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(Fernández-Montblanc et al., 2020; Figlus et al., 2014).
These ecosystems are shaped by both coastal hydrodynam-
ics and aeolian processes that govern sand movement and
distribution (Hesp, 2002; Martínez et al., 2013). However,
sea level rise, intensifying storms, increased beach tourism,
and unsustainable development have degraded or destroyed
dune ecosystems in many areas of the world, threatening
coastal communities and necessitating interventions to
improve coastal resiliency (Elko et al., 2021; Hinkel et al.,
2014; Keijsers et al., 2015; Łabuz, 2015; Mocke et al., 2003;
Neumann et al., 2015).
Beach renourishment and accompanying dune creation

and/or restoration are nature-based solutions that improve
coastal resiliency by leveraging natural ecosystem pro-
cesses. Dunes are typically restored or created by depositing
sand from a borrow source, shaping that sand into a berm,

Hmsqnctbshnm

Coastal dunes provide a variety of high-value ecosystem
services including habitat creation (Conrad et al., 2011;
Stolen, 1999), shoreline protection (Fernández-Montblanc
et al., 2020; Figlus et al., 2014), and beach stabilization
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Degradation and loss of valuable beach dune habitat has necessitated the development of restoration strategies that involve
adding sand to create elevated berms and then planting foundational grasses, often with fertilizer. The sand used for
dune construction is typically sourced locally by dredging coastal deposits. In some regions, limited supply of these
deposits has led to the use of alternative sand sources, including upland mines. However, no studies have examined
how sand source may influence transplanted dune grass growth. We conducted a two-month greenhouse experiment to
determine how the two most commonly deployed foundational dune grasses, sea oats (Uniola paniculata) and bitter
panicum (Panicum amarum), performed in sands from different sources (nearshore from nearby borrows, upland from
quarries, and beach) under control (ambient) or fertilizer addition conditions. Under control conditions, both species
exhibited negligible growth across sand types (-0.73±1.20 g). Under fertilized conditions, aboveground biomass produc-
tion was 3.8±2.77 g for all species-sand combinations excluding sea oats planted in upland sand, which had negligible
growth (-0.25±0.89 g). Upland sand grain size (0.34±0.03 mm) was intermediary to nearshore (0.25±0.01 mm) and
beach sand (0.76±0.10 mm), but total carbon, total nitrogen, and organic matter were significantly lower in upland sand
(TC=0.13±0.06%, TN<0.1%, OM=0.06±0.04%) than in nearshore (TC=1.30±0.28%, TN<0.1%, OM=0.23±0.05%)
and beach sand (TC=8.27±0.75%, TN=0.01±0.00%, OM=0.61±0.11%). These findings indicate that dune restoration
projects using upland sand should avoid planting sea oats when possible, but that fertilizer addition may enable establish-
ment of other transplant species.

Jdxvnqcr Coastal restoration · Uniola paniculata · Panicum amarum · Beach renourishment · Revegetation · Nature-
based solution · Upland sand
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and then planting with nursery-grown foundational grasses
to stabilize added sand and initiate dune-accretion processes
(Nordstrom& Jackson, 2013).Aboveground plant structures
play a crucial role in mediating coastal dune geomorphic
evolution by dissipating storm wave energy and enhanc-
ing accretion by trapping wind-transported sand (Figlus et
al., 2014). Likewise, belowground, plant root systems bind
sands and can reduce erosion (Fernández-Montblanc et al.,
2020; Figlus et al., 2014). Vegetated dunes are highly effec-
tive at increasing coastal resiliency and function acting as a
critical first line of terrestrial defense for nearshore human
infrastructure by dampening the impacts of overwash and
flooding (Bryant et al., 2019; Gralher et al., 2012). How-
ever, restored dune vegetation typically takes months or
years, to reach maturity, and enhancing early establishment
of these grasses is critical for long-term success (Fischman
et al., 2024; Morton et al., 2025).
To decrease nutrient limitations and promote the efficient

establishment of transplants, fertilizer is often added during
beach renourishment and dune building as a slow-release
pellet fertilizer, buried with new propagules (Miller et al.,
2018; Rogers & Nash, 2003; Williams, 2007). Successive
fertilization is sometimes recommended to help stimulate
growth, though frequent fertilization after planting is unnec-
essary and can negatively impact dune grasses that are well-
adapted to growth in nutrient poor sediments (Rogers &
Nash, 2003). Previous work has investigated the nuanced
effects of fertilizer addition on different dune grass species
(Long et al., 2013; Baker, 1972; Woodhouse et al., 1967);
however, such interactions as related to sand source have
yet to be investigated.
Sand sourcing is a critical design aspect of tandem beach

renourishment and dune restoration projects. Shoreline
managers typically try to match the grain size and color of
sand imported for dune restoration and beach nourishment
with that of the natural beach sand (Pranzini et al., 2010,
USACE, 2002). However, even sands that are compatible by
these metrics may differ from beach sands, herein defined as
those which naturally occur on a given beach, in key proper-
ties that could influence the growth of transplanted vegeta-
tion. Nearshore and offshore dredged sands, herein defined
as sands excavated from submerged nearshore (inlet shoals
or channels) or offshore deposits, are often compatible with
beach sand grain size and color because they are derived
from shoreline erosion. They may also contain important
nutrients due to accumulation in deeper sedimentary lay-
ers of the sea floor which are excavated during dredging
(Hannides et al., 2019). However, these sands may have
a higher salinity or contain anthropogenic contaminants
such as heavy metals or polycyclic aromatic hydrocarbons,
which can adversely affect plant growth (Maliszewska-
Kordybach & Smreczak, 2003; Rakshith & Singh, 2017).

Upland sands, herein defined as sands derived from inland
quarries, are unlikely to be saline but may differ from beach
or nearshore and offshore deposit sands in other ways, such
as their organic matter (OM) content or requisite nutrients
needed for plant establishment. For instance, a case study in
Palm Beach County, Florida found that upland sands used to
restore beaches contained significantly less carbonate com-
pared to beaches filled with offshore or nearshore dredged
sands or beach sand (Cisneros et al., 2017). Additionally,
imported restoration sands lack native microbiota, a compo-
nent known to increase revegetation potential in restoration
projects (Koziol et al., 2022; Peddle et al., 2025).
The state of Florida, USA, where coastline modification

is prevalent, exemplifies this need to consider the impor-
tance of sand source for the success of dune restoration.
Florida historically relied on dredged sands for dune res-
toration and beach nourishment but has been increasing the
use of alternative sand sources since the late 1990s (Elko et
al., 2021) (Fig. 1A). A long history of intensive nearshore
dredging (Montague, 2006) paired with frequent storm
events and sea level rise has led to widespread coastal ero-
sion across the state (Sankar, 2015), threatening vulner-
able beachfront infrastructure, including residential and
commercial structures and transportation corridors, and
beach-related tourism (Campbell & Benedet, 2006; Hous-
ton, 2024). Ongoing and intensifying threats to this criti-
cal ecosystem have spurred an increase in the scope and
scale of renourishment projects. However, such projects are
increasingly expensive—the average cost of dredged sand
in Florida has increased from $6 per cubic yard in the period
from 1963 to 1999, to $30 per cubic yard in the decade span-
ning 2015–2024 (PSDS, 2024). This upward trend in the
cost of dredged sand is likely to continue as material from
permitted borrow sites is depleted and new potential bor-
row sites are both further offshore and in deeper waters than
current and historical sites (Parkinson & Ogurcak, 2018).
Sand sourced from upland mining is increasingly used as an
alternative to dredged sand as it is often cheaper than dredge
mobilization (Dean, 2002) and can be particularly economi-
cal for smaller projects where sand can be mined close to
the renourish site (Dobkowski, 1998). Prior to 1995, the use
of upland sands in beach nourishment projects in Florida
was rare. However, from 1995 to 2020, the annual use of
upland sand has increased by an average of 27,000 cubic
yards each year (Fig. 1B), accounting for 8% of the total
volume of sand deposited on beaches in Florida in 2020 for
beach renourishment and dune building (Elko et al., 2021).
Although dune grasses are adapted to harsh conditions, their
growth is significantly influenced by sand characteristics,
including nutrient levels, organic matter content, salinity,
and moisture retention (Long et al., 2013; Lonard et al.,
2011; Lonard & Judd, 2011; Rogers & Nash, 2003; Dahl
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&Woodard, 1977). Typical restoration sand sources—near-
shore, offshore, and upland—may differ biogeochemically
from the native shell-hash coquina sand found on Florida’s

Atlantic coast. Such differences may influence the establish-
ment of outplanted dune vegetation, thereby influencing the
outcome of dune restoration projects.

Ehf-�0 Historical quantities of sand placed in beach nourishment proj-
ects in Florida in million cubic yards (MCY) from theASBPANational
Beach Nourishment Database (Elko et al., 2021). (A) Total sediment

placed on Florida beaches during five-year periods from 1996–2020
by borrow source. (B) Upland sediment placed each year on Florida
beaches from 1995–2020
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experiment with two levels of fertilizer addition (ambient
or fertilized), two grass types (sea oats and bitter panicum),
and three sand sources (nearshore, upland, and beach) for
12 total treatments (n=12 for treatments containing near-
shore or upland sand and n=11 for treatments containing
beach sand, for a total of 140 pots). Nearshore sand was
considered representative of dredged (either nearshore or
offshore) sand. Between August-October 2022, we lever-
aged two dune-building projects in St. Johns County, FL at
29°56’16"N 81°17’57"W and 30°09’29"N 81°21’17"W to
collect sand sourced from nearshore dredging and upland
mines respectively. We collected sand prior to dune planting
to prevent effects of prior establishment by vegetation. We
also collected beach (coquina shell-hash dominated) sand
from a nearby natural dune site between these two dune-
building projects (30°06’59.1"N 81°20’41.3"W). Beach
sand was taken from an unvegetated dune toe containing no
live plant biomass.
In November 2022, we established nursery-supplied

dune grass transplants in plastic pots in a greenhouse in
Gainesville, Florida, about 110 km inland from the sand
sources. The greenhouse is temperature regulated and in
direct sunlight. Each pot served as one experimental unit.
Pots were cylindrical (16.5×16.5 cm d x h) and filled with
2300 cm3 of sand (n=48 pots for nearshore and upland
sand, n=44 pots for beach sand). Less beach sand units
were prepared due to a shortage of sand material at time
of planting. The volume of pots was large enough that we
did not expect belowground growth to be limited over the
duration of the experiment. Prior to the addition of sand,
a piece of window screen mesh was placed at the bottom
of each container to prevent leakage of the sand through
pot drainage holes. A single nursery-supplied transplant of
sea oats (max. height=59±32 cm) or bitter panicum (max.
height=58±23 cm) was planted 10 cm deep at the center of
each pot. Fertilizer was added to appropriate treatments in
the form of a slow-release chemical fertilizer (Osmocote®

14-14-14, 5 g per pot), consistent with the recommendations
of dune restoration manuals for the Southeastern US (Miller
et al., 2018; Rogers & Nash, 2003; Williams, 2007). Pot-
ted plants were arranged in a randomized block design to
account for variations in abiotic conditions within the green-
house. Plants were watered to saturation immediately after
planting and weekly thereafter using freshwater in a drip
irrigation array to accommodate for the lack of rainfall and
groundwater moisture available in the greenhouse setting.

Ok‘ms�Ldsqhbr

We measured plant responses initially and monthly thereaf-
ter for the 2-month duration of the experiment (November
2022 - January 2023).

Here, we conducted a greenhouse experiment to evaluate
the effects of fertilizer addition and sand source on the growth
of two dune grasses foundational to the foredune environment.
To explore potential mechanisms underlying our observed dif-
ferences in plant growth, we also characterized differences in
sand properties, including grain size, infiltration, water holding
capacity, and carbon, nitrogen, and OM content. We hypoth-
esized that: (1) fertilizer addition would aid the growth of both
dune grass species; (2) nutrient levels would be highest in
beach sand, intermediate in dredged sand, and lowest in upland
sand; and (3) biomass productionwould reflect this relationship
such that both dune species would grow fastest in beach sand,
intermediately in nearshore sand, and slowest in upland sand.
Finally, we interpret our results to provide important insights
for beach managers seeking to optimize the initial revegeta-
tion of constructed dunes by identifyingwhich combinations of
restoration sand, grass species, and fertilizer addition are likely
to be most productive during early establishment. Developing
a more comprehensive understanding of how compositional
differences between these sands may influence plant growth
is particularly urgent now as the use of upland sands for dune
reconstruction becomes more widely adopted.

Ldsgncr

Rstcx�Rodbhdr

We chose to test the effect of sand source on two grasses most
commonly deployed in dune restoration projects in the south-
eastern United States, including Florida, Uniola paniculata
(sea oats) and Panicum amarum (bitter panicum), as they
are dominant dune-building foundation species native to this
region (Lonard & Judd, 2011). Bitter panicum displays attri-
butes of a ‘pioneer species’ as it increases nutrient availability
in dunes, through quick establishment followed by die back in
successive seasons, resulting in higher plant species richness
(Fischman et al., 2024). Sea oats, in contrast, is a ‘climax spe-
cies’ that benefits from bitter panicum establishment but out-
competes bitter panicum over time in maturing dune systems
(Fischman et al., 2019, 2024). Both species have a positive
growth response to sand accumulation; however, bitter pani-
cum growth is characterized by increased production of lateral
shoots which contributes to the formation of low profile dunes
whereas sea oats growth is characterized by rapid vertical
extension that promotes the formation of high profile dunes
(Lonard et al., 2011; Lonard & Judd, 2011).

Fqddmgntrd�Dwodqhldms

To evaluate the effects of sand source and fertilizer addition
on dune grass growth, we deployed a fully factorial 2×2×3
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were only present in beach sand and summed as a total mass
of gravel rather than further divided into a detailed distribu-
tion. The sands collected in each sieve were weighed to the
nearest 0.0001 g. Sand grain size metrics including mean
grain size, sorting (spread of size classes about the mean),
skewness (symmetry of grain size distribution), and kurtosis
(concentration of values around the peak) were determined
through the geometric method of moments first described
by Krumbein and Pettijohn (1938) and computed using the
G2Sd statistical package in R (Gallon & Fournier, 2012),
which is a direct adaptation of the commonly used GRA-
DISTAT statistical program (Blott & Pye, 2001). Terminol-
ogy used to describe the sands (i.e. coarse sand, moderately
sorted, coarse skewed, platykurtic) was determined by com-
paring the average value of each sediment metric for each
sand type to the categories outlined in Blott and Pye (2001).

Gxcqnknfhb�Oqnodqshdr

Sand infiltration rate was determined in the field at each
of the three dune sites that sand was sourced from for our
greenhouse experiment (Johnson, 1963). At each site, we
inserted a PVC ring (35.32×13.3 cm h x d) 15 cm into the
toe of each dune. This location was selected because there
was no vegetation, ensuring that only the properties of the
sand itself would be tested. We filled rings with 4.3 L of sea-
water. Infiltration rate was measured as the amount of time
required for the water (as depth per unit area) to completely
drain out of the ring and into the sand (cm/min). This mea-
surement was repeated five times at each site.
WHC was determined for each sand type in the lab using

percolation (n=9) (Nelson et al., 2023). Samples were dried
at 60 °C for 24 h. Filter paper (pore size: 20–25 μm) was
placed in a funnel and 25 g of dry sand was added. Fifty mL
of water was allowed to gravity-filter through the sand and
filter paper until completion. Water retained in the sand was
quantified as the difference between the 50 mL starting vol-
ume and the collected filtrate volume. Data was reported as
a percentage of water retained normalized to starting weight
of the dry sand.

Bgdlhb‘k�Bnlonrhshnm

The percent by mass of both total carbon and total nitrogen
in each of the three sediment types was determined using a
Carlo Erba NA1500 elemental analyzer (n=20). Data was
reported as a percentage by mass for each element.We deter-
mined OM content for each sand type via loss on ignition
by combusting 5 g of homogenized sand at 550℃ for 3 h in
a muffle furnace (n=8). Data was reported as a percent by
mass calculated as the mass loss through combustion divided
by the initial mass of the sample.

Ahnl‘rr

At the beginning of the growing period, we counted and mea-
sured the heights of all sea oats leaves and bitter panicum
stems within each pot to estimate initial plant aboveground
biomass using a regression of stem/leaf height versus stem/
leaf biomass determined from stems taken from around the
beach sand collection site (Online Resource 1). We also used
ten randomly selected transplants to estimate the average
initial belowground biomass for each species by separating
each plant into aboveground biomass, including all stems and
leaves, and belowground biomass, including all macroscopic
roots and rhizomes, then drying to a constant weight in an
oven at 70 °C, and weighing to the nearest 0.01 g.
At the end of the experiment, we determined total above-

and belowground biomass individually by the same drying
method. Plant aboveground and belowground growth were
calculated as the difference in actual final biomass and esti-
mated initial biomass for each above- and belowground bio-
mass. Percent change in above- and belowground biomass
was also calculated using this data and is included in the
supplemental material (Online Resource 2).

K‘sdq‘k�Dwo‘mrhnm

Wealsomeasured the longest and shortest perpendicular diam-
eters of each transplant clump to calculate their approximate
areas as ellipses to determine lateral expansion over time.

R‘mc�Ldsqhbr

To explore mechanisms driving treatment differences in
plant growth observed in our greenhouse experiment, we
characterized a suite of physiochemical properties of the
three sand types. Lab tests for grain size, water holding
capacity (WHC), soil carbon and nitrogen content, and OM
were conducted using sands retained from the greenhouse
experiment after its completion. Infiltration rate was tested
in the field at each collection site. Sand salinity data was
also estimated from electrical conductivity, analyzed and
included in the supplemental material (Online Resource 3).

Fq‘hm�Rhyd�Chrsqhatshnm

We first determined grain size distribution using a standard
mechanical sieving method as described by Folk and Ward
(1957). For each sand type, twelve samples of approxi-
mately 30 g each were dried at 70 °C for over 24 h and
sieved for 10 min using a Ro-tap machine. Sieves with mesh
intervals of 1 Φ were used to produce a grain size distribu-
tion from 0.063 mm to 2 mm, spanning from very fine to
very coarse sand. Grains above 2 mm, classified as gravel,
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Infiltration rate and OM data were square root transformed
prior to analysis to meet the normality and homogeneity of
variance assumptions of ANOVA. Data that did not meet
ANOVA assumptions even after transformation, includ-
ing mean sand grain size, sorting, skewness, kurtosis, and
carbon and nitrogen content were compared using a non-
parametric alternative procedure (Kruskal-Wallace Test fol-
lowed by a Dunn’s Test for pairwise comparisons).

Qdrtksr

Ok‘ms�Ldsqhbr

Ahnl‘rr

Aboveground plant biomass growth depended on the inter-
action between plant identity, sand source, and fertilizer
addition (Fertilizer × Sand × Plants: F(2, 128)=3.33,P=0.039,
Online Resource Table S4; Fig. 2A). In ambient (i.e. without

Rs‘shrshb‘k�@m‘kxrhr

All analyses were performed in the R statistical computing
environment (v. 4.1.3; R Core Team 2018). Treatment dif-
ferences in vegetation above- and belowground growth and
lateral expansion from our experiment were evaluated using
linear mixed effects models that included block as a ran-
dom effect and plant type, sand source, fertilizer addition,
and their interactions as fixed effects. We determine the best
fit model in each case through backward stepwise reduc-
tion. We report parameter-specific P-values generated from
t-tests via the Satterthwaite approximation. Aboveground
growth and lateral expansion data were square root trans-
formed and belowground data was log transformed prior to
analysis to meet model assumptions of normality and homo-
geneity of variance.
Differences between sand types in grain size, field infil-

tration rate, WHC, and OM between sand types were evalu-
ated using one-wayANOVAfollowed by aTukey’s Honestly
Significant Difference (HSD) test for pairwise comparisons.

Ehf-�1 Experimental design components: (A) sea oats propagule, (B) bitter panicum propagule, (C) nearshore dredged sand, (D) upland mined
sand, (E) beach sand, (F) experimental unit with a sea oats propagule planted in beach sand, and drip irrigation system installed
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skewed (Skg= 0.59±0.06 μm), and nearshore sand was also
coarse skewed, but to a greater degree than upland sand
(Skg=0.95±0.14 μm). Beach sand had a platykurtic, or rela-
tively flat distribution (kurtosis: Kg=2.00±0.23 μm), upland
sand had a mesokurtic distribution (Kg=3.27±0.22 μm), and
nearshore sand had a leptokurtic, or strongly peaked distri-
bution (Kg=5.18±0.43 μm).

Gxcqnknfhb�Oqnodqshdr

Infiltration rate varied with sand source (ANOVA:
F(2, 12)=35.86, P=8.67e−6; Tukey HSD: P≤0.0100, Online
Resource Table S11; Fig. 4B). Beach sand had the fastest
infiltration rate (27.51±3.09 cm/min) followed by upland
(14.52±2.03 cm/min) and nearshore sand (10.26±2.66 cm/
min).
Water holding capacity also varied with sand source

(ANOVA: F(2, 24)=4.25, P=0.0264, Online Resource
Table S12; Fig. 4C). Beach sand retained more water
(44.89±2.85%) than nearshore (42.44±1.67%) and upland
(42.44±1.33%) sands (Tukey HSD: P=0.0473, Online
Resource Table S12; Fig. 4C) which were indistinguishable
from one another.

Bgdlhb‘k�Bnlonrhshnm

The concentration of total carbon varied among all sand
sources (KW: χ2=52.494, P<0.0001; Dunn: P<0.0001,
Online Resource Table S13; Fig. 4D). Beach sand had the
highest percent carbon (8.27±0.75%) followed by near-
shore sand (1.30±0.28%) then upland sand (0.13±0.06%).
Beach sand also had slightly more nitrogen (0.01±0.00%)
than nearshore and upland sand which were both below
the detection limit (0.01%) for 20 of 20 and 14 of 20 sam-
ples, respectively (KW: χ2=42.322, P=<0.0001; Dunn:
P<0.0001, Online Resource Table S14; Fig. 4E). OM con-
centration differed between each sand source (ANOVA:
F(2, 21)=89.24, P<0.0001; Tukey HSD: P<0.0001, Online
Resource Table S15; Fig. 4F), such that beach sand had the
highest OM content (0.61±0.11%) followed by nearshore
(0.23±0.05%) and upland sand (0.06±0.04%).

Chrbtrrhnm

This greenhouse experiment demonstrated that sand
source and fertilizer addition are highly likely to affect
the biomass production of grasses transplanted into
constructed dunes, a vital metric for the establishment,
persistence, and function of restored or created dunes.
Consistent with prior field and greenhouse studies (Baker,
1972; Hester & Mendelssohn, 1990; Long et al., 2013),

fertilizer) conditions, aboveground growth was either negli-
gible or negative with an average aboveground biomass loss
of −0.73±1.20 g (mean +/- SD, here and below) across spe-
cies and sand source. In contrast, fertilizer promoted growth
by an average of 3.80±2.77 g for all species-sand combina-
tions excluding the combination of sea oats planted in upland
sand, where fertilized plants exhibited negligible changes in
aboveground biomass (−0.25±0.89 g) over the two-month
experiment. Across sand source and plant species, fertil-
izer addition increased production of belowground biomass
(Fertilizer: F(1, 137)=32.29, P<0.001, Online Resource
Table S5; Fig. 3B) from 0.91±0.82 g in ambient conditions
to 2.85±2.38 g in fertilized conditions. Belowground plant
growth also varied with plant identity with bitter panicum
producing more belowground biomass (2.61±2.36 g) than
sea oats (0.95±0.95 g) (Plant: F(1, 137)=33.57, P<0.001,
Online Resource Table S5; Fig. 3B).

K‘sdq‘k�Dwo‘mrhnm

Fertilizer, species, and sand source each individually and
independently influenced lateral expansion of transplant
area (Fig. 3C). During the two-month growing period,
transplant area expanded more in fertilized conditions
(6.30±5.28 cm2) than in ambient conditions (0.93±2.12
cm2) (Fertilizer: F(1, 135) = 101.4920, P<0.001, Online
Resource Table S6; Fig. 3B), more in bitter panicum
treatments (5.30±5.70 cm2) than in sea oats treatments
(1.93±2.94 cm2) (Plants: F(1, 135) = 24.2912, P<0.001,
Online Resource Table S6; Fig. 3C), and the most in near-
shore sand (4.79±5.49 cm2), intermediately in beach sand
(3.24±4.32 cm2), and the least in upland sand (2.80±4.42
cm2) (Sand: F(2, 135) = 5.1705, P<0.00686, Online Resource
Table S6; Fig. 3C).

R‘mc�Ldsqhbr

Fq‘hm�Rhyd�Chrsqhatshnm

All four measures of grain size distribution (mean, sorting,
skew, and kurtosis) differed across the three sand sources
(KW: χ2≥30.92, P<0.0001, Dunn: P≤0.0105, Online
Resource Table S7-S10; Fig. 4A). Beach sand had the largest
mean grain size at 0.76±0.10 mm followed by upland sand
at 0.34±0.03 mm and nearshore sand at 0.25±0.01 mm. As
previouslynoted, thesevaluescorrelatewith the labelscoarse,
medium, and fine sand respectively (Blott & Pye, 2001).
Beach sand was the most poorly sorted (σg=2.47±0.09 μm)
followed by upland (σg=1.89±0.03 μm) then nearshore
sand (σg=1.69±0.04 μm) which were both moderately
sorted. Beach sand had a symmetrical distribution (skew-
ness, Skg=−0.37±0.18 μm), upland sand was coarse
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Ehf-�2 Effects of sand source,
fertilizer and plant identity on
the total change in (A) aboveg-
round biomass, (B) below ground
biomass, and (C) transplant area.
Data are shown as the median
(dark black line), 25th and 75th
percentiles (outer box edges),
and ±95% confidence intervals
(farthest extent of whiskers) of
12 replicates per treatment with
nearshore and upland sand and
11 replicates for treatment with
beach sand. Points represent plot
values and are jittered slightly
horizontally for visibility
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sand-species combinations reinforce the benefits of fertil-
izer amendments for jumpstarting plant establishment in
low-nutrient constructed dune contexts. In unfertilized con-
ditions, neither grass species exhibited detectable aboveg-
round growth and only minimal belowground growth. This
suggests an overall nutrient limitation for production in
both species, and a diversion of scarce internal resources
to belowground biomass to forage for soil nutrients. Prior
work has indicated that bitter panicum has a higher bio-
logical demand for nitrogen and potassium compared to
sea oats which requires more phosphorus than potassium
(Baker, 1972; Hester & Mendelssohn, 1990). The fertilizer
we used, which contains 14% N, 14% P2O5, and 14% K2O,
supports the biological demands of both species. Despite the
observed initial benefits of fertilizer addition for most treat-
ments, these effects may vary over time and should not be
assumed to apply beyond the initial growing period. Indeed,

bitter panicum produced more biomass than sea oats, and
fertilizer addition generally promoted the growth of both
grass species. However, in upland sand, sea oats failed
to grow appreciably even with fertilizer addition. The
upland and nearshore sand sources utilized in the experi-
ment had compositional differences from beach sand with
notably low levels of carbon, nitrogen, and OM in upland
sand, indicating potential mechanisms for the observed
influence of sand source on plant growth. Our study is
the first, to our knowledge, to quantify differences in
coastal dune grass growth due to source of restoration
sand. These results are timely given the consistent year-
over-year increase in the use of sand sourced from upland
mines for beach nourishment and dune construction over
the last two decades.
The positive effects of fertilizer on above- and below-

ground growth and lateral expansion observed in five of six

Ehf-� 3 Sand characteristics by source. (A) Grain size distribution as
a mass of particles greater than each sieve size, (B) infiltration rate,
(C) water holding capacity, (D) percent carbon, (E) percent nitrogen,

samples below detection limit of 0.01%: n=20 of 20 for nearshore,
n=14 of 20 for upland, and (F) organic matter. Points represent plot
values and are jittered slightly horizontally for visibility
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impacting dune grass growth, we instead hypothesize that
the chemical and nutrient composition of our sands likely
drove our observations. Upland sand had the largest nutri-
ent deficits with an order of magnitude less total carbon, no
detectable nitrogen, and at least four-times less OM than the
other sands. This extreme nutrient scarcity likely contrib-
uted to sea oats’ failure to produce biomass. However, it is
unclear why fertilizer addition did not amend this limitation
for sea oats in upland sand when it did in the other sands
which are also low in nutrients. Since the sea oats is a later-
successional species with a greater dependence on existing
nutrients than bitter panicum (Fischman et al., 2024; Lonard
et al., 2011), it is possible that upland sand has an absence
of a critical micronutrient or compound present in nearshore
and beach sands or, conversely, the presence of an inhibi-
tory constituent. For example, elevated leaf zinc levels have
been associated with reduced phosphorus uptake and reduc-
tion in biomass production for both species (Hester & Men-
delssohn, 1990). Prior research indicates that phosphorous
is more critical to sea oats production than bitter panicum
(Baker, 1972; Hester & Mendelssohn, 1990), so an effect
such as this could disproportionately disrupt the success
of sea oats and contribute to our observed results; how-
ever, more research is required to investigate this potential.
While our results did not identify a definitive cause for the
observed variation in plant growth across sand sources, they
do indicate species-specific responses need to be considered
during sand and vegetative selection to optimize planting
success.
To further explore the effects of sand type on dune res-

toration grasses with the goal of optimizing planting strate-
gies, additional research should be conducted in real-world
restored dunes and over multiple growing periods to best
evaluate the success of dune establishment. Introducing
additional treatments such as a third common dune grass
(i.e. Spartina patens), sand from offshore dredge sites, or
different fertilizer treatments to address nutrient-based limi-
tations would help develop planting combinations tailored
to different restoration sand types. Further research is also
needed to resolve the driving mechanisms affecting plant
growth through in-depth analyses of sediment composition,
micronutrient composition, or other sand characteristics
such as pH. While sand source selection for beach renour-
ishment and dune restoration is often heavily influenced by
factors such as cost and supply, making it less manipulat-
able than vegetation, a better mechanistic understanding of
precisely how physiochemical differences of added sand
influence growth and survivorship of out planted vegetation
may inform other interventions that focus on amending or
conditioning added sand to better accommodate vegetative
growth.

Morton et al. (2025) conducted a 15-month field experi-
ment manipulating bitter panicum and sea oats density and
composition, as well as fertilizer addition, in nearshore sand
and found that the effect size of fertilizer was considerably
higher at 3 months than at 15 months post-fertilizer addi-
tion. It should also be acknowledged that standardized fea-
tures of our greenhouse experiment design, including fixed
pot volume, weekly irrigation, and the absence of stimulat-
ing stressors such as burial, wind stress, or salt spray, which
can provide a significant source of potassium to the dune
environment (van der Valk, 1974), likely modulated trans-
plant growth in our experiment. Despite these constraints,
the increase in growth between fertilized and ambient con-
ditions emphasizes the value of adding fertilizer to con-
structed dunes to enhance initial dune grass establishment.
Among fertilized treatments, bitter panicum outper-

formed sea oats in total above- and belowground biomass
production and exhibited greater lateral expansion than sea
oats, though the lateral expansion of both species was small
when compared to typical restoration plant spacing guide-
lines (Rogers & Nash, 2003). These findings, consistent
with previous research comparing bitter panicum and sea
oats growth in restored dunes (Fischman et al., 2024; Lonard
& Judd, 2011; Long et al., 2013; Morton et al., 2025), chal-
lenge the conventional recommendation that sea oats is the
optimal grass for planting in dune restoration (Rogers &
Nash, 2003). Instead, our findings reinforce the emerging
recognition that bitter panicum is more effective at rapidly
establishing dunes (Morton et al., 2025). This early growth
advantage likely reflects its role as a pioneer species, well-
adapted to the low nutrient and high stress (salt, wind scour-
ing and abrasion, sand temperature) conditions of newly
constructed dunes (Fischman et al., 2024; Lonard & Judd,
2011). In contrast, sea oats, a later successional species,
is less tolerant of low-nutrient, high stress conditions and
grows better once early successional vegetation has already
improved biogeochemical and physical conditions (Lonard
et al., 2011; Lonard & Judd, 2011; Long et al., 2013; Fis-
chman et al., 2024; Morton et al., 2025).
Planting in upland sand severely inhibited the growth of

sea oats, even with fertilizer addition, indicating that there
were factors mediating the response of different plants to
each sand type in our study. Upland sand had intermedi-
ary grain size characteristics, water holding capacity, and
infiltration rate, so these are likely not driving factors
of responses to sand type. It is possible that upland sand,
which may be coarser than dredged or beach sand because it
does not have the same weathering exposure, could inhibit
root elongation to a degree (Lipiec et al., 2016; Vine et al.,
1981), though those effects would be expected to impact
both species. Rather than macroscopic sand characteristics
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