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Abstract

Coastal dune systems are commonly restored, replanted, and replenished with

sand as a first line of defense to protect coastal infrastructure and ecosystems.

Dune plant traits are known to influence the shape and size of dunes, yet dune

studies tend to focus on different stages of dune development (i.e., embryo,

established foredune) and are short in duration (e.g., 1–2 growing seasons).

We examined species-specific dune growth and morphometrics in association

with three dominant, native dune grasses along the US Atlantic and Gulf

coasts: Ammophila breviligulata, Spartina patens, and Uniola paniculata. We

planted grasses in monoculture plots on Hog Island, Virginia, USA, and mea-

sured annual vegetation growth along with dune shape and size morphomet-

rics. After 3 years, all species accreted sand at similar rates, but U. paniculata

plants were taller and produced dunes with longer alongshore and cross-shore

extents. A. breviligulata and S. patens dune shape and size did not significantly

differ, but S. patens had wider variation in dune morphometrics. We hypothe-

size this to be a function of high trait variation in S. patens. Differences in how

species and their traits affect dune shape and size may shift in response to cli-

mate variations across latitudes. Our findings can inform models of the early

stages of dune formation and growth and provide insights of value to dune

conservation or construction involving vegetation planting.
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INTRODUCTION

Over 30% of coastlines globally are sandy (Luijendijk
et al., 2018), and sand dunes are a frontline ecosystem in
the face of rising sea levels, intensifying coastal storms,

and other global changes. As the most seaward coastal
ecosystem to experience wind and wave action, dunes
can reduce interior flooding and storm impacts. Coastal
sand dunes form through a self-reinforcing feedback
between vegetation growth and aeolian sand transport
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(Hesp, 2002). Vegetation slows the wind leading to sand
deposition, which stimulates additional vegetation
growth, therefore enhancing sand accretion (Maun,
1998). Vegetated sand dunes are used as a nature-based
solution to reduce wind and wave energy and provide
protection from storms (Feagin et al., 2019; White
et al., 2024). Beach nourishment and sand fencing are
often paired with dune grass planting as a means for
restoring coastal dunes (Elko et al., 2021). The vegetative
and sand transport processes that interact to create
dunes, and influence dune shape, are collectively
referred to as dune ecomorphodynamics (reviewed in
Moore et al., 2025).

Importance of vegetation

Dune grasses are considered ecosystem engineers because
the type, species, and morphology of vegetation constrain
dune shape and size (Jay et al., 2022; Zarnetske
et al., 2012, 2013). The complex dynamics between sedi-
ment capture and vegetation morphology are well
documented for Ammophila species (e.g., Bonte
et al., 2021; Sabo et al., 2024; Zarnetske et al., 2015), but
the dune ecomorphodynamics of other dominant dune
grasses are less well understood. On small spatial scales,
dune grass species differ in their rates of sand accretion
(Hacker et al., 2019; Mullins et al., 2019; Sabo
et al., 2024). Overall vegetation cover (Hesp, 2002) and
spatial arrangement (Charbonneau et al., 2021) can also
influence dune growth. Sand accretion is dependent on
several environmental factors, and can be affected by
stem density, plant morphology, and overall planting lay-
out (Charbonneau et al., 2021; Hacker et al., 2019;
Woodhouse et al., 1977; Woods et al., 2023).

Species-specific traits

Dune grass morphology influences dune shape and size
in the cross-shore and alongshore dimensions (Goldstein
et al., 2017; Hacker et al., 2019; Zarnetske et al., 2012).
Species with higher stem densities, lower internodal spac-
ing, shorter rhizomes, and taller heights give rise to taller,
narrower dunes, whereas species with lower stem densi-
ties, longer rhizomes, shorter heights, and higher lateral
growth rates will lead to shorter, wider dunes (Hacker
et al., 2019; Moore et al., 2025; Zarnetske et al., 2012,
2015). The alongshore continuity of dunes appears to be
a function of the relationship between the species-specific
lateral growth rate versus vertical growth rate (Goldstein
et al., 2017; Woodhouse et al., 1977). For example,
Ammophila breviligulata tends to give rise to a

continuous foredune ridge because these grasses tend to
grow laterally more quickly than they grow vertically
(Goldstein et al., 2017; Hacker et al., 2019; Zarnetske
et al., 2012, 2015). Conversely, Uniola paniculata tends to
be associated with “hummocky” dunes because Uniola
grows vertically more rapidly than it does laterally, lead-
ing to an overall clumped growth form and therefore
more localized sand accretion relative to other grasses
(Goldstein et al., 2017; Woodhouse et al., 1977). Given
sufficient time in between storms, which can reset dune
building in low areas between hummocks, hummocky
dunes may eventually coalesce into foredune ridges
(Goldstein et al., 2017).

Species distributions are affected by environmental
factors that influence growth and survival, with tempera-
ture creating a latitudinal barrier for many species
(De Frenne et al., 2013). Climate warming is leading to
northward migration and range expansion of plant spe-
cies (Dyderski et al., 2017), and such changes in species
distributions have the potential to affect plant communi-
ties contributing to the dune-building process (Goldstein
et al., 2018). For example, along the US Atlantic Coast,
A. breviligulata is a cool-season grass distributed in
higher latitudes (Gleason & Cronquist, 1963; Goldstein
et al., 2018) than U. paniculata, a warm-season grass, dis-
tributed at lower latitudes. Along the US mid-Atlantic
coast, a northern expansion of U. paniculata has resulted
in overlapping distribution and greater competition with
A. breviligulata (Goldstein et al., 2018; Harris et al., 2017),
potentially altering foredune morphology based on
species-specific growth characteristics.

Species-specific studies of dune grasses have docu-
mented species traits and growth rates (e.g., Dilustro &
Day, 1997; Hacker et al., 2019; Walker & Zinnert, 2022;
Woodhouse et al., 1977) and response to sand burial
(Disraeli, 1984; Maun & Lapierre, 1984). Previous work
includes research on established dunes (Hacker et al., 2012,
2019; Jay et al., 2022; Sabo et al., 2024), embryo dunes
(Reijers et al., 2020; Sabo et al., 2024), and immediately fol-
lowing dune planting (Mullins et al., 2019; Woodhouse
et al., 1977). Additional literature reports on wind tunnel
experiments investigating dune shape as a function of grass
species (Charbonneau et al., 2021; Zarnetske et al., 2013).
Many of these studies focus on change across one or two
growing seasons, primarily for established dunes, with few
focusing on quantifying species-specific growth rates and
effects on dune shape and size from the initial stages of
dune growth.

To quantify longitudinal species-specific relationships
between vegetation growth and dune shape over time, we
planted the native dune grasses A. breviligulata, Spartina
patens, and U. paniculata in sand newly accumulated
through aeolian deposition in front of an established
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foredune. We then followed plant and dune growth over
three growing seasons. We aimed to quantify species-
specific differences in (1) growth rates of plant height,
stem density, and lateral expansion in monoculture plots;
and (2) dune shape and size. Based on documented
species-specific trait differences, we hypothesize that
(1) A. breviligulata has the greatest rate of lateral growth
relative to S. patens and U. paniculata and thus extends
alongshore the greatest distance within the first grow-
ing season (Walker & Zinnert, 2022; Woodhouse
et al., 1977); (2) U. paniculata grows tallest, but with a
clumped growth form (Hacker et al., 2019; Walker &
Zinnert, 2022), resulting in rapid localized sand accre-
tion, but slower lateral expansion (Jay et al., 2022;
Mullins et al., 2019); and (3) S. patens has higher stem
density and accumulates less sand than the other two
species (Mullins et al., 2019) due to its shorter height

and rhizome length (Hacker et al., 2019; Walker &
Zinnert, 2022).

METHODS

Study site

Our experiment was situated on Hog Island, VA, USA,
within The Nature Conservancy’s Virginia Coast Reserve
(VCR), which is the site of the VCR-Long Term
Ecological Research project (Figure 1). Hog Island is an
undeveloped barrier island that has been uninhabited
since the 1930s, when the last human settlement was
abandoned. The beach is ~50 m wide and comprised of
medium- to fine-grained sand (Day et al., 2001; Mullins
et al., 2019). Over the last several decades, the south end

F I GURE 1 Map of the 15 plot locations near the southern end of Hog Island, Virginia, USA. Plots are color-coded by species: Uniola

plots are yellow, Spartina plots are blue, and Ammophila plots are green. Sources for Light Gray Canvas Map: Esri, DeLorme, HERE,

MapmyIndia; Sources for World Imagery: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP,

swisstopo, and the GIS User Community.
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of the island has grown seaward due to sand accumula-
tion, making this an ideal location for long-term monitor-
ing of dune growth from inception (Sabo et al., 2024).
Mullins et al. (2019) identified the minimum distance
from shoreline (30 m) and elevation (1.43 m) for dune
grass plantings to establish and survive in the VCR. We
did the best we could to locate our plots according to
these parameters and accounted for differences in initial
elevation in our statistical analyses.

Experimental design

We planted monoculture plots of the three regionally
dominant native dune grass species, A. breviligulata,
S. patens, and U. paniculata (Godfrey, 1977; Hacker
et al., 2019; Woodhouse et al., 1977; Figure 2) in May
2021. We sourced plants from local nurseries as two-inch
plugs based on availability: A. breviligulata and S. patens
from Pinelands Nursery (Columbus, NJ), U. paniculata
from Coastal Transplants (Bolivia, NC).

We established 3 m × 1 m plots in front of established
dunes and parallel to the shoreline, spaced >10 m apart
(n = 5 per species). We arranged plots in a randomized
five block design with each block containing three plots,
one of each species (Figure 1) in areas of little to no
existing vegetation and at elevations between 1.19 and
1.54 m, as measured by Trimble R10-2 and TSC7
high-resolution real-time kinematic GPS receivers
(Trimble, Westminster, CO). We cleared existing vegeta-
tion or debris from the surrounding area. We planted
eight plugs of a single species in a low density, staggered
formation as described by Charbonneau et al. (2021)
within a 0.25 m2 quadrat centered in the plot
(Appendix S1: Figure S1). Fiberglass snow poles were

placed in the four corners around the central 0.25 m2 of
the plot and marked at 60 cm aboveground at the time
of planting. We planted additional plugs in species gar-
dens at the base of the established foredune as backup in
case of plant loss.

Each plant received 29.6 mL of Osmocote fertilizer
(the plugs were otherwise unfertilized) at the time of
planting. All plants were watered with 200 mL of water
on the day of planting and weekly thereafter for 1 month
when rainfall was <50 mm per week, according to the
local weather station. After the first month, we assessed
plots for survivorship and replaced any dead plugs from
the garden. After this initial replacement, no further
interference was made to the plots.

Plant trait measurements

We measured stem density, percent cover, lateral expan-
sion (i.e., ramet elongation), and plant height in May and
August (beginning and end of the growing season) for
three consecutive years (2021–2023). Measurements were
collected in late May to capture growth of A. breviligulata
in cooler months and again in August to capture growth
of U. paniculata. Each timepoint measurement was
included in determining overall rates of change from year
to year. To determine stem density, we counted the num-
ber of stems within the 0.25 m2 plot. We visually esti-
mated percent cover in 5% increments over the same
area. Lateral expansion was estimated by measuring from
the accretion pole closest to the farthest ramet with
aboveground material. Plant height was measured from
the soil surface while the leaf was stretched.

Daily temperatures, wind speed, and precipitation
data were downloaded from a weather station on Hog

F I GURE 2 Species in order from left to right: Ammophila breviligulata, Spartina patens, and Uniola paniculata, after two growing

seasons (August 2022) on Hog Island, VA. Photo credit: Andrew E. White.

4 of 16 RIFFE ET AL.

 21508925, 2026, 7, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.70711 by M

ax C
astorani - U

niversity O
f V

irginia C
laude M

oore , W
iley O

nline L
ibrary on [23/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Island (Porter et al., 2024). Additionally, water level data
were collected using the NOAA National Data Buoy
Center with the closest station in Wachapreague, VA
(Buoy WAHV2). We used the verified water level height
and subtracted the predicted height to calculate storm
surge water levels. Maximum and minimum daily tem-
peratures (Appendix S1: Figure S2); monthly total precip-
itation (Appendix S1: Figure S3); daily maximum and
average wind speed (Appendix S1: Figure S4); and daily
maximum, minimum, and average storm surge water
levels (Appendix S1: Figure S5) were included for the
experimental time frame (May 2021–August 2023).
The most rainfall recorded in one day occurred on
7 August 2021 with 84 mm of precipitation, while the
daily average for the experiment was 2.4 mm per day
(Appendix S1: Figure S3). The highest winds for the time
frame were 13.5 m/s on 3 January 2022 (Appendix S1:
Figure S4). Maximum wind speeds from this project were
higher than reported for the same study area in
2013–2015 (Mullins et al., 2019). The highest recorded
storm surge (1.3 m) was recorded on the same day as the
highest recorded winds (Appendix S1: Figure S5). Storm
surge was sustained >1 m for 3 days prior to our sam-
pling in May 2022 with no significant precipitation. We
did not observe any noticeable effects on the vegetation
as a result of this level of storm surge.

Dune shape morphometrics

To measure sand accretion, we measured from the top of
the fiberglass snow poles to the sand surface to coincide
with plant trait measurements (May and August). The
poles were placed on the corners to avoid the
confounding effects of pole-induced accretion in the cen-
ter of the plots. Digital elevation models (DEMs) of south
Hog were created from aerial imagery collected in late
August or September for the years 2021–2023 at an alti-
tude of 100 m using a DJI Phantom 4 Pro RTK unoccu-
pied aerial system (UAS) (SZ DJI Technology, Shenzhen,
China). The resulting imagery had a resolution of approx-
imately 3 cm pixel−1 with a relative horizontal precision
of 0.4 cm and a vertical uncertainty of 1.2 cm. Imagery
was processed from images along programmed UAS
flight paths with 70% horizontal and 80% vertical overlap.
The raw UAS imagery was processed using Agisoft
Metashape Pro version 1.7 (Agisoft, St. Petersburg,
Russia) into point clouds from which the DEMs were
derived.

DEMs were georeferenced during processing in
Agisoft Metashape Pro with ground control points cap-
tured in the UAS imagery using 1 m2 black and white tar-
gets placed in five locations on the island, each surveyed

in 2019 with a Trimble R10 RTK system. The resulting
DEM for each year was used to quantify dune shape and
size at the end of the growing season. Shape and size
morphometrics include area, perimeter, alongshore
extent, and cross-shore extent. These traits were quanti-
fied using ArcGIS Pro (Esri, Redlands, California)
through visual examination of both elevation and slope
raster images. Using the GPS coordinates for each cor-
ner of the plot from the Trimble data, the dunes were
easily identified in the DEMs. DEM layers were then
used to create additional slope raster layers within
ArcGIS Pro. With the elevation and slope data together,
definitive boundaries were clearly defined surrounding
each individual dune plot. After establishing this perim-
eter, dune shape and size measurements were recorded.
Measurements were completed for each dune individu-
ally using the measure and calculate geometry tools in
ArcGIS Pro.

Statistical methods

To analyze relationships between vegetation measure-
ments and dune morphometrics, two-way analysis of
covariance (ANCOVA) with a blocking variable was used
with initial plot elevation as the covariate and species,
year, and their interaction as primary factors. Tukey hon-
estly significant difference (HSD) tests were used for post
hoc comparisons where main effects were significant
(p < 0.05). For yearly growth rates of vegetation height
and lateral expansion, only Years 2 and 3 were included
in the analysis as measurements from Year 1 occurred
after only 3 months. Yearly vegetation height growth was
measured relative to the prior year’s sand surface eleva-
tion and thus includes sand accumulated since the previ-
ous measurement timepoint. Correlations between plant
traits (percent cover, stem density, height, and lateral
expansion) were conducted using the Pearson method.
Relationships among dune morphometrics (i.e., sand
accretion, alongshore extent, cross-shore extent, perime-
ter, and area) and plant trait metrics (i.e., plant height,
stem density, percent cover, and lateral expansion) were
examined using ordinary least squares regression. These
linear models were fit in R 4.1.0 (R Core Team, R
Foundation for Statistical Computing, Vienna).

Principal components analysis (PCA) of dune mor-
phometrics (using a correlation matrix) was used to visu-
alize dune morphology by species and time. Two-way
permutational multivariate ANOVA (PERMANOVA)
with a correlation distance matrix of the dune morpho-
metrics was used to determine significant differences in
dune morphology based on species × time. All multivari-
ate analyses were performed in PC-ORD version 7 (PCA,
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PC-ORD software v. 7.0, MJM Software Design,
Gleneden Beach, Oregon, USA).

RESULTS

Species trait and growth metrics

Three growing seasons after planting, several plant traits
differed among species. U. paniculata had greater height
above the sand surface (~118 cm; Species main effect:

F2,31 = 18.104, p < 0.0001; Table 1; Appendix S1:
Table S1). There were no differences in vertical height
growth rates among species or years (10.8 ± 0.6 cm year−1,
Figure 3; Appendix S1: Tables S2 and S3). Percent cover
was highest for U. paniculata in Years 2 and 3 compared
to other species and timepoints (~99%; Interaction:
F4,31 = 8.182, p < 0.0001; Appendix S1: Table S4), with
<70% cover observed for A. breviligulata and S. patens.
S. patens stem density was highest of the three grasses
(78–168 stems 0.25 m2, Species main effect: F = 19.186,
df = 2, p < 0.0001; Appendix S1: Table S5). Lateral

TAB L E 1 Plant traits by species over time (mean ± SE).

Trait Year Ammophila breviligulata Spartina patens Uniola paniculata

Cover (%) 2021 36 ± 7.65a 40 ± 4.74a 48 ± 2.55a

2022 63 ± 11.02a 39.2 ± 12.81a 98 ± 2.00b

2023 60.4 ± 7.66a 33.2 ± 4.44a 100 ± 0b

Stem density (0.25 m2) 2021 65.6 ± 16.38a 168.2 ± 23.51b 103 ± 4.37a

2022 57.2 ± 6.14a 78.8 ± 7.00a 49.6 ± 2.98a

2023 48 ± 8.06a 104 ± 27.02a 46.4 ± 13.2a

Height above sand surface (cm) 2021B 88.6 ± 2.94A 90.6 ± 9.06A 132.8 ± 5.47B

2022B 81.4 ± 4.13 67.96 ± 7.74 137.8 ± 10.31

2023A 67.83 ± 6.99 65.11 ± 5.31 85.4 ± 20.46

Lateral expansion (cm) 2021A 12.2 ± 3.79 21 ± 4.25 15 ± 5.29

2022B 118.2 ± 16.79 145.8 ± 33.52 141.4 ± 15.08

2023C 195.6 ± 31.02 288 ± 82.08 185 ± 17.18

Note: Lowercase letters in superscript denote two-way interactions, uppercase letters in superscript denote significant main effects where letters for species

main effect differences occur in the species column of year 2021 and letters indicating differences among years appear in the year column for relevant traits.
Overlapping letter codes indicate no differences. For plant height, main effects were observed in both species and year.

F I GURE 3 Height growth rates from year to year by species (mean ± SE). Measurements were completed in August and compared to

the previous August. No significant differences were observed.
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expansion did not differ by species, but significantly
increased each year, with every species growing >100 cm
distance by Year 2 (Year main effect: F = 32.221, df = 2,
p < 0.001; Appendix S1: Table S6). Lateral expansion
rates did not differ among species or by year (74.4
± 10.8 cm month−1; Figure 4; Appendix S1: Tables S7
and S8). There were no differences in the vertical to lat-
eral growth rate ratio among species, but the ratio was
higher in Year 3 (0.30 ± 0.08) relative to Year 2 (0.12
± 0.02; Appendix S1: Tables S9 and S10).

Species-specific plant traits were correlated with one
another (Appendix S1: Table S11). No traits of
A. breviligulata were correlated. Plant height and stem
density were positively correlated in S. patens (R = 0.77,
p = 0.001). U. paniculata had several trait correlations;
percent cover was positively correlated with both stem
density (R = 0.81, p = 0.0003) and lateral expansion
(R = 0.92, p < 0.0001), whereas lateral expansion was
negatively correlated with stem density (R = −0.75,
p = 0.0013).

Dune morphometrics

Analysis of annual drone surveys revealed that by Year 3,
U. paniculata dunes were >2 times larger in area than
the other two species (6.49 ± 0.78 m2; Species main
effect: F2,31 = 22.749, p < 0.001; Figure 5; Appendix S1:
Tables S12 and S13), 3 m larger in perimeter (9.53
± 0.58 m; Species main effect: F2,31 = 26.018, p < 0.001;
Appendix S1: Tables S12 and S14), >1 m longer in along-
shore extent (3.23 ± 0.28 m2; Species main effect:

F2,31 = 9.307, p = 0.0006; Appendix S1: Tables S12 and
S15), and >1 m longer cross-shore than the other species
(3.31 ± 0.36 m2; Species main effect: F2,31 = 11.638,
p = 0.0002; Figure 3; Appendix S1: Tables S12 and S16).
A. breviligulata and S. patens dunes did not differ signifi-
cantly from one another in area, alongshore extent, or
cross-shore extent over time. This may be in part due to
higher variation in dune morphometrics among (quanti-
fied as CV; Appendix S1: Figure S6) S. patens plots
(Figure 5). U. paniculata plots had lower CV values indi-
cating less variability than A. breviligulata and S. patens
plots for most morphometrics across the 3 years of dune
growth. While there were no species differences in sand
accumulation (Appendix S1: Tables S17 and S18), there
was a significant increase in cumulative sand accretion
from year to year for all species (Appendix S1: Tables S12
and S17).

The multiple dune morphometrics were visualized across
species and years (Appendix S1: Figure S7). Axis 1 explained
80.2% of variation and Axis 2 explained 13.4% of the varia-
tion. Alongshore extent (R = −0.921), cross-shore extent
(R = −0.916), perimeter (R = −0.978), and area (R =

−0.941) explained variation along Axis 1. Variation along
Axis 2 was due to sand accretion (R = 0.805). The interaction
between species and year was not significant, indicating that
dune morphometrics associated with each species were con-
sistent over time (PERMANOVA, p > 0.05). U. paniculata
dunes were distinct from S. patens (F = 4.48, p = 0.04,
PERMANOVA) but not from A. breviligulata when consider-
ing all dune morphometrics. Dune shapes in 2021 differed
from those in 2022 and 2023 (F = 22.149, p = 0.0002,
PERMANOVA).

F I GURE 4 Lateral expansion rates from year to year by species (mean ± SE). Measurements were completed in August and compared

to the previous August. No significant differences were observed.
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Dune shape correlations with vegetative
growth

Several vegetation traits correlated with dune morpho-
metrics. Percent cover was positively correlated

with cumulative sand accretion for U. paniculata
(Appendix S1: Table S19). U. paniculata plots also had
the highest cover of the three grasses (Table 1). Lateral
expansion of A. breviligulata was positively correlated
with cumulative sand accretion (R = 0.60, p = 0.02), area

F I GURE 5 Boxplots of dune morphometrics across species obtained from digital elevation model (DEM) data for 2023 only,

color-coded by species. Letters indicate significant differences between species using ANOVA and Tukey post hoc. The bold line is the

median, the color-coded boxes are the upper and lower quartiles, and the whiskers show the full range of values other than single points,

which are outliers. Letters indicate significant differences, with overlapping letters indicating no differences.
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(R = 0.71, p = 0.003), cross-shore extent (R = 0.56,
p = 0.03), and perimeter (R = 0.76, p < 0.001). Stem den-
sity was negatively correlated with several dune morpho-
metrics for both S. patens and U. paniculata (Figure 6).
For both species, an increase in stems was associated
with a decrease in cumulative sand accretion, sand accre-
tion rate, area, and perimeter. Alongshore (R = −0.71,
p < 0.01) and cross-shore extent (R = −0.65, p < 0.01)

were also negatively correlated with stem density for
U. paniculata. Vegetation height was negatively corre-
lated with cumulative sand accretion for all species
(Figure 7), likely because plant stems are partially buried
as sand accumulates. Similarly, vegetation height was
also negatively correlated with area and perimeter for
A. breviligulata and S. patens. Full correlation results are
presented in Appendix S1.

F I GURE 6 Dune morphometric correlations with stem density. The shape of the point indicates year, while color indicates species.

Lines are included to highlight significant correlations. The R value is the correlation coefficient, and the p value indicates significance if

above 0.05.
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DISCUSSION

Multiple studies demonstrate that species-specific dune
traits affect dune morphology (Charbonneau et al., 2021;
Hacker et al., 2012, 2019; Jay et al., 2022; Mullins
et al., 2019; Woodhouse et al., 1977; Zarnetske et al.,
2012, 2013), but how plant traits and associated dune
morphology change over time immediately following ini-
tiation of the dune-building feedback, and over multiple

growing seasons, is not well understood. Here, we con-
tribute to closing this gap in understanding by measuring
and investigating species-specific dune ecomorpho-
dynamics from the initiation of the vegetation-sand trans-
port feedback across three growing seasons. Specifically,
we measured and compared species-specific plant traits
(i.e., cover, stem density, height, lateral expansion, and
vertical and lateral growth rates) and dune morphology
(i.e., area, perimeter, alongshore, and cross-shore extent)

Year 2021 2022 2023 Species Ammophila breviligulata Spartina patens Uniola paniculata
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F I GURE 7 Dune morphometric correlations with vegetation height. The shape of the point indicates year, while color indicates

species. Lines are included to highlight significant correlations. The R value is the correlation coefficient, and the p value indicates

significance if above 0.05.
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in an experimental planting to assess how the dominant
US mid-Atlantic grasses, A. breviligulata, S. patens, and
U. paniculata, affect dune morphology in the first 3 years
of foredune growth. In designing our experiment, we
used the findings from Mullins et al. (2019) for ideal min-
imum elevation and distance from the shoreline for
planting success, and Charbonneau et al. (2021) for opti-
mal planting configuration.

Species comparisons—Lateral and height
growth rates, plant height, stem density

Lateral growth rates during the first 3 years of dune
growth for A. breviligulata (0.7–1 m year−1) presented
in our study differed from the work of Woodhouse
et al. (1977) (1–3 m year−1) but were similar for
U. paniculata (0.4–1.3 m year−1, this study; 0.6–1 m year−1,
Woodhouse et al., 1977). Lateral growth rates for
S. patens in our study (1.2–1.4 m year−1) were similar to
those observed for U. paniculata and A. breviligulata.
Similarly, we found comparable vertical vegetation
growth rates across all of our study species. This is in
contrast to prior studies that found higher growth rates
of U. paniculata compared to A. breviligulata and
S. patens (Brown et al., 2018; Mullins et al., 2019).

Given the similar vertical and lateral growth rates
observed across species in our study, we did not find
species-specific differences in the vertical to lateral
growth rate ratio, as other studies suggest. Mullins et al.
(2019), for example, measured a parameter analogous to
the growth rate (i.e., basal/frontal area) and found that
U. paniculata and A. breviligulata had similar values but
S. patens had a lower basal/frontal area suggesting verti-
cal growth is more rapid than lateral growth in this spe-
cies. Further, the association between hummocky dunes
and U. paniculata compared to alongshore-continuous
foredune ridges typically associated with A. breviligulata
(Goldstein et al., 2017) has been explained as a conse-
quence of higher vertical growth rate relative to lateral
growth rate for U. paniculata versus A. breviligulata. As a
result of slower lateral growth, U. paniculata dunes ini-
tially form as hummocks, separated by intervening low
areas, which are subject to resetting of the dune-building
process by storms (Goldstein et al., 2017). For this reason,
U. paniculata can take longer to coalesce into a linear
dune system in the US Southeast (Woodhouse
et al., 1977) and in modeling experiments (Goldstein
et al., 2017) than dunes associated with A. breviligulata.
Divergence in our findings from published studies may
arise from differences in experimental design (established
foredunes vs. dune initiation) and time frame of observa-
tions (3 years in our study vs. 2 years in Mullins

et al., 2019 and 8 years in Woodhouse et al., 1977),
suggesting that growth rates may vary over time as plants
become established.

In established dunes, U. paniculata is typically taller
than other native species (Hacker et al., 2019); our find-
ings corroborate this widespread observation. Although
vertical growth rates were similar among species,
U. paniculata was taller than A. breviligulata and
S. patens across all 3 years of our study. Plant heights
were also similar to those reported for established dunes
in North Carolina, USA, for all three species
(A. breviligulata: 75 cm; S. patens: 60 cm; U. paniculata:
80 cm; Hacker et al., 2019) but taller than those reported
for dunes in more northern (A. breviligulata, 35–60 cm,
Cape Cod, MA; Disraeli, 1984) and southern latitudes
(U. paniculata, 33 cm, Sapelo Island, GA; Gormally &
Donovan, 2010), perhaps hinting at a latitudinal relation-
ship worth exploring further. This is consistent with the
idea that climatological differences across latitudes may
impact plant traits that are linked to sediment capture
and dune growth (Del Vecchio et al., 2022; Emery &
Rudgers, 2014). A. breviligulata has been found to gener-
ally be taller than S. patens on existing foredunes
(Walker & Zinnert, 2022). We did not observe such differ-
ences in height between these two species, perhaps
because we observed the earlier stages of the
dune-building process when sediment is rapidly accumu-
lating, resulting in more rapid burial of aboveground tis-
sue than in established foredunes (Dur�an Vinent &
Moore, 2013; Sabo et al., 2024), as evidenced by decreased
plant height from year to year. Additionally, S. patens is a
highly adaptable species (Kottler et al., 2024), known for
growing quickly to populate overwash sites (Stallins &
Parker, 2003; Wolner et al., 2013). It invests more energy
into aboveground growth when buried (Brown &
Zinnert, 2018), and as a grass that also thrives in
marshes, it is perhaps better adapted to low, salty condi-
tions associated with early stages of dune building
(Mullins et al., 2019). This may be reflected in the taller
plant heights documented here for the first 3 years of
growth following establishment.

For many herbaceous plants, stem density can be pos-
itively correlated to height, and height may be increased
as a method of light capture (Dudley & Schmitt, 1996). In
our study, stem density was only correlated with height
for S. patens. S. patens tends to have thin stems with high
stem densities (Walker & Zinnert, 2022), which we
observed. Stem densities for all species were three to
seven times higher (depending on species) than those
reported by Hacker et al. (2019) but were similar for
A. breviligulata and U. paniculata as reported in natural
populations from the same study location (Hog Island,
VA; Sabo et al., 2024).
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Species distributions and phenology

Climate variation and warming in the US
mid-Atlantic region are impacting coastal species
growth (Goldstein et al., 2018; Huang et al., 2018) and
may be affecting results presented here, possibly
explaining the lower lateral growth rates of
A. breviligulata relative to those presented in
Woodhouse et al. (1977) and associated differences in
dune morphometrics compared to prior studies. The
timing of growth for dune grasses is determined by
environmental conditions as well as the photosyn-
thetic pathway utilized (C3 vs. C4). A. breviligulata is
a C3 or “cool-season” grass that has optimal growth at
lower temperatures than C4 or “warm-season” grasses
(U. paniculata, S. patens). Phenology can change with
unseasonably warm weather, further complicating the
growth response of each species. For species with high
phenotypic plasticity (i.e., Spartina spp.; Kottler
et al., 2024), we expect to see intraspecific variation as
an adaptation to warming. Intraspecific trait variation
has been observed across latitudes for U. paniculata
(de Battisti et al., 2023) and A. breviligulata (Emery &
Rudgers, 2010).

Historically, A. breviligulata was used for dune grass
plantings along the US East Coast as far south as North
Carolina (Goldstein et al., 2018) due to high lateral growth
rates and resulting linear dunes. However, recent studies
have documented declines in A. breviligulata growth
(Woods et al., 2023) and abundance across the dune
(Riffe & Zinnert, 2024), possibly linked to warming temper-
atures. Temperature and precipitation were positively corre-
lated with A. breviligulata stem height along dunes of the
US Great Lakes (Emery & Rudgers, 2010), but maximum
summer temperatures during the study (23–27�C; Porter
et al., 2024; Appendix S1: Figure S2) were within the range
of optimal growth for this species (Seneca, 1972). In
Virginia, warming has occurred in maximum and mini-
mum temperatures documented since 1956 (Goldstein
et al., 2018). In our study, summer temperatures reached
the maximum that limits A. breviligulata growth (87 events
of 30�C or higher over the study period; Porter
et al., 2024; Appendix S1: Figure S2). Conversely, the
northern migration of U. paniculata (Goldstein
et al., 2018) has been attributed to warming tempera-
tures. As warming in the region continues, dune
shape and size may be influenced through altered
plant traits and increased abundance of C4 species
(Owensby et al., 1993; Watcharamonkol et al., 2018)
as has been noted in Virginia dunes along with subse-
quent declines in A. breviligulata (Sabo et al., 2024;
Woods et al., 2023).

Relationships between vegetation traits
and dune morphometrics

As previously noted, lateral expansion rates also differed
from those reported in the literature. These differences in
plant traits resulted in unexpected differences in dune
shape and size early in the dune-building process. For
example, S. patens was associated with similar amounts
of sand accumulation as A. breviligulata, in contrast to
the slower rates of sand accumulation associated with
S. patens reported in Mullins et al. (2019). Plantings in
Mullins et al. (2019) occurred perpendicular to the shore-
line from the mean high-water line to the dune crest
ranging in elevation (1.25–3.78 m), whereas plantings in
this study occurred in newly deposited sediment at eleva-
tions between 1.19 and 1.54 m, due to availability of bare
sand. Winds were higher during our study period relative
to Mullins et al. (2019), potentially affecting sand accu-
mulation. The similar rates of sand accumulation in our
study resulted in dunes with similar morphometrics.

Known adaptability of S. patens may explain the wide
variation we observed in both plant traits and dune mor-
phometrics for this species. Although we found
S. patens as effective as A. breviligulata in accumulating
sand during the early dune-building stages, dune shapes
were not as uniform. Dune hummocks built by
U. paniculata were larger and expanded more in both
the alongshore and cross-shore directions than dunes
arising from A. breviligulata or S. patens, again differing
from expected outcomes based on previous studies
(Goldstein et al., 2017; Woodhouse et al., 1977). The dif-
ferences we observed relative to prior studies suggest
that the relationships between species traits and sand
capture in the first 3 years of dune initiation may
change across the different stages of foredune growth or
may be affected by planting elevation.

Taller, denser, or heavier stems increase sand capture
compared to smaller, shorter, thinner stems in
established foredunes (reviewed in Moore et al., 2025).
However, during the first 3 years of dune growth follow-
ing initiation, we found that stem density and height
were negatively correlated with metrics of sand deposi-
tion (i.e., accretion, dune area, dune perimeter). Our
observation that in the first 3 years of dune building,
stem density and height are associated with reduced dune
area and extent, in the alongshore and cross-shore
dimensions, is contrary to that reported previously
(Hacker et al., 2019; Zarnetske et al., 2012, 2015). This
may be an effect of clustered plant growth in the early
stages of dune building, resulting in more localized depo-
sition and suggests a potential switch from a negative to a
positive relationship at some point in the dune-building
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process. This could also be an effect of planting over nat-
ural expansion.

Although stem density and plant height were nega-
tively correlated with dune area, these metrics of sand
deposition were positively correlated with lateral expan-
sion across species, further suggesting that lateral growth
rates may be more important than plant height and stem
density in enhancing sand capture during the early stages
of dune growth. Although our results may be influenced
by the use of experimental plantings compared to natu-
rally established vegetation, they are especially relevant
in the context of dune restoration and construction when
plugs would be used.

Several of our original hypotheses were not supported.
For example, A. breviligulata did not exhibit greater lateral
expansion of the rhizomes from parent plants or give rise
to dunes having greater alongshore extents than the other
species over the time frame of our study, in contrast to pre-
vious studies (Woodhouse et al., 1977). This may be attrib-
uted to climate, or other factors, as previously discussed.
S. patens dunes were of similar size to those occupied by
A. breviligulata with similar rates of sand accretion.
However, S. patens was more variable in both plant trait
and dune morphometric measurements relative to the
other species. As expected, U. paniculata was taller and
exhibited clumped growth, but these traits did not result
in more sand accretion or slower lateral expansion than
other species. By the third year after planting,
U. paniculata dunes were larger in area, alongshore extent,
and cross-shore extent with less variability than dunes
occupied by the other two species. These findings may
reflect the early dune-building process, when sediment
accretion is rapid and plants are still establishing. As
dunes continue to grow, we expect to see further differen-
tiation in dune shape and size with species traits.

CONCLUSION

This 3-year multispecies planting experiment provides
new insights into species-specific plant growth rates,
height, and stem density, as well as associated dune
morphometrics for A. breviligulata, U. paniculata, and
S. patens. Our results show that, in the years following
initiation of dune growth, U. paniculata dunes are larger,
likely due to taller plant height with more vegetation
cover, whereas A. breviligulata and S. patens dunes are of
similar size after planting, with wider variation in dune
shapes associated with S. patens. We also observed that
S. patens and U. paniculata stem densities were nega-
tively correlated with several dune morphometrics and
we did not find any differences in vegetation vertical or
lateral growth rates, in contrast to previous studies of

established vegetated foredunes. These results suggest
that the relationships between plant traits and sand cap-
ture may vary across the different stages of dune growth.

Our findings on the greater importance of lateral
expansion versus stem density and sand capture early in
the dune-building process provide important insights for
planting and restoration projects. For example, species
selection can be important and planting densities can be
modified for different species to support restoration suc-
cess (Fischman et al., 2019) or tailored to enhance the
likelihood of yielding dunes of desired shapes based on
species-specific characteristics (Heminway et al., 2024;
Zarnetske et al., 2012). Our findings also point to the
importance of including, in ecomorphodynamic models
of dune growth, greater detail regarding species-specific
relationships as they influence dune building across the
various stages of dune growth from initiation to fully
established dune forms. This will become especially
important as the potential for resetting the dune-building
process increases into the future with changing climate.
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