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Abstract

Coastal sand dunes provide critical ecosystem functions but are threatened due to tourism and climate
change. Nature-based solutions such as beach renourishment and dune construction may restore dune
function but are costly to implement. Monitoring of dune restoration success is critical for protecting the
investment and providing information for future efforts. The purpose of this three-year study was to
evaluate the success of a dune restoration on Tybee Island, Georgia, using citizen scientists to collect
quarterly data on sand accumulation and vegetation dynamics in restored and established dunes. We
found a pairwise correlation of 0.999 for sand accumulation data collected by two different groups and
0.68 for vegetation cover data, suggesting an acceptable level of repeatability. Sand accumulated
throughout the study and was highest at the dune toe, where it did not differ between restored and
established dunes. Accumulation at the restored crest increased to exceed that of the established crest
during the study, suggesting comparable ecosystem function. During hurricanes, however, sand
accumulation was ~3-6 times higher in established dunes, suggesting that restored dunes are still
inferior under extreme conditions. Species richness did not differ between dune types, and by five years
post restoration, vegetation cover was comparable in restored and established dunes. Uniola paniculata
was the most abundant species and Ipomoea imperati increased the most in cover, proving their utility in
future restoration efforts. This study showed that citizen scientists can play a valuable role in monitoring
restoration efforts and contribute to successful restoration planning for the future.

Introduction

Coastal sand dunes provide critical ecosystem services for coastal communities, including storm
protection, biodiversity support, and nesting area for shore birds and sea turtles (Hays et al. 1995, Brown
et al. 2005, Acosta et al. 2009, Elliot-Smith 2015, Druis et al. 2019). They act as a barrier for storm surge
and absorb floodwaters, serving as the first line of defense between the ocean and the built environment
located behind the dune (Swann et al., 2015). In particular, foredunes of 3-10m in height are of
paramount importance for coastal protection during hurricanes due to their wave attenuation (Dahl et al.
1975, Matzke and Leege 2025). Vegetated dunes provide superior protection in the face of strong winds
and storms, trapping and binding sand to build dune height and volume (Bryant et al. 2017).

Tourism and travel to America’s beaches generate an economic output of $520 billion annually, providing
critically important revenue for the communities that support them (Houston 2024). Additionally, 39% of
the U.S. population lives in coastal counties (Bryant et al. 2017) and therefore depend on coastal
resources. However, coastal dune systems are increasingly threatened by sea level rise and storm surge
oceanward (Nicholls and Cazenave 2010), and by landward development (Ramesh et al. 2015), leading
to the phenomenon of “coastal squeeze” (Doody 2004). One mechanism of protecting coastal beaches
from erosion and thereby preserving their ecological, recreational, and economic value, is the
implementation of nature-based solutions, such as beach nourishment: the addition of sand to eroding
beaches (Rodella et al. 2020, Staudt et al. 2021, Houston 2024).Nourished beaches expand recreational
areas but also serve as a buffer against future storm damage, further limiting erosion (Landry et al. 2003,
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Hoagland et al. 2012). Coastal sediment removal and placement for renourishment can also harm
marine life and alter natural physical and biological processes, however, and these impacts should also
be taken into consideration when evaluating renourishment options (Miselis et al. 2021). In the U.S,,
4,036 known nourishment events have taken place in 486 coastal communities since 1923, for a total of
1.4 trillion cubic meters (1.8 trillion cubic yards) of sand added to coastal beaches. On Tybee Island,
Georgia, ten nourishment episodes were conducted by the U.S. Army Corps of Engineers from 1976 to
2020, for a total of 9 million m?(11.8 million cy) of sand placed on the beach at a cost of $59,869,953
(National Beach Nourishment Database).

In 2019-20 for the first time, the City of Tybee Island specified that its regularly scheduled beach
nourishment would also include the construction of a new 2.5m tall, 900m long dune as a part of Tybee
Island’s Beach Management (2014) and Sea Level Rise Adaptation (2016) plans, in hopes that it would
lengthen the return interval for renourishment (Evans et al. 2016, Matzke & Leege 2025). In early 2020
following its construction, this dune was vegetated with six dune species common to southeast Georgia,
including Uniola paniculata, Ipomoea imperati, Spartina patens, Panicum amarum, Iva imbricata, and
Muhlenbergia capillaris (Matzke and Leege 2025). Monitoring of ecosystem services to determine the
success of the restoration was critical in order to protect this public investment; therefore, Matzke
(2021) conducted fourteen months of intensive data collection on plant growth and sand movement
following dune construction and installation of vegetation to monitor the ecological success of the
project and evaluate best practices for restoration (Matzke & Leege 2025). Because intensive monitoring
is costly and often excludes stakeholders, we sought an inexpensive, low-tech method by which we
could continue critical monitoring at regular intervals as well as engage the community. Therefore, for
this study, we determined key indicators of dune “health” and developed a relatively simple protocol by
which able-bodied adults could monitor dunes based on the outcome of Matzke's findings (2021).

Public perception is critical to the support of nature-based solutions and is key to long-term conservation
success (Bennett 2016, Hsiung et al. 2024). One way to positively influence public perception is to
engage stakeholders in activities that increase their knowledge about and connection with the
environment (Hsiung et al. 2024, Chandler et al. 2025). To that end, citizen science, also known as
participatory science, can serve as an opportunity to both educate and engage the public in the process
of science and, in doing so, potentially improve public perception of science (Bonney 2016, Strasser et al.
2019). Citizen science engages non-professionals in scientific research and can fall into several different
typologies; contributory projects are designed by scientists and carried out by the public, collaborative
projects are designed by scientists and refined and carried out by the public, and co-created projects are
developed by scientists and the public together (Bonney 2016).

Citizen science has already been successfully employed in ecology and environmental studies (Fraisl et
al. 2022). Furthermore, de Sherbinin and colleagues (2021) even identify the critical role of citizen
science in supporting and monitoring the United Nations Sustainable Development Goals and 2030
Agenda. The benefits of citizen science are numerous, including education and engagement of
stakeholders as well as reduced cost of data collection (Hughes et al. 2022; George et al. 2024).
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Concerns persist, however, and range from limited skill of the participants, to inconsistent application of
protocols, to bias in identification and data collection (Fraisl et al. 2022). Despite these challenges,
researchers can employ methods of mitigation to improve outcomes, including but not limited to training
participants before and during the project, supervision by experts, community consensus (i.e. working in
groups to validate data), and data filtering by professionals (Fraisl et al. 2022). de Sherbinin et al. (2021)
found that data quality is rarely an issue, as the vast majority of projects employ multiple robust
mechanisms of quality assurance.

Numerous examples of citizen science are ongoing in coastal dune systems around the world. For
example, citizens contribute to an understanding of the expanding coastal distribution of the invasive
Carpobrotus edulis in Uruguay through reporting in iNaturalist (Grattarola et al. 2024); smartphone
images of sand grains taken with a reference coin assist in measuring and mapping sand grain size on
sandy beaches globally with the SandSnap app (McFall et al. 2024); and the Global CoastSnap
Community Beach Monitoring program monitors coastal erosion via repeated crowd-sourced oblique
cellphone images taken from the same location over time in numerous countries around the world
(Harley et al. 2019). In particular, the CoastSnap program was a useful tool in monitoring beach erosion
following Hurricane Fiona in Prince Edward Island, Canada, in 2022. Through analysis of citizen-
contributed photos captured before and after the hurricane, George et al. (2024) documented 12-17m of
retreat in the foredune and were able to calculate volumetric losses of 28-76 m3/m along the shoreline.
These estimates were within 2.8 m by length and 45% by volume of values determined by high precision
drone imagery and represent a low-cost method of monitoring coastal erosion with a reasonable degree
of error (George et al. 2024).

To improve public perception of the value of dune restoration and to facilitate long-term monitoring at a
low cost, we developed a citizen science monitoring protocol to evaluate a dune restoration project on
Tybee Island, Georgia, USA.

We addressed the following questions with this contributory citizen science project:

e Do restored dunes provide ecosystem services equivalent to those provided by established dunes
with regard to sand movement and plant community dynamics?

e How do dunes respond to hurricanes on Tybee Island, and does this response differ between
restored and established dunes?

e What is the level of repeatability of data collection with this citizen scientist protocol?

Here we describe the process by which we developed and adapted the monitoring protocol and evaluate
the success of the dune restoration based on the data collected by citizen scientists.

Methods

Study site
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This study was conducted on Tybee Island in Chatham County, Georgia, USA, the northernmost barrier
island in the state (32°026"N; 80°5027"W; Figure 1). Tybee is bordered to the north by the South Channel
of the Savannah River, dredged first in 1897 and an increasingly busy shipping channel into the Savannah
Harbor. A recent report determined that 73.6-78.5% of the beach erosion that has occurred on Tybee’s
beaches resulted from the historic dredging of this channel (McKee et al. 2008). As a result of the
disruption of sand movement due to channel deepening, Tybee Island has partnered with the U.S. Army
Corps of Engineers since 1976 for beach renourishment at an interval of approximately seven to ten
years and most recently in December 2019, 2.5 years prior to the start of this study (National Beach
Nourishment database, Matzke and Leege 2025). Rising sea levels also contribute to loss of beach area.
As measured by the gauge at nearby Fort Pulaski, Tybee Island is experiencing 3.66 mm of sea level rise
annually (NOAA 2025), for a total of 325.74 mm (12.8 inches) since measurements began in 1935.

Home to Georgia’'s most popular public beach, Tybee Island receives nearly two million visitors annually
(Georgia Southern University, 2023). Though the majority of Tybee's revenue is generated from island
visitors, their presence can also negatively impact the natural resources on which the city depends for its
tourism dollars.

Citizen science recruitment and management

Citizen scientists were recruited for this study in two ways: through stakeholder groups on Tybee Island
and via Biology-related courses, clubs, and research experiences at the affiliated university. The
stakeholder participants comprised primarily resident retirees, young people seeking volunteer hours,
and interested residents seeking community service opportunities. Prior to attending each monitoring
event, participants were emailed logistical instructions for the day and encouraged to view the Tybee
Island Dune Monitoring Protocol: A Visual Guide for Volunteers prepared by the researchers and
available online (https://drive.google.com/file/d/1kSIdXvOLg7F71uu0DHbprVs9V2r_aBxu/view). At the
event, participants convened in a park pavilion near the data collection site, where they signed a waiver
and indicated their affiliation (university or stakeholder). Researchers then provided background
information about the value of dunes, an overview of the project, and issued equipment to be used by
groups of two or three. The researchers then provided on-site field training in plant identification and led
participants through a full demonstration of the data collection protocol at one site. Researchers
oversaw participant pairs and fielded questions as they collected their data. After all 35 sites were
sampled, the participants returned to the pavilion and entered data from data sheets into a web form, in
an effort to reduce any errors of interpretation from participant to researcher. Finally, researchers
checked data sheets against the web form entries as an additional form of quality control.

Data collection protocol development

Based on previous research in this site (Matzke 2021), we set out to develop a relatively simple protocol

for use by citizen scientists to monitor the continued success of the dune restoration and to evaluate

ecosystem function in the restored dune relative to the established dune. To that end, we needed to 1)

select key instructive variables to measure, 2) minimize the time requirement for sampling to limit heat
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exposure for participants to the morning hours, and 3) develop a simple protocol that could be replicated
by volunteers with little to no experience in field ecology. 4) We also needed to build some redundancy
into the protocol to ensure that citizen scientist measurements were accurate.

Previous research during June 2020-August 2021 determined that the toe of the foredune experienced
the highest rates of sand accretion, while sand accumulation at the crest did not differ from that at the
heel (Matzke & Leege 2025). Therefore, we focused foredune monitoring on the dune toe as
representative of greatest sand movement and the dune crest as representative of highest vulnerability,
as the crest plays a critical role in protection from intense storms and storm surge (ltzken et al. 2021).
Plant density (# planted individuals/m?) was positively correlated with sand movement and was the best
predictor of accumulation in restored dunes; therefore, we included the number of “clumps” in the
protocol as a proxy for plant density (Matzke and Leege 2025). Vegetation cover, plant height (average
and maximum), and number of stems/m? were also predictors of sand accumulation (Matzke and Leege
2025). We included the measurement of vegetation cover as an additional measure of plant abundance
but did not include plant height or number of stems, as they were time-consuming to measure and
difficult to replicate among citizen scientists.

The standard method of measuring sand movement employed by Matzke (2021) was against wooden
dowels (30.5 cm tall and 1.3 cm diameter), measured and repositioned monthly. However, relocating
small wooden dowels would be nearly impossible for a rotating group of volunteers. Additionally, during
the period of June 2020 — August 2021, the maximum sand accumulation measured was 13 cm for one
month (September 2020) in the established dune (Matzke, unpublished data), which might result in
dowel burial over a 3-month return interval. Instead, we based sand movement measurements against
pre-existing signposts (~75-190 cm above the sand in height and ~10 cm in width) established by the
city for other informational purposes (i.e. “Keep off the Dunes, $1,000 fine”). Although these posts were
unevenly spaced and not equally replicated, we chose to use existing structures to avoid disturbing the
dune with the installation of new posts and to avoid permissions required by oversight agencies. We
identified 14 existing posts in the established dune (10 toe and 4 crest) and 21 posts in the restored
dune (10 toe and 11 crest). Each post became the site marker for monitoring measurements (Figure 1).
Posts were located 3 — 132 m apart from each other; several toe posts in the restored dune were
clustered together in groups of three. The total length of Tybee's dune measured for this study as
determined by the post locations was 1,205 m (715 m in the restored dune and 490 m in the established
dune). Sand movement was measured as the distance to the sand from the top of the posts on both the
north and south sides of the site post, such that we could calculate sand movement over time since the
previous measurement. Requiring measurements on both sides of the post, which were expected to be
quite similar, built some redundancy into the protocol to serve as a check for the participants and a flag
for us when reviewing the data for accuracy.

To evaluate vegetation characteristics, participants placed a 1x1 m quadrat frame at the base of each
signpost with the eastern edge parallel to the shore, identified the plant species rooted within the plot,
counted the number of clumps of each species, and visually estimated the cover class of total
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vegetation based on a Daubenmire-modified scale (Table 1). Participants were provided with a list of
species to expect with photos and key character descriptions, a reference card to help estimate the
cover in the 1x1 m plot, and a sample diagram indicating representative coverage for each cover class.
Rather than percent cover for each species which might be estimated differently by each participant, we
specified a cover class designation, which required less precision and allowed for more replicability
among participants. However, due to plant growth and colonization in the restored dunes, we updated
the protocol in March 2024 to add visual estimates of cover for each species in the plot. This
measurement replaced the “number of clumps” measurement for each species because originally
planted “clumps” were no longer evident due to the rhizomatous growth of grasses. Percent cover
measurements for each species ultimately allowed for finer scale comparisons across quarterly
sampling dates.

Table 1. Cover class designation used for 1x1 m plots during dune monitoring.

Coverclass % cover
1 0-1

2 2-5

3 6-35
4 36-50
5 51-75
6

76-100

The original protocol was tested by the first author’'s undergraduate level Botany class in April 2022 prior
to implementation, to determine ease of use and approximate duration of sampling time and then
implemented in June 2022. To test for repeatability of sampling, we hosted a group of 12 citizen
scientists on June 21, 2022, to collect data in 31 of the 35 sites, and hosted a completely different group
of 15 participants on June 22, 2022 to re-sample a subset (23) of these sites.

Measurements were taken quarterly June 2022 — June 2025, though only sand movement
measurements were taken in the winter quarter while the vegetation was dormant. Two hurricanes took
place during the study period: Hurricane lan which made landfall on Tybee Island on September 29,
2022, four days after the previous quarterly monitoring event, and Hurricane Helene, which hit Tybee on
September 27, 2024, 14 days after the previous monitoring event. Follow-up sand movement
measurements were taken by researchers and/or student groups within 10 days of each hurricane. In all,
monitoring took place over the period June 21, 2022, to June 20, 2025 and included 17 sessions: 13
quarterly monitoring events, one resample event to evaluate variability in data collection, and two post-
hurricane events.

Data Analysis:
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Citizen Science

To evaluate repeatability of sampling, we used matched pairs analysis to compare post height
measurements (the source of sand movement data across time) and vegetation cover class records
between two groups of citizen scientists who collected data one day apart in June 2022. Cover class
data were normally distributed and were compared with matched pairs t-tests. Because post height
measurements were not normally distributed, Wilcoxon Signed Rank tests were used. Pairwise
correlations were also calculated for matched pairs. Sampling repeatability analysis was conducted in
JMP Pro 17 (JMP 2023). Basic summary statistics were calculated for monitoring events, including
mean participants by type (university vs. stakeholder), number of volunteer hours, etc.

Sand Movement

To determine sand movement from post height measurements, the height from the top of the north and
south side of the posts was averaged then subtracted from the subsequent quarterly measurement
average to calculate the change in average post height between consecutive quarterly measurements.
Positive values indicate accumulation, while negative values indicate erosion. When height
measurements were missing (or removed) for a given month, the corresponding sand movement value
was excluded for that quarter as well as the subsequent quarter, since sand movement is based on the
change in height between consecutive measurements. Quarterly sand movement measurements
exceeding +13 cm were flagged and inspected by the authors; only two values were excluded due to
likely human error.

Linear mixed models (LMMs) were fitted using the Imer function in the Ime4 package (Bates et al., 2015)
to analyze quarterly sand movement through the study period. Fixed effects included years since
restoration (2-5), dune type (established vs. restored), month (March, June, September, or December),
and the interaction between years since restoration and dune type. Signpost ID was included as a
random effect to account for repeated measurements at each post. Month was included to control for
seasonal variation, though our primary interest was in the effects of years since restoration, dune type,
and their interaction. Separate models were conducted for the toe and crest due to expected differences
in sand dynamics between these dune locations, with the toe experiencing more accumulation (Swann et
al., 2015).

To assess storm-related sand movement, we calculated the change in the distance from the top of
signposts before and after Hurricanes lan and Helene by subtracting pre-storm measurements from
post-storm measurements. Post-storm measurements were not included in the previously mentioned
quarterly sand movement analyses. For each hurricane, a two-way ANOVA was conducted with dune
type and post location (toe vs. crest) as independent variables. Because assumptions of normality and
homogeneity of variance were not initially met, data were transformed prior to analysis. Tukey HSD tests
were used post hoc to identify significant pairwise differences.

Vegetation Metrics
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Species richness (the number of species per 1x1 m plot) was analyzed using generalized linear mixed
models (GLMMs) with a Poisson distribution. Total percent cover and midpoint percent cover class were
analyzed using LMMs with the same fixed and random effects structure described above. Because
percent cover replaced the number of clumps method, data for total percent cover were only available
for years 4 and 5. To assess consistency between sampling methods, we also ran a separate model for
midpoint percent cover class using only years 4 and 5.

Cover of two planted species that were abundant in both restored and established dunes (Uniola
paniculata and I[pomoea imperati) was also analyzed using LMMs. Additionally, to assess planting
success, we calculated the percent presence of five planted species within the restored dune. These
presence data were not modeled due to a lack of variation (e.g., species were either always present or
always absent in plots), which prevented model fitting.

Model diagnostics included visual inspection of residuals to assess normality and homoscedasticity and
checks for overdispersion in GLMMs. In rare cases where the model fit was singular (i.e., the variance of
the random effect was estimated to be zero), the random effect of signpost ID was retained to preserve
consistency in model structure, and results were equivalent to those from standard (G)LMs. In all model
output tables, fixed effects can be interpreted as follows:

e The effect of years since restoration reflects change within the established dune, which is the
reference level for dune type.

» The effect of dune type (restored) represents the difference between the restored and established
dunes at year 2 (the reference level for years since restoration).

e The interaction between years since restoration and dune type indicates how the restored dune
changed over time compared to the established dune.

Figures displaying ecological data analyses are based on linear regressions of years since restoration;
(G)LMM results presented in the tables are not incorporated, as including the seasonal differences
accounted for in the (G)LMMs would have obscured temporal patterns. All ecological analyses were
conducted in R version 4.4.3 (R Core Team, 2025).

Results

Citizen Science

During the three-year monitoring period from June 2022 to June 2025, we worked with 184 citizen
scientists, with an average of 10.8 + 1.4 data collectors per event. Of these participants, an average of
7.6 £ 1.4 were affiliated with the university responsible for this study and 3.3 + 0.9 were not. This
amounted to approximately 552 person-hours at 3 hours per person per session for 17 sessions. The
expenditure of researcher person-hours was approximately 9 hours per event, including recruitment (0.5
h), supply preparation (2 h), training and facilitating (3 h * 2 facilitators), and reviewing data (0.5 h). One-
time cost for data collection supplies was approximately $50 per team, for a total of $300 for six teams.
Page 9/23



University-affiliated participants were usually students from classes requiring service-learning hours,
students participating in research opportunities (i.e. National Science Foundation Research Experience
for Undergraduates), or volunteers from Biology-related clubs. Several volunteers attended on more than
one occasion. Non-university participants were residents of the region with an interest in Tybee's natural
environment. Three citizen scientists became repeat participants, missing only one or two of the
quarterly dune monitoring sessions over the three-year period.

Repeatability

Repeated measurements of post height and vegetation cover taken one day apart by two different
groups of citizen scientists showed no statistically significant differences from each other after we
removed two clearly erroneous data points. Mean difference in post height ranged from -1.5 to 2 cm with
amean of-0.119 +/- 0.186 cm (S =-29; p = 0.37; pairwise correlation = 0.9997; p < 0.0001 north side)
and -4.5 to 3 cm with a mean -0.315 +/- 0.320 cm of (S =-12.5; p = 0.70, pairwise correlation = 0.9992; p
< 0.0001 south side) between groups, while mean cover class, a more subjective measure, differed by
0.18 +/- 0.16 with a range of -1 to 2 between groups on a scale of 1-6 (t = 1.16; p = 0.25; pairwise
correlation = 0.681; p = 0.0005). This gave us confidence in the repeatability of measurements taken by
citizen scientists, though we continued to check for outliers throughout the study.

Sand Movement

Sand accumulated in all sites throughout the study. However, at the established toe, accumulation
decreased over time, with an average of 9.12 + 2.66 cm in year two after restoration and only 1.63 +
0.41cm in year five (Estimate = -1.8595, p = 0.0254; Figure 2; Table 1S). During the first two quarterly
measurements (June 2022 - September 2022) of the study, there was no significant difference in
accumulation between the restored and established toe, and the restored toe did not gain or lose more
sand over time relative to the established toe. In contrast to the toe, the restored crest accumulated
approximately one-fourth as much sand as the established crest during that same period (Estimate =
-8.5553, p = 0.0001). However, over time, sand accumulation at the established crest decreased from
4.64+ 2.4cm inyear two to 1.52 + 0.57 cm in year five (Estimate = -1.406, p = 0.0059), eventually slowing
to a lesser rate than the restored dune crest (Estimate = 1.3216, p = 0.0175).

During Hurricane lan in 2022, the established dune (both the toe and crest) accumulated 2.6 times more
sand than the restored dune (F = 8.473, p = 0.0067), and the toe (both restored and established)
accumulated 8.8 times more sand than the crest (Figure 3a; Figure 1S). There was no significant
interaction between dune type and post location (F = 0.209, p = 0.6511). Post-hoc pairwise comparisons
indicated greater accumulation at the established toe than the restored crest (p = 0.0001) as well as at
the restored toe compared to the restored crest (p = 0.0018). During Hurricane Helene in 2024, the
established dune again accreted significantly more sand—5.43 times more than the restored dune (F =
31.734, p < 0.00001). However, no significant differences were found between post locations (F = 0.712,
p = 0.406), and there was no significant interaction between dune type and post location (F =0.164, p =
0.689) (Figure 3b; Figure 1S). Post-hoc pairwise comparisons indicated greater accumulation at the
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established toe than the restored toe (p = 0.0056), at the established toe than the restored crest (p =
0.0005), and at the established crest than the restored crest (p = 0.0010).

Vegetation: Whole Plot Metrics

The overall mean species richness in the restored and established dunes was 1.50 + 0.043/m?. At both
the toe and crest, species richness did not change over time or differ between dune types (Table 2S;
Figure 2S); however, vegetation cover did increase (Figure 4). The overall mean midpoint of total cover
class was 18.85 + 1.02%. Over the full study period, the midpoint of total percent cover class increased
from 9.7 + 3.3% in June 2022 to 38.4 + 11.4% by June 2025 at the established toe (Estimate = 9.272, p <
0.0001; Figure 4; Table 3S), though the rate of change did not differ between the restored and
established dune. At the crest, the established dune had 1.7 times higher midpoint cover than the
restored dune at the start of the study in June 2022 (Estimate =-39.180, p = 0.0009). However, over time,
the restored crest gained vegetation more rapidly than the established crest (Estimate = 9.514, p =
0.0001), which instead experienced a significant decline from 29.5 + 29.0% to 26.25 + 3.75% by June
2025 (Estimate =-7.250, p = 0.0017).

Using total percent cover (as opposed to midpoint of cover class values), the restored toe had 1.25 times
higher total cover than the established toe in March 2024 (Estimate = 61.307, p = 0.0209; Figure 3S;
Table 4S). However, from four to five years post-restoration, total percent cover declined at the restored
toe compared to the established toe (Estimate =-14.804, p = 0.0092), which showed a significant
increase (Estimate = 11.562, p = 0.0093). At the crest, total percent cover did not differ significantly
between dune types or between years four and five post-restoration. When analyses were limited to
March 2024 - June 2025, results based on the midpoint of total percent cover class were consistent
with those from total percent cover, suggesting that both metrics led to the same overall conclusions
(Table 5S).

Vegetation: Species Metrics

Between four and five years post-restoration, the restored toe lost more U. paniculata cover than the
established toe (Estimate =-14.167, p = 0.0457), while the established toe showed a continued gain
(Estimate = 11.868, p = 0.0401; Table 6S). In contrast, at the crest, U. paniculata cover did not differ
significantly between dune types or over time. [pomoea imperati cover did not significantly differ between
dune types or years at either the toe or crest.

In the restored dune, I. imperati was present in ~5% of plots three years post-restoration and 37% in year
five (Figure 5). Iva imbricata increased in frequency from ~10% of plots in year three to 14% in year four.
Panicum amarum was absent from plots in years two, three, and five, appearing in 5% of plots only in
year four. Spartina patens was the only species that showed a gradual increase in frequency, being
absent in year two, present in 5% of plots in years three and four and in 11% of plots in year five. Uniola
paniculata maintained a consistently high frequency, present in 95% of plots in year two and 89% in year
five.
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Discussion

Ecosystem Services

Overall, our monitoring data suggested that the restored dunes provided ecosystem services equivalent
to or approaching those provided by natural dunes with regard to sand movement and plant community
dynamics. To this end, all dune sites accumulated sand over time, growing vertically at a rate of 1.5t0 9
cm per year. However, the rate of accumulation slowed through the study period, suggesting a reduction
of available sand for dune building as the width of the beach narrowed and renourished sand was
washed to the south. Rates of sand accumulation at the dune toe were statistically indistinguishable
between the established and restored dune, suggesting that both provide similar ecosystem services. At
the dune crest, the pattern of accumulation changed over time, however, decreasing in established sites
but increasing slightly in restored sites. These results also suggest that the ecosystem services of the
restored dune crest are approximating that of the established crest under the current conditions. Our
results indicate continued improvement of restored dune function since restoration; the superior
accumulation in established dunes measured by Matzke and Leege (2025) in 2021 has now been
matched by the restored dunes.

Sand movement was most extreme during the two hurricanes recorded during the sampling period. In
both cases, the established dune gained more sand overall than the restored dune, though both showed
accumulation. Sand fences installed by the City of Tybee at the dune toe in both the established and
restored dunes may have influenced the high sand accumulation in this dune location, particularly during
Hurricane lan (2022) which took place closer to beach renourishment and dune restoration (2020), and
during which more sand was available on the beach. Extreme weather events such as hurricanes are
becoming more common (IPCC 2021, Kossin et al. 2020), and the dune response during these periods
may be the most important to evaluate, as they represent the time of greatest storm-protection value
and consequent vulnerability of the dune.

Though we detected no statistically significant signal for increased species richness over time, citizen
scientists began to see species in restored sites that had not been planted in 2020, suggesting
successful colonization by native dune vegetation. This prompted us to update the monitoring protocol
to include identification guides for seven additional species beyond the five that were initially planted.
Most of these species (for example, Erigeron canadensis, Euphorbia polygonifolia, Heterotheca
subaxillaris, and Oenothera humifusa) represent passenger species in the dunes, providing no significant
dune-building services, but instead serving as floral resources for pollinators and otherwise supporting
native biodiversity (Hosier 1973). Coastal squeeze is known to reduce habitat and biodiversity (Lansu et
al. 2025), and nature-based solutions, such as renourishment and dune restoration, are methods by
which coastal width can be increased, potentially improving biodiversity and ecosystem services (Thorne
et al 2025; Lansu et al. 2025).

Vegetation cover generally increased over the study period. Most notably, cover in the restored dune
crest became indistinguishable from that of the established crest by the fifth year after restoration,
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suggesting restoration success, although declining cover at the established crest was partly responsible
for the change. Additionally, vegetation cover, particularly of U. paniculata, declined in the restored dune
toe during the final year, likely as a result of hurricane impacts, rising seas, and the erosion of
renourished sand on the restored section of beach. Of the species planted by the City of Tybee in the
restored dune in 2020, the burial-tolerant dune-builder, Uniola paniculata was most widespread
throughout the study period, while Ipomoea imperati, a burial-tolerant dune-stabilizer and fast-growing
vine, increased the most. Matzke and Leege (2025) found 82-99% survivorship and 150-230% increase in
cover for these species, respectively, one year after planting at this restoration site, and the present
results suggest that these species have continued to thrive in the five years since planting. Both species
offer critical ecosystem services: in addition to building dunes, U. paniculata improves soil moisture
retention and increases soil organic matter, enhancing the dune for colonization by new species
(Woodhouse and Hanes 1967, Bessette et al. 2018). Ipomoea imperati is positively correlated with dune
elevation (Miller 2015) and is known to produce stolons of 5-30m in length that can spread seaward
(Maun 2009), further stabilizing the sand. Not all species were successful, however. Despite high
survivorship in the first year following planting (Matzke and Leege 2025), Panicum amarum was mostly
absent in our plots by 2022, suggesting limited utility for this species in dune restoration in this region.
While other studies have recorded the successful co-occurence of P amarum and U. paniculata in coastal
dune restorations in the southeastern U.S. (Bessett et al. 2018), P amarum was planted at a much lower
density than U. paniculata at this site which may have led to its demise.

Citizen science

This study demonstrates the value of citizen science in conducting coastal dune monitoring as a
mechanism of increasing community engagement and awareness, as well as reducing the cost of data
collection. It also identified some challenges, particularly in the collection of data with non-scientists in
dynamic, sensitive habitats.

During the three-year period, we were able to engage 184 citizen scientists for approximately 552
person-hours, equivalent to the $17,244.48 value of volunteer time at the 2023 rate of $31.24 per hour in
Georgia (https:/independentsector.org/research/value-of-volunteer-time/). While we did not measure
the change in participants’ perception as a result of the experience, anecdotal comments suggested that
they better understood the role of dunes in the protection of the community behind it, that they improved
their knowledge of dune species identification and understanding of their value in sand accumulation,
and that they had significant respect for the role of the dunes during storm events. We were able to
foster long-term participation by three community residents who documented the changes in the dune
over the period. We also engaged city officials who came out to speak to the volunteers approximately
annually and to thank them for their service. Beyond resident stakeholder involvement, we were able to
provide hands-on service-learning field experiences for university students. Ecological service-learning
such as this has been shown to improve classroom climate and empower undergraduates to engage in
environmental action (Vance-Chalcraft and Goodwillie 2022).
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We built training, redundancy, researcher oversight, and post-collection data accuracy checking into our
protocol to ensure robust quality assurance. Vegetation cover, as measured by cover class was the most
subjective measurement in the protocol, but still returned a strong pairwise correlation of 0.68 (p =
0.0005) across citizen science groups who sampled a day apart. Sand accumulation measurements
were nearly identical across groups (pairwise correlation = 0.99; p < 0.0001). Throughout the study, we
determined some errors in species identification, most often of dune grasses which may have slightly
skewed the outcome of species richness values, and species frequency values. Overall, however, our
study had a reliable level of repeatability and an acceptable level of data quality, similar to other citizen
science studies (de Sherbinin et al. 2021). We were open to adaptation though the study period, and as
the planted dune vegetation spread and new species colonized the site, we adjusted both the training
and the data collection protocol to better capture these changes. One adjustment we made in year four
post-restoration - the use of exact vegetation cover measurements for each species — was statistically
indistinguishable from cover class measurements collected during the same period, therefore we
recommend returning to the simpler and less subjective cover class measurements in future protocols.

One of our concerns in using citizen scientists in this research was that they would normalize walking in
the fragile dune system, since this was required for the collection of data. Indeed, trampling of dune
vegetation can significantly reduce vegetation cover (Fox 2025), and as such, we were very clear with
citizen scientists that they were only to walk in dunes during data collection. For this reason, we chose
not to work with school children who might have been more likely to misunderstand this behavior as
acceptable under all circumstances, or the sight of whom might have influenced other children to
perceive that walking in sand dunes was allowable. We regularly encountered beach visitors who
questioned our presence in the dunes, but we took the opportunity to thank them for their interest in
protecting the dunes and to educate them about the research we were conducting.

One additional challenge that we encountered during the study was the loss of site posts, particularly in
the dune toe, during storms as water levels rose. Each fallen post resulted in the loss of two quarters of
data per site because once the posts were reset, the new measurements could not be used until they
had been in place for a full quarter. Future studies would benefit from driving posts deep in the sand, and
placement a significant distance behind the high tide mark.

Conclusions

In conclusion, coastal sand dunes provide critical ecosystem services that can potentially be maintained
via nature-based solutions, such as beach renourishment and dune construction. On Tybee Island,
Georgia, five years after construction, the restored dune has become statistically indistinguishable from
the established dune in both sand movement and vegetation dynamics; however, it still functions
differently under extreme hurricane conditions. Citizen scientists can be trained to successfully monitor
these valuable assets at low cost, providing useful information for future restoration planning, at the
same time improving stakeholder engagement and education.
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Figure 1

Map of Tybee Island, Georgia, USA and the restored and established (i.e., reference) dunes. In the right
panel, red circles indicate the location of dune monitoring posts (21 in the restored dune; 14 in the
established dune), while the black dotted line represents the separation of the two dune types
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Sand movement (cm) over time in Tybee's established (circles, solid line) and restored (triangles, dashed
line) dune at the toe and crest. Shapes represent quarterly measurements (i.e., between December—
March, March—June, June—September and September—December) for years two through five since
restoration with shaded areas indicating 95% confidence intervals. See Table 1S for linear mixed model

results
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Sand movement (show as transformed data: sqrt(x+2) cm) in the established (pink) and restored (green)
dune at the toe and crest during (a) Hurricane lan (2022) and (b) Hurricane Helene (2024)
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Figure 4

Total vegetation cover class midpoint (%) over time in Tybee's established (circles, solid line) and
restored (triangles, dashed line) dune at the toe and crest. Circles represent measurements collected in
March, June, and September for years two through five since restoration with shaded areas indicating
95% confidence intervals. See Table 3S for linear mixed model results
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Species

Ipomoea imperati
Iva imbricata
Panicum amarum
Spartina patens

Uniola paniculata

Percent of plots within the restored dune at the toe and crest containing the species planted during
restoration from years two to five since restoration
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