotowska
et al., 2010) and stability (Hughes & Stachowicz, 2004;
Wernberg et al., 2018). Genetic variation of a single species
can have cascading impacts across associated species and tro-
phic groups (rev. by Whitham et al., 2006; Hughes
et al., 2008), including promoting diversity at higher trophic
levels (Crutsinger et al., 2006; Zerebecki & Hughes, 2023) and
deterring invasion (Crutsinger et al., 2008), and can augment
ecosystem processes like nutrient cycling (Semchenko
et al., 2017). Such effects are especially prominent in systems
dominated by foundation species (Whitham et al., 2006), where
intraspecific variation can have impacts of similar magnitude as
species-level variation (Bolnick et al., 2011; Des Roches

Author contributions: KPS, ARH, SCC designed the study; KPS, AEB, SCC conducted
the field work; KPS, AEB conducted the molecular work; KPS analyzed the data; KPS,
ARH interpreted the data and drafted the manuscript; all authors reviewed and edited
the final draft of the manuscript.

1Department of Marine and Environmental Science, Northeastern University, 430
Nahant Road, Nahant, MA, U.S.A.
2Address correspondence to K. P. Sperry, email katieprosperry@gmail.com
3The Maritime Aquarium at Norwalk, 10 North Water Street, Norwalk, CT, U.S.A.

© 2025 The Author(s). Restoration Ecology published by Wiley Periodicals LLC on
behalf of Society for Ecological Restoration.
This is an open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
doi: 10.1111/rec.70122
Supporting information at:
http://onlinelibrary.wiley.com/doi/10.1111/rec.70122/suppinfo

September 2025 Restoration Ecology Vol. 33, No. 7, e70122 1 of 12

mailto:katieprosperry@gmail.com
http://creativecommons.org/licenses/by/4.0/


et al., 2018). In sum, genetic diversity promotes both short-term
resiliency and functioning as well as long-term evolutionary
potential, leading to an increased recognition for the need to
manage for genetic diversity (Des Roches et al., 2021;
Hoffmann et al., 2021).

Habitat restoration, the managed recovery of degraded or rec-
reation of extirpated ecosystems, is a key management tool for
addressing biodiversity loss (Suding, 2011) and is an increas-
ingly popular conservation strategy (Suding et al., 2015;
Strassburg et al., 2020). For example, the United Nations
declared 2021–2030 the “decade on ecosystem restoration”
(United Nations General Assembly, 2019), and recent bills in
the United States have featured hundreds of millions of dollars
for restoration (U.S. Department of the Interior, 2022). Despite
its inclusion in restoration guidelines (Mcdonald et al., 2016),
actionable recommendations for effectively restoring genetic
diversity are limited (Hughes et al., 2018; Hoban et al., 2020).
Therefore, a gap persists between recognizing its value and
knowing how restoration affects genetic diversity.

Existing work has found that genetic diversity is generally
lower in restored systems compared to natural systems (Wei
et al., 2023), mirroring the difference in species diversity
between restored and natural systems (Rey Benayas
et al., 2009). Moreover, restored populations often have distinct
genetic composition and/or lower diversity of functional traits
than natural systems (Espeland et al., 2017; Holl et al., 2022).
As a result, restored ecosystems are often ecologically and evo-
lutionarily distinct compared to natural ecosystems (Espeland
et al., 2017; Höfner et al., 2022; Holl et al., 2022).

Restoration practices vary, however, and these differences
can influence the degree of variation between restored and natu-
ral populations (Espeland et al., 2017; Höfner et al., 2022; Wei
et al., 2023). In plant-focused restoration, revegetation can hap-
pen actively through the addition of plants, or passively by cre-
ating appropriate environmental conditions for native species
and relying on colonization via dispersal (Jones et al., 2018).
Active planting is more often associated with differences in
genetic diversity in restored versus natural populations than pas-
sive approaches, though a wide variety of outcomes have been
observed (Wei et al., 2023). Within active planting efforts, dis-
parate approaches can modulate genetic outcomes. In particular,
sowing seeds results in higher genetic diversity than planting
seedlings (Wei et al., 2023). Additionally, how biotic source
material (seeds or plants) is collected and propagated matters.
High demand for large quantities of source material encourages
collecting from the most productive individuals at the peak time
of maturation, which can lead to genetic homogenization and
trait selection that may be maladaptive in the long term (Holl
et al., 2022).

Among passive restoration efforts, genetic outcomes also
vary (Wei et al., 2023). Here, variation in outcomes is likely
due to differences in the balance of seed-based recruitment
versus clonal spread for plant establishment (Christie &
Knowles, 2015; Aavik & Helm, 2018). Recruitment both within
the population and from nearby sources will impact genetic out-
comes. As such, landscape-level processes that impact dispersal,

such as habitat connectivity or metapopulation dynamics, are
influential (Christie & Knowles, 2015; Aavik & Helm, 2018).

While past work has broadly shown that passive and active
restoration can impact genetic outcomes, direct comparisons
within systems can yield operational insight for restoration deci-
sion makers by assessing the extent and directionality of differ-
ences and investigating potential mechanisms behind genetic
outcomes. Here, we examined genetic diversity and composi-
tion in the foundational salt marsh grass species Spartina alter-
niflora across three types of salt marshes: natural (unrestored)
marshes, actively revegetated restored marshes, and passively
revegetated restored marshes. Salt marshes are among the most
widely restored coastal ecosystems (Grabowski et al., 2012),
suggesting that impacts of restoration practice on genetic diver-
sity could have widespread implications. Further, salt marsh res-
toration is critical, as these systems provide economically
valuable ecosystem services (Barbier et al., 2011; zu Ermgassen
et al., 2021) and are among the most vulnerable coastal ecosys-
tems (Gedan et al., 2009), having already faced widespread
losses (Bromberg & Bertness, 2005; Campbell et al., 2022).

Salt marsh restoration is an excellent model for characterizing
the genetic outcomes of restoration decisions. These intertidal
grasslands are typically dominated by one or a few foundational
grass species, such as our focal species, S. alterniflora. For such
species, decisions regarding restoration approaches are expected
to directly influence the genetic diversity and composition of the
restored population (Kettenring et al., 2014). In addition,
because S. alterniflora is well-suited for in situ and ex situ prop-
agation, source material for active planting can be collected
from existing marshes or purchased from commercial nursery
stocks, with implications for both the genetic and phenotypic
similarity to nearby natural populations. We hypothesized that
actively and passively restored sites would be consistently asso-
ciated with different genetic outcomes, though the directionality
of this predicted difference was unclear from a priori reasoning.

Methods

Field Sites

Thirty-five salt marshes across southern New England,
United States (Massachusetts, Rhode Island, and Connecticut)
were sampled in July and August of 2021 (Connecticut) and
2022 (Massachusetts and Rhode Island) (Fig. 1). Each site fell
into one of three categories: actively restored sites (n = 12), pas-
sively restored sites (n = 11), or natural marshes (n = 12). For
the majority of actively and passively restored sites, restoration
included hydrological modification to eliminate invasive vege-
tation (e.g. Phragmites australis). Actively restored sites had
vegetation, including Spartina alterniflora, planted after hydro-
logical modification (or other restoration action). Passively
restored sites had no vegetation planted following the restora-
tion action, and therefore vegetation was the result of coloniza-
tion from nearby sources or germination from a seed bank.
Natural marshes were sites with no documented major
restoration.
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For all Massachusetts and Rhode Island sites and passively
restored sites in Connecticut, candidate sites were preliminarily
identified through conversations with those involved in regional
salt marsh restoration, or via satellite imagery exploration and
online research. For each site, ownership and management were
determined, and restoration history was confirmed by these
parties before inclusion. Data from actively restored sites and
natural marshes in Connecticut were also included in a compan-
ion study focused on the structure and function of restored and
natural marshes (Crosby et al., 2024).

Across restored sites, the year of restoration ranged from
2010 to 2019, with an average restoration year of 2015. Actively
restored sites ranged from 3 to 9 and averaged 5.5 years old, and

passively restored sites ranged from 3 to 12 and averaged
8.45 years old.

Field Sampling

At each site, a 40 m transect was laid parallel to and 1 m back
from the main marsh creek. Every four meters along the transect,
a 1 m2 sampling quadrat was established, yielding 10 sampling
quadrats each three meters apart. Within each quadrat,
10 S. alterniflora individuals were haphazardly selected and a
10 cm portion of their innermost leaf was clipped. Thus, leaf tis-
sue samples from 100 individuals were collected at each site,
with a total of 3500 samples collected across all sites. Upon
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Figure 1. Map of sampling sites inMassachusetts, Rhode Island, and Connecticut, United States. Inset country map shows study location (dark green), and states
where Spartina alterniflora is native (light green). Site location is shown, and site type is indicated by color and shape (actively restored sites = orange circles;
passively restored sites = blue squares; natural marshes = green triangles).
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collection, tissue samples were stored in silica for DNA
preservation.

Laboratory

Tissue samples were processed between the fall of 2021 and
spring of 2023 at Northeastern University’s Marine Science
Center. DNA purification and extraction followed Hughes and
Lotterhos (2014). In brief, approximately 0.25 g of tissue was
ground in a mill grinder (RETSCH MM 400), and DNA
was extracted and purified using Omega Bio-Tek E-Z Plant
DNA kits. To identify each sample’s genotype, we amplified
DNA at 12 microsatellite markers developed for S. alterniflora
(Blum et al., 2004, Sloop et al. 2005). Amplification via poly-
merase chain reactions (PCR) for each sample occurred in
10 μL total volume with the following reagents: 1 μLDNA tem-
plate, 5 μL 2X type-it multiplex master mix (Qiagen), 2 μL ster-
ilized molecular-grade water, 0.25 μL each primer (10 mM) for
each of 4 markers, and 0.25 μL each reverse primer (10 mM)
for each of four markers. Three PCRs with four markers were
performed for each sample to amplify DNA at all 12 markers.
Forward primers were fluorescently labeled with NED, VIC,
6-FAM, and PET dyes. Loci were multiplexed for fragment
length analysis. Using a T100 thermal cycler (Bio-Rad), PCR
cycling conditions included initial activation/denaturation at
95�C for 5 minutes, followed by 28 cycles of 95�C for
30 seconds, 60�C for 90 seconds, and 72�C for 30 seconds,
and final extension at 60�C for 30 minutes. PCR products were
separated on a 3730xl Genetic Analyzer (Applied Biosystems)
with capillary electrophoresis at the Yale DNAAnalysis facility.
Fragment analysis was performed using GeneMarker 2.6
(SoftGenetics, 2013).

Two markers proved uninformative due to high failures and
were excluded from further analyses; as such, 10 markers were
used in this study. The quality of these 10 markers was assessed
by calculating null allele frequency and linkage disequilibrium
(Supplement S1). Additionally, samples that failed at two or
more markers were excluded. Thus, 3307 samples were eligible
for subsequent analyses.

Statistical Analyses

Genotypic richness, allelic richness, observed and expected
heterozygosity, inbreeding coefficients (Gis), and population
differentiation (Fst) were calculated in GENODIVE 3.06
(Meirmans, 2022). Clonal assignments were made using an infi-
nite allele model, excluding missing data, and with a threshold
of zero—where individuals were considered distinct multilocus
genotypes (MLGs) if they differed at a single locus. Genotypic
and allelic richness, heterozygosity measures, and Gis were cal-
culated for each 1 m2 sampling quadrat, including clonal repli-
cates, to quantify genetic diversity as it would be experienced
in the ecological system. Fst was calculated per site, only includ-
ing unique MLGs (i.e., excluding clonal replicates at each site,
n = 944) to better meet the assumptions of Hardy–Weinberg
equilibrium.

Subsequent statistical analyses were performed in R 4.3.0
(R Core Team, 2023) with RStudio 2023.03.1 (RStudio
Team, 2023), save STRUCTURE analyses (Structure 2.3.4,
described in Pritchard et al., 2000). Only unique MLGs were
included during Analysis of Molecular variance (AMOVA),
Discriminant Analysis of Principal Components (DAPC), and
STRUCTURE analyses to assess between-population structure
and not within-site clonal dynamics.

Diversity. Linear mixed effect models assessed whether marsh
type (active, passive, or natural) predicted genetic diversity. We
assessed two metrics of genetic diversity: allelic and genotypic
richness. Allelic richness is the number of alleles per loci found
per individual per quadrat. Genotypic richness is the number of
MLGs found in each quadrat. For both allelic and genotypic rich-
ness, we includedmarsh type as a main effect and site as a random
intercept. Normality was assessedwith Shapiro–Wilk tests. Resid-
uals for the linear mixed effect model predicting allelic diversity
were non-normal (W = 0.99, p < 0.05), though because sample
sizes were above 100 for each category, non-normality is unlikely
to be an issue given the Central Limit Theorem. Residuals for the
linear mixed effect model predicting genotypic diversitywere nor-
mally distributed (W = 0.99, p > 0.05). To assess which restora-
tion types differed from one another, post-hoc pairwise
comparisons using estimated marginal means were conducted
with the emmeans package, adjusting p-values with Tukey multi-
ple comparisons (Lenth et al., 2024).We tested for the influence of
time since restoration on our response variables by comparing lin-
ear mixed effects models with and without time since restoration
as a fixed effect using model selection (Akaike Information Crite-
rion, Supplement S2). To see if genetic diversity in natural sites
varied geographically, we regressed site’s average genotypic rich-
ness by both latitude and longitude using simple linear models.

Composition. To assess how genetic variation was partitioned
across categories of interest, we performed an AMOVA testing
hierarchical variation attributed to site nested within marsh type.
Additionally, we performed AMOVAs assessing hierarchical
variation attributed to site nested within type nested within state,
and for the variation attributed solely to site (Table S1). For
each, Monte Carlo tests with 999 permutations assessed statisti-
cal significance. AMOVAmethods used the poppr package in R
(Kamvar et al., 2014) and followed Grünwald et al. (2017).

Genetic differentiation among sites (Fst) of different was
compared with an Analysis of Variance (ANOVA), and post
hoc pairwise comparisons were made using Tukey tests adjusted
for multiple comparisons. A Shapiro–Wilk test for normality
found that ANOVA residuals were not normally distributed
(W = 0.979, p < 0.05), but sample sizes were above 100 for
each group. The relationship between each pairwise site com-
parison’s genetic differentiation and geographic distance
(i.e. isolation-by distance) was assessed with a mantel test.

We assessed latent population structure using DAPC
(Jombart et al., 2010) with the adegenet package in R
(Jombart, 2008). For these analyses, we excluded clones to only
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assess unique MLGs (n = 944) and also excluded samples
with missing data at any alleles (N = 645, nactive = 298,
npassive = 168, nnatural = 179).

Genetic clusters (k) were found and assigned to samples using
successive K-means for 1:35 clusters (representing our 35 field
sites) and 150 principal components. Clustering solutions at dif-
ferent values of K were compared with Bayesian Information
Criterion (BIC), and K = 10 was chosen to minimize BIC. To
avoid over-fitting the DAPC model, the optimal number of prin-
cipal components to retain during final discriminant analysis
was assessed using a-scores. We found a maximized a-score at
14 principal components. As such, we ran a DAPC for 10 clusters
with 14 retained principal components. To assess population
structure across broader scales of organization, we also conducted
DAPC for K = 2, 3, 4, 5, and 6, with 7, 7, 7, 8, and 7 principal
components, respectively. DAPC results were visually assessed
with a scatterplot demonstrating cluster relationships, bar plots
assessing overall cluster frequencies across types, and site-
specific posterior probability cluster assignment plots.

To complement DAPC, we performed Bayesian clustering ana-
lyses using STRUCTURE (Pritchard et al., 2000). Ks 1:35 were
assessed, with a burn-in period of 100,000 and 500,000 Markov
Chain Monte Carlo reps using the dataset with clonal replicates
excluded. We assumed an admixture ancestry model and corre-
lated allele frequencies.

Results

Diversity

We genotyped 3307 individuals, which were grouped into
944 uniqueMLGs. Almost all genotypes were unique to a single
site, with the exception being four genotypes each found at two
sites. Additionally, most genotypes were unique to a single 1 m2

quadrat, with 807 genotypes found in one and 137 found in two
or more.

Both allelic and genotypic richness differed across marsh
types (Fig. 2A, allelic richness: F[2,32] = 6.958, p < 0.01;
Fig. 2B, Genotypic richness: F[2,32] = 4.195, p < 0.05). Post
hoc pairwise comparisons showed that actively restored sites
differed from passively restored sites (allelic richness: t-
ratio32 = 3.129, p < 0.05; genotypic richness: t-
ratio32 = 2.489, p < 0.05) and from natural marshes (allelic
richness: t-ratio32 = 3.302, p < 0.01; genotypic richness: t-
ratio32 = 2.509, p < 0.05), whereas passively restored sites
and natural marshes had equivalent levels of diversity (allelic
richness: t-ratio32 = �0.100, p > 0.05; genotypic richness: t-
ratio32 = 0.035, p > 0.05). For both genetic diversity metrics,
models excluding time since restoration had the most support
(Table S2). Average genotypic richness in natural sites did not
vary by site latitude (r2 = 0.031, p > 0.05) nor longitude
(r2 = 0.0029, p > 0.05).
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Figure 2. Violin plots displaying the distribution and median of (A) allelic and (B) genotypic richness across three marsh types: actively restored sites, natural
marshes, and passively restored sites. (A) Allelic richness, or the mean number of alleles per loci per individual. (B) Genotypic richness, or the number of
genotypes found in a 1 m2 sampling plot per site. Symbols above violin plot comparisons indicate post hoc significance: **denotes a p-value of less than 0.01,
*denotes a p-value of less than 0.05, and NS denotes no difference.

September 2025 Restoration Ecology 5 of 12

Genetic outcomes of salt marsh restoration



The increased diversity at actively restored sites was of equiv-
alent magnitude for both measures; on average, there were 1.4
times more genotypes present per 1 m2 sampling plot and
1.4 times more alleles per locus in actively restored sites than in
passively restored sites or natural marshes (Table 1). Additional
genetic diversity metrics are presented in Table 1. The absolute
values of diversity were lower when using the reduced marker
set, but the relative diversity of natural, actively restored, and pas-
sively restored marshes was consistent (Supplement S1).

Composition

AMOVA indicated genetic differentiation among marsh types
and sites. Actively restored sites, passively restored sites, and
natural marshes were genetically differentiated from one another
(p < 0.05), though the estimated magnitude of this difference
was small (0.74%). Within each type, sites were differentiated
from one another (p < 0.05), which accounted for 6.52% of
overall genetic variation.

Site-level genetic differentiation (Fst) also varied across
marsh types (Fig. 3, F[5,1,184] = 48.67, p < 0.001). Post hoc
pairwise comparisons showed that Fst between sites was lowest

among actively restored sites and highest among natural sites,
with other comparisons falling in between (Fig. 3). Differentia-
tion for natural sites and either actively or passively restored
sites was equivalent (Fig. 3). A Mantel test for the correlation
of geographic distance and genetic differentiation (Fst)
between sites found no effect of isolation-by-distance
(Obs = 0.019, p > 0.05).

All three marsh types were characterized by unique genetic
composition. Because DAPC is recommended over STRUC-
TURE for clonal populations (Grünwald et al., 2017) we focus
on the DAPC results here; STRUCTURE results are in Supple-
ment S4. K-means clustering for DAPC suggested 10 genetic
clusters (Fig. 4C), and atK = 10, clusters were differently repre-
sented across the three marsh types (Fig. 4A). Notably, cluster
5 was almost wholly unique to natural marshes (Fig. 4A), and
site-specific exploration showed that cluster 5 was overwhelm-
ingly in one natural site (Lathrop; Fig. 5), which is distinct in a
DAPC scatterplot (Fig. 4C). Cluster 6 largely differentiated
actively restored sites from other types; it was in many
actively restored sites and less commonly found elsewhere
(Figs. 4A & 5). At lower Ks, genetic composition in actively
restored sites became more distinct from passively restored sites
and natural marshes (e.g. K = 2; Fig. 4B), suggesting that at
broader scales of comparison, passively restored sites and natu-
ral marshes group together while actively restored sites differen-
tiate. This pattern was also found with STRUCTURE analysis
(Supplement S4), though the degree of differentiation was
somewhat sensitive to the number of markers used
(Supplement S1).

Different marsh types also varied in how clusters were distrib-
uted across sites. Any given natural marsh contained relatively
few clusters, with several marshes having only a single cluster
(e.g. Branford; Fig. 5). Moreover, each natural marsh tended
to have different clusters than other natural populations
(e.g. Branford vs. oyster; Fig. 5), consistent with the observed
high Fst among natural sites. In contrast, populations of either
restoration type were more likely to have many clusters, partic-
ularly those that were actively restored (Fig. 5).

Discussion

Genetic variation is foundational to ecological and evolutionary
processes that facilitate the common restoration goals of
functional and resilient populations (Hughes et al., 2008;
Hoffmann & Sgr�o, 2011; Wernberg et al., 2018). Here, we add
to a growing body of evidence that restoration decisions can

Table 1. Genetic diversity metrics across marsh categories. Values are the mean (standard deviation) for each marsh type, calculated at the level of the sampling
plot. Genotypic richness is the number of unique MLGs; allelic richness is the number of alleles per locus; observed heterozygosity is the measured frequency of
heterozygotes per locus per sample; expected heterozygosity is the expected frequency of heterozygotes per locus per sample assuming Hardy–Weinberg equi-
librium; inbreeding coefficient assess the difference between observed and expected heterozygosity.

Type Genotypic richness Allelic richness Observed heterozygosity Expected heterozygosity Inbreeding coefficient (Gis)

Active 4.40 (2.27) 3.27 (1.32) 0.53 (0.12) 0.49 (0.17) �0.20 (0.44)
Passive 3.06 (1.72) 2.28 (0.79) 0.47 (0.13) 0.36 (0.13) �0.41 (0.40)
Natural 3.08 (1.65) 2.25 (0.58) 0.52 (0.16) 0.37 (0.11) �0.45 (0.46)
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Figure 3. Violin plot of genetic differentiation (Fst) among all pairwise
combinations of marsh types. Each boxplot shows the median and spread for
all pairwise comparisons of marshes belonging to the shown categories.
Letters above the violin plots indicate whether Fst differed across marsh type
combinations.
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have substantial and consistent effects on this variation
(e.g. Breed et al., 2013; Jordan et al., 2019; Wei et al., 2023).
Specifically, we found that passively restored Spartina alterni-
flora populations had comparable genetic diversity to natural
populations, whereas actively restored populations had
increased richness and differentiated composition. We have pre-
viously found increased genetic diversity in actively planted salt
marshes relative to natural marshes in Connecticut (Crosby
et al., 2024). Here, we show this holds across a greater region
and additionally show that diversity depends on revegetation
method.

Genetic diversity increases adaptive potential and reduces the
risk of inbreeding depression, thus facilitating population persis-
tence (Hufford & Mazer, 2003; Christie & Knowles, 2015). On
ecological timescales, genetic diversity can impact resistance
and resilience (Hughes & Stachowicz, 2004; Whitham
et al., 2006; Wernberg et al., 2018). In S. alterniflora specifi-
cally, intraspecific diversity can increase ecosystem functions
like primary production and erosion resistance via heritable
traits (Bernik et al., 2021; Zogg & Travis, 2022; Zerebecki &
Hughes, 2023). Thus, more diverse active and less diverse pas-
sively restored populations may exhibit commensurate adapt-
ability and functioning.

Both actively and passively restored sites had distinct genetic
composition from natural marshes, though not to the same
degree. Our results are consistent with the expectation that
incoming propagules for passively restored sites were from

nearby sources, whereas seedlings or plugs for actively restored
sites can be sourced from anywhere. Actively restored popula-
tions commonly contained a distinct genetic cluster found less
frequently elsewhere, suggesting it was not produced locally.
Non-local genotypes may decrease population functioning
via maladaptation or outbreeding depression (Hufford &
Mazer, 2003). Thus, the distinct composition of actively
restored populations may result in negative effects that counter-
act the predicted benefits of the higher genetic diversity in these
same populations. Concerns of maladaptation are lesser in pas-
sively restored populations, which were less differentiated from
natural marshes. While clusters were differently represented at
fine scales of comparison, they appeared similar when assessed
more broadly.

Genetic outcomes in actively restored sites are likely caused
by sourcing and planting practices. Our results suggest that com-
mercial nurseries use practices resulting in high genetic diver-
sity, such as rearing plants from seed and/or collecting seed
stock from numerous source sites. Spartina alterniflora repro-
duces asexually via clonal propagation and sexually via seed,
creating a wide potential range in diversity depending on a
population’s predominant reproduction mode. The higher
genetic diversity in actively restored populations may be due
to the common practice of growing plant stock from seed
at commercial nurseries in the eastern United States, as
indicated by interviews with growers (Kollars & Hughes unpub-
lished data). Conversely, clonal reproduction is common in
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Figure 4. DAPC primary cluster assignments for MLGs across marsh categories. (A) K = 10, the optimized number of clusters selected with BIC. (B) K = 2, to
illustrate differentiation at the broadest level of comparison. (C) Scatterplot of DAPC results for K = 10. Points are individual MLGs, where color represents
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natural populations, comparatively lowering diversity
(Hughes & Lotterhos, 2014; Noto & Hughes, 2020). Higher
genetic diversity may also reflect that seed stock was collected
from multiple sites, increasing the likelihood of sampling new
alleles (Breed et al., 2013; Jordan et al., 2019; Wei
et al., 2023). Though site-specific information on the location
or number of sources was unavailable for most sites, commercial
nurseries that commonly supply plants for restoration in this
region often gather seed at multiple sites (Kollars & Hughes
unpublished data). Thus, the practices of multi-site collection
and growing out plant stock from seed likely yielded increased
genetic diversity in planted populations and ought to be contin-
ued. Documenting sourcing-specific information in future plant-
ing efforts would aid assessment of how specific practices
impact genetic outcomes.

While site-level diversity was high for actively restored sites,
among-site diversity was low and characterized by a common
set of genetic clusters. Compositional similarity among actively
restored populations suggests that a similar planting stock was
utilized for salt marsh plantings in the region, in keeping with
the presence of few commercial nurseries producing salt marsh
plants for regional restoration. Genetic homogenization from
planting has been found in other actively revegetated systems

across smaller spatial scales (Höfner et al., 2022), but the rela-
tively large scale of our study (the approximately 4000 km of
coastline across southern New England, United States) may
increase the risks and implications of biotic homogenization
(Holl et al., 2022).

Seed collection, propagation, and planting practices have
high potential to cause genetic change (Basey et al., 2015;
Jordan et al., 2019), but we lack an understanding of which steps
are most influential. We have previously found that actively
restored populations in Connecticut were genetically similar to
plugs purchased from commercial nurseries (Crosby
et al., 2024), underscoring the tight relationship between plant
stock and planted populations and therefore the importance of
producing stock with diversity and provenance in mind. Collab-
oration between scientists and practitioners, including commer-
cial nurseries, to co-produce such knowledge would be valuable
for determining genetic best practices (Beier et al., 2017; Cook
et al., 2021).

In contrast to plantings where human decision-making during
restoration can be linked to genetic outcomes, ecological pro-
cesses related to landscape connectivity, dispersal, and estab-
lishment dictate genetic outcomes in passively restored
populations (Aavik & Helm, 2018). Spartina alterniflora
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populations in passively restored sites exhibited genetic diver-
sity equivalent to natural salt marshes, suggesting that dispersal
from nearby populations sufficiently establishes similar diver-
sity within a few years after restoration. This is mostly consistent
with past comparisons in marshes (Travis et al., 2002, 2004),
and across systems (Wei et al., 2023), which have largely found
equivalent or reduced genetic diversity in passively restored
populations relative to natural ones.

Despite the similar amounts of genetic diversity between pas-
sively restored and natural marshes, they exhibit different com-
positional patterns. Natural marsh comparisons exhibited the
most differentiation of any comparison type, while passively
restored site pairings showed greater compositionally similarity
to one another. Compositional similarity among passively
restored populations suggests considerable dispersal across
regional S. alterniflora populations. Regional dispersal is also
supported by a lack of isolation-by-distance and by the absence
of an effect of state in an AMOVA. Higher differentiation
among natural marshes and lower differentiation among pas-
sively restored populations also likely reflects the increased rel-
ative importance of dispersal and seedling recruitment in
recently restored marshes versus the influence of post-settlement
processes such as competition and clonal spread common
in long-established natural marshes (Travis et al., 2004;
Hughes & Lotterhos, 2014). Although time since restoration
was not a strong predictor of diversity in our study, sites of sim-
ilar age were purposefully selected. Therefore, our data likely do
not have sufficient age variability to assess temporal patterns in
diversity. We would, however, expect passively restored popu-
lations to genetically differentiate over time, given past work
showing geographic structure in natural S. alterniflora popula-
tions (Blum et al., 2004) and increased within-site genetic
homogenization over time in S. alterniflora populations
(Travis et al., 2004). Multi-year monitoring of genetic diversity,
and using more phylogenetically informative markers, could
illustrate evolutionary relationships within and among
S. alterniflora populations. Such information would be useful
to predict when and where passive restoration may be unsuitable
or relied upon for establishment.

Encouragingly, neither revegetation strategy had lower
genetic diversity than natural populations, a common baseline
for restoration goals, thus suggesting that neither revegetation
choice erodes the ecological and evolutionary benefits conferred
by genetic diversity. This contrasts with other systems, where
restoration uncommonly establishes diversity commensurate to
natural references (Atkinson et al., 2022). While the increased
genetic diversity found in actively restored populations may
translate to additional provisioning of these benefits, additional
assessments of potential non-local genotypes’ maladaptation is
needed. Additionally, active planting costs more than utilizing
passive colonization (Holl & Aide, 2011). Further work should
explicitly quantify the relationship between genetic diversity
and its conferred benefits to help weigh eco-evolutionary and
logistical strengths and drawbacks by addressing the question,
how much diversity do we “need”?

Despite substantial literature demonstrating the effects of
S. alterniflora genetic variation on population and community

processes (Zerebecki et al., 2017; Zogg & Travis, 2022;
Zerebecki & Hughes, 2023) and increasing interest in genetic
management for conservation and restoration (Breed
et al., 2019; Des Roches et al., 2021; Holl et al., 2022), coastal
restoration practitioners view genetic diversity as less important
for salt marshes than for other coastal systems (Hughes
et al., 2020). Here, we demonstrate that whether considered or
not, restoration choices are associated with appreciable differ-
ences in the genetic diversity of a common salt marsh foundation
species. Going forward, considering the genetic consequences
of specific actions could prove beneficial for the functioning
and adaptability of restored populations.
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