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Abstract

People often modify the shoreline to mitigate erosion and protect property from storm
impacts. The 2 main approaches to modification are gray infrastructure (e.g., bulkheads and
seawalls) and natural or green infrastructure (NI) (e.g., living shorelines). Gray infrastruc-
ture is still more often used for coastal protection than NI, despite having more detrimental
effects on ecosystem parameters, such as biodiversity. We assessed the impact of gray
infrastructure on biodiversity and whether the adoption of NI can mitigate its loss. We
examined the literature to quantify the relationship of gray infrastructure and NI to bio-
diversity and developed a model with temporal geospatial data on ecosystem distribution
and shoreline modification to project future shoreline modification for our study location,
coastal Georgia (United States). We applied the literature-derived empirical relationships
of infrastructure effects on biodiversity to the shoreline modification projections to pre-
dict change in biodiversity under different NI versus gray infrastructure scenarios. For our
study area, which is dominated by marshes and use of gray infrastructure, when just under
half of all new coastal infrastructure was to be NI, previous losses of biodiversity from
gray infrastructure could be mitigated by 2100 (net change of biodiversity of +0.14%, 95%
confidence interval −0.10% to +0.39%). As biodiversity continues to decline from human
impacts, it is increasingly imperative to minimize negative impacts when possible. We there-
fore suggest policy and the permitting process be changed to promote the adoption of
NI.
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INTRODUCTION

Shoreline modification is the common practice of altering
coastal ecosystems to augment particular services, such as the
mitigation of coastal erosion and protection against storm surge
and waves (Dugan et al., 2011; Kittinger & Ayers, 2010). Con-
ventional approaches, most of which can be classified as gray
infrastructure, are often focused on near-term property pro-
tection but often entail sacrifice of ecological services, such
as wildlife habitat and water quality maintenance, associated
with functioning natural systems (Arkema et al., 2013; Dugan
et al. 2018). Gray infrastructure, also called shoreline armor-
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ing or hardening, utilizes common construction and engineering
techniques and can take the form of bulkheads, seawalls, and
revetments. These approaches often give little to no consider-
ation to habitat quality or other natural services. In contrast,
natural infrastructure (NI) (or green infrastructure) uses nat-
ural processes and ecosystem services, often in conjunction
with some type of built components (i.e., hybrid approach), to
meet engineering objectives (Institute for Resilient Infrastruc-
ture Systems, 2024; Smith et al., 2020). NI along coasts includes
living shorelines, salt marshes, dunes, and reefs and can provide
protections similar to gray infrastructure (Sutton-Grier et al.,
2015).
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There are numerous benefits to using NI instead of gray
infrastructure. For example, NI can be cheaper and easier to
maintain, adaptive to climate change, and less harmful to the
environment (Gittman et al., 2014; Mitchell & Bilkovic, 2019;
Narayan et al., 2016; Sicangco et al., 2021; Sutton-Grier et al.,
2015). Additionally, NI often offers more cobenefits or ser-
vices in addition to the primary purpose of hazard protection
than gray infrastructure. For example, living shorelines designed
to mitigate wave impacts have been shown to provide nurs-
ery habitat for commercially important fisheries (Gittman et al.,
2016; Scyphers et al., 2011). Alternatively, utilizing gray infras-
tructure often leads to environmental degradation and loss of
ecosystem services (Balouskus & Targett, 2016; Jaramillo et al.,
2021; Peterson et al., 2019). For example, gray infrastructure can
negatively affect species abundance and biodiversity (Sobocinski
et al., 2010; Toft et al., 2021).
Although shoreline modification can alter a whole host of

ecological functions, biodiversity is often used as a proxy for
overall ecosystem functioning. Biodiversity is relatively easy to
measure and is consistently reported in empirical studies, but
it is in decline globally (Butchart et al., 2010; Habibullah et al.,
2022; Hooper et al., 2012). There are numerous factors con-
tributing to the global decline in biodiversity (Williams-Subiza &
Epele, 2021; Jaureguiberry et al., 2022), including local (direct)
human impacts, such as the construction of a dam (Jumani et al.,
2018), and global (indirect) impacts, such as human-induced cli-
mate change (Trisos et al., 2020). Certain global impacts can
also prompt additional local impacts. For example, rising sea
levels and increased intensity and severity of coastal storms cre-
ate a greater impetus for shoreline modification (McNamara &
Keeler, 2013).
The way in which society addresses the pressure for shoreline

modification may have significant impacts on coastal biodi-
versity (Gittman et al., 2016). If this pressure is met with
environmentally unsustainable practices, such as widespread
installation of gray infrastructure, this could result in greater
declines in biodiversity and ecosystem function. In other words,
biodiversity will likely continue to decline due to indirect human
impacts (Trisos et al., 2020), which could then trigger greater
direct impacts. If the demand for shoreline modification is met
with more green and hybrid infrastructure, however, it could be
possible to manage shoreline risks in a sustainable manner that
avoids synergistic negative impacts on biodiversity (Feagin et al.,
2021).
We analyzed the balance of gray and green shoreline infras-

tructure projects that could provide shoreline protection while
minimizing potential negative impacts on coastal biodiver-
sity. Furthermore, we explored the prospective magnitude of
green infrastructure projects that could allow reversal of neg-
ative biodiversity impacts of shoreline modification that have
already occurred. To these ends, we estimated the relationships
among gray infrastructure, NI, and biodiversity by analyzing the
results of previously published studies. We specifically focused
on NI that could be considered hybrid structures (i.e., they
contain both an anthropogenic component and a natural or
nature-based feature). We used geospatial data produced from
a temporal sequence of armored shoreline surveys (Alexander,

2010, 2016, unpublished data 2021) and US Fish &Wildlife Ser-
vice’s National Wetland Inventory (NWI) to develop a model
to project future shoreline modification in coastal Georgia
(United States). We applied the model to analyze various mixes
of gray and green infrastructure to predict future changes in
biodiversity under different infrastructure investment scenarios.

METHODS

Literature-derived estimates of infrastructure
impact

To determine how different infrastructure types affect bio-
diversity, we built on an existing meta-analysis by Gittman
et al. (2016). Because of the substantial interest in shoreline
modification—particularly NI—since 2016 (Smith et al., 2020),
we included additional studies up to 2023. To gather these addi-
tional studies, we conducted a systematic search of the Google
Scholar with search terms for structure type (seawall OR bulk-

head OR riprap OR breakwater OR sill OR “natural infrastructure”
OR NNBF OR “green infrastructure”), response metric (richness
OR diversity OR biodiversity), and shoreline modification indica-
tors (“shore∗ hard∗” OR “shore∗ armor∗” OR “shore∗ stabilization”
OR “shore protection” OR “shore* modification” OR “coast* modi-

fication”). We supplemented this search with a more targeted
approach, such as searching the references of relevant studies.
We were interested in NI designs that contained both an anthro-
pogenic built component and a natural ecosystem component.
As such, we excluded studies that represented pure environmen-
tal restoration and ecoengineered seawalls (i.e., seawalls with
slight design alterations aimed at promoting colonization of
fouling organisms but do not include natural habitat). As in
Gittman et al. (2016), studies were added only if they included
data for both a shoreline modification structure and a natural
ecosystem. This paired approach prevents comparing shore-
line modification structures studied by one research team with
a particular methodology to a natural ecosystem studied by a
different research team with a different methodology.
We were interested in biodiversity metrics and thus excluded

other metrics (such as abundance) from our analyses. This
resulted in 20 studies from the original meta-analysis plus
18 additional studies from the 2016–2023 search. Following
Gittman et al. (2016), we extracted means, standard deviations,
and sample sizes of ecological community metrics (such as
richness and diversity) for each shoreline structure and natural
ecosystem comparison. Within a study, values were pooled for
shoreline structure and ecosystem classification and kept sepa-
rate for habitat-use group: flora, benthic infauna, birds, epibiota,
and nekton (subdivided into fishes and mobile macroinverte-
brates where possible). From the 38 studies, we extracted 98
unique comparisons (e.g., species richness of birds from seawalls
vs. sandy beaches from study 18 [Appendix S1]). These com-
parisons mainly included species counts (i.e., species richness)
and biodiversity indices (e.g., Shannon–Wiener diversity). For
all metrics, higher values indicated higher diversity (Appendix
S1).
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To predict the effect of shoreline modification, we created
proportional response probability distribution functions. First,
we calculated the proportional change in the biodiversity met-
ric between the gray infrastructure site and the corresponding
natural site as:

PΔC = structure − natural
natural

. (1)

The comparisons were then grouped based on structure
and natural ecosystem. The structure categories were armored
(which included rip-rap revetments and seawalls or bulkheads)
and NI (all of which were hybrid structures, such as living shore-
lines). For ecosystem categories, we divided the studies into
biogenic coasts (e.g., mangroves and marshes), sandy beaches,
and rocky shorelines. We then created probability density func-
tions (PDFs) of the proportional changes for each pairing of the
2 structural categories (armored or NI) in each of the 3 environ-
mental contexts (biogenic coast, sandy beach, rocky shore).

Present and future shoreline modification

We created a shoreline composed of standardized segments as
the framework for our geospatial analyses. We first extracted
the shoreline from the NWI (US Fish &Wildlife Service, 2023)
by determining the boundary that separated marine and estu-
arine polygons from dry land polygons. Using ArcGIS, we
automatically subdivided the shoreline into 50-m segments,
which represented shoreline frontage for hypothetical water-
front properties. All shoreline segments were contiguous, and
coastline sections that could not accommodate at least 3 seg-
ments (i.e., islands with a perimeter <150 m) were excluded.
When subdividing the shoreline results in a segment <25 m,
those segments were joined to an adjacent segment. Segments
≥25 m remained independent. This process resulted in 68,900
coastline segments, 98.7% of which were 50 m and all of
which ranged from 25 to 75 m. We used artificial segments
instead of property parcels to simplify our analyses, but future
research could incorporate property and social data to enhance
the behavioral and policy elements of the study (Peterson et al.,
2019).
We defined key parameters for the shoreline segments with

existing geospatial data sets. To quantify shoreline infrastruc-
ture, we used data mapped for the state of Georgia in 2006,
2012, and 2018 by Alexander (2010, 2016, unpublished data
2021) (Figure 1). We buffered the segments by 25 m inland and
25 m into the water to account for discrepancies in location
between the NWI-derived shoreline and the shoreline implicit
to the modification data sets. We then determined the length of
modified shoreline that fell within the segment. For each shore-
line segment, we determined whether it contained NI or gray
infrastructure in 2006, 2012, or 2018; whether the neighboring
shoreline segments contained infrastructure in 2006, 2012, or
2018; mean slope; and adjacent ecosystem. If a shoreline seg-
ment contained a modified shoreline with a length ≥25% of the
segment length, it was coded as modified. Knowing shoreline

FIGURE 1 Study area and location of shoreline modification in a given
year (inset, position of the Georgia coast in the United States).

segment modification status and the status of adjacent segments
allowed modeling of neighboring parcel effects, which are a
strong driver of shoreline modification patterns (Gittman et al.,
2021; Peterson et al., 2019; Scyphers et al., 2015). To determine
adjacent ecosystem, we associated the shoreline segments with
the NWI code for the adjacent marine or estuarine NWI poly-
gon. The NWI codes were grouped as marsh, beach, or other
(predominantly open water or scrub–shrub land cover). There
were no NWI polygons in the study region that represented
rocky shorelines.
To verify the importance of neighboring segment modifica-

tion status, we developed linear regression models. Specifically,
we included the presence of shoreline modification at a neigh-
boring shoreline segment in the previous survey year as
independent variables and whether a segment became modified
from one time step to the next as the dependent variable. We
developed one linear regression for the presence of new shore-
line modification from 2006 to 2012 and one for 2012 to 2018.
The models for 2006–2012 and 2012–2018 are very similar;
both were statistically significant in their explanation of approx-
imately one half of the variability (2012: p < 0.001, R2 = 0.51;
2018: p < 0.001, R2 = 0.51).

We created a probabilistic, decision-tree model to predict the
location of shoreline modification in the future (Appendix S2).
For each time step (6 years), we assigned a random number from
the unit interval (0–1) to all unmodified shoreline segments
that was then compared with the corresponding probability of
modification. To derive these probabilities, we first classified all
shoreline segments based on adjacent ecosystem type and pres-
ence of neighboring armoring in the previous survey. For each
classification, we divided the number of shoreline segments that
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were modified in 2012 but not in 2006 by the total number of
shoreline segments in that class in 2012. We repeated this for
shoreline segments modified in 2018 but not 2012 and averaged
the values for each time step. If the random number was below
the probability of modification, the shoreline segment became
modified in that time step. Once a shoreline segment became
modified, it could not return to an unmodified state. We ran
the model for 14 time steps (from 2018 to the year 2102) and
repeated the model run 50 times to determine uncertainty and
variability in model predictions. From the 50 runs, we calculated
the mean proportion of the shoreline that was armored in each
time step and the 95% confidence interval (mean and 2 SD).

Modeling biodiversity changes

To simulate the impact of shoreline modification on biodiver-
sity, we applied the PDFs derived from the quantitative literature
review to the model of future shoreline modification. When a
shoreline segment was first modified, it was randomly assigned
a proportional change value from a cumulative density function
(CDF) derived from the PDF for either NI or armored of the
corresponding ecosystem type. Specifically, shoreline segments
in the marsh or other categories were assigned values from the
biogenic CDFs, and shoreline segments in the beach category
were assigned values from the beach CDFs. This was done such
that the distribution of proportional change values for the mod-
ified shoreline segments would correspond to the PDFs derived
from the quantitative literature review for a given ecosystem and
infrastructure category. Because the impact of shoreline modi-
fication projects that were previously built was not measured,
segments modified prior to 2019 were assigned proportional
change values in the same manner.
We ran the model with different ratios of NI to gray infras-

tructure to determine whether biodiversity losses could be
mitigated or reversed. We ran separate simulations for scenar-
ios in which 100% of new modification was armoring or gray
infrastructure and then varied the proportion of gray to NI as
follows: 80:20; 60:40; 40:60; 20:80. The final simulation con-
sisted of 100% NI. At the time of our study, there were only
a few small-scale, living shorelines in coastal Georgia (Geor-
gia Department of Natural Resources, 2013). They represented
<0.1% of modified shoreline segments. As such, all shoreline
modification projects from the 2006, 2012, and 2018 data sets
were considered gray infrastructure for all scenarios. Variability
between runs was produced via randomization in determining
whether a segment became modified and had the correspond-
ing (randomized) impact on biodiversity. Each scenario was run
50 times to determine consistency between runs, mean change
in biodiversity for each time step, and the 95% confidence inter-
vals. We also investigated the results of a more gradual adoption
of NI. For this, we repeated our analyses with a proportion of
NI to gray infrastructure that changed with each time step rather
than a fixed ratio. Beginning with 0% NI and 100% gray infras-
tructure in 2018, each subsequent time step had x% more NI
and x% less gray infrastructure, continuing until the year 2102
or 100% NI. We tested multiple values of x to determine which,

if any, resulted in approximately 0% change in biodiversity by
2102.

RESULTS

Shoreline modification impacts in the literature

With the exception of biogenic coasts (NI n = 19, armored
n = 27), there were considerably more data for armored coast-
lines than NI (beaches: NI n = 4, armored n = 21; rocky
coasts: NI n = 5, armored n = 22) (Figure 2). For beaches and
rocky coasts, the small sample sizes for NI obscured statisti-
cal comparisons with armored shorelines. Fortunately, having
less resolved values for beaches and rocky coasts was a minor
problem because beaches accounted for only 2.6% of shoreline
segments in our study location and rocky coasts were absent
entirely. For biogenic coasts, the impacts of NI and armoring
were significantly different (2-sample Kolmogorov–Smirnov
test, p < 0.001). Approximately two thirds (26 out of 38) of
the studies were conducted in North America (most represented
continent in the coastal NI literature [Smith et al., 2020]).
Armored coastlines tended to have lower biodiversity than

their natural ecosystem counterparts. This pattern was consis-
tent for beaches, biogenic coasts, and rocky coasts (Figure 2d–f).
Armored shorelines exhibited biodiversity metrics that were on
average 26% (SE 6) lower than unmodified beaches. Of the
21 comparisons between armored shorelines and beaches, only
3 showed a positive difference in biodiversity. Compared with
unmodified biogenic coasts, armored coastlines had biodiversity
metrics that were a mean of 18% (4) lower; 8 of 27 comparisons
had higher biodiversity. Finally, armored shorelines had biodi-
versity metrics a mean of 11% (12) lower than unmodified rocky
coasts; only 3 of 22 comparisons had higher biodiversity at the
armored site.
The impact of NI on biodiversity was different from that of

armored shorelines. For NI, biodiversity metrics were a mean
of 37% (SE 13) higher than unmodified biogenic coasts; 14 of
19 comparisons had higher biodiversity measures (Figure 2a–c).
There were only 4 comparisons between NI and beaches and
5 between NI and rocky coasts. For NI, biodiversity metrics
were a mean of 6% (6) lower than unmodified beaches and 43%
(8) lower than unmodified rocky coasts. One of the 4 compar-
isons between NI and beaches had higher biodiversity for NI,
and there were no comparisons between NI and rocky coasts in
which there was higher biodiversity for NI.

Present and future shoreline modification

Shoreline segments were more likely to become modified if
there was an adjacent modified shoreline for all ecosystems.
The probability for a marsh-adjacent shoreline segment with
a modified neighbor to become modified was the great-
est at 36.4%, followed by the other ecosystem category at
25.6%. The probability of a beach-adjacent shoreline segment
with a modified neighbor was notably lower, at 7.59%. The
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FIGURE 2 Probability distributions of comparisons between the proportional change in biodiversity metrics under (a–c) natural infrastructure (NI) and (d–f)
armored shoreline modification versus a given natural ecosystem type (dashed line, mean proportional change of the distribution; 0 proportional change, biodiversity
of the modified shoreline not different from the corresponding natural ecosystem; −1 proportional change, complete loss of biodiversity with the artificial structure;
+1 proportional change, increase in biodiversity of 100%).

probability of modification without a modified neighbor was
much lower; other ecosystems had the greatest probability at
1.11%, followed by marshes at 0.49%, and beaches at 0.20%.
Despite there being far more shoreline segments without a
modified neighboring shoreline (2012: 6131 with a modified
neighbor compared with 62,769 without; 2018: 6951 relative to
61,949), the majority of new shoreline modification occurred at
shoreline segments with a modified neighbor (2012: 1467 with
a modified neighbor compared with 378 without; 2018: 1658
relative to 385).
The proportion of modified shoreline increased rapidly from

2006 to 2018 and continued to do so during the time frame of
our model. In 2006, 5.9% of the total coastline of Georgia was
composed of modified shoreline segments (Figure 3) (6.7% and
7.5% in 2012 and 2018, respectively). By 2102, the percentage
was predicted to increase to 46.7% (95% confidence of 45.9–
47.5%) (Figure 3). This increase in shoreline modification was
based solely on observed trends from 2006 to 2018 and did not
take into consideration how future change, such as sea-level rise,
may alter the rate of shoreline modification.

Biodiversity changes

The overall impact on biodiversity from shoreline modification
was heavily dependent on the percentage of new modification

FIGURE 3 Percent of the length of Georgia coast predicted to be
composed of modified shoreline segments. Rate of increase in the time frame
is exponential.

that is NI. The shoreline modification that occurred through
2018 was estimated to have changed biodiversity by −1.51%
(95% confidence interval −1.47% to −1.55%) (Figure 4).
Continuing the current trend of approximately 0% of new
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FIGURE 4 Percent change in biodiversity under increasing use of natural
infrastructure (NI) shoreline modification (light gray line, continuance of the
proportion of infrastructure type from 0% NI to 100% gray infrastructure [i.e.,
armoring]; from bottom to top, each line 20% increase in new NI; dashed lines,
95% confidence intervals; blue line, 0% change in biodiversity in unmodified
coast). All scenarios have 0% NI and 100% gray infrastructure for 2006–2018
to represent historic conditions.

modification being NI by 2102, biodiversity was predicted to
change by −9.26% (−9.07 to −9.44) from the premodification
coastline (Figure 4). Alternatively, when all new modification
was NI, biodiversity in 2102 was predicted as 10.5% (10.2–
10.9%) greater than the premodification coastline (Figure 4).
When approximately 47.5% of all new modification was NI,
there was no estimated net impact on biodiversity from shore-
line modification (+0.14% [−0.10% to +0.39%]) by 2102
(Appendix S3). For the gradual adoption of NI scenarios, when
the proportion of NI increased by 6% every time step (i.e., new
shoreline modification from 2018 to 2024 6%NI and 94% gray,
from 2024 to 2030 12% NI and 88% gray, and so on until new
shoreline modification from 2096 to 2102 was 84%NI and 16%
gray), the net impact to biodiversity from shoreline modification
was approximately zero by 2102 (Appendix S3).

DISCUSSION

The staggering loss of biodiversity is fueled by human activ-
ities, both indirect and direct (Ceballos et al., 2015). Indirect
human impacts, such as warming temperatures and ocean acid-
ification, are often global in scale (Trisos et al., 2020; Turley &
Gattuso, 2012). These factors will likely continue to have some
effect on biodiversity into the future despite potential changes
in actions and policies (Trisos et al., 2020; Turley & Gattuso,
2012). Shoreline modification represents a direct human impact
on coastal biodiversity, others of which include overfishing,
flowmodification, and environmental contamination (Williams-
Subiza & Epele, 2021). The extent to which these factors affect
biodiversity in the future is directly related to future actions
and policies. Efforts made to mitigate direct human impacts

can have immediate effects on biodiversity and are therefore
especially pertinent (Jaureguiberry et al., 2022).
Our results indicated that losses in biodiversity caused by

shoreline modification can be mitigated and even potentially
reversed through the implementation of NI. Furthermore, mit-
igating biodiversity losses does not require a complete (100%)
shift from gray infrastructure to NI. If just under one half of all
new shoreline modification projects were NI, coastal Georgia
could essentially reach net zero changes in biodiversity com-
pared with an unmodified shoreline by 2102. Furthermore,
adopting 6% more NI (and 6% less gray) each time step
resulted in approximately net zero changes in biodiversity com-
pared with an unmodified shoreline by 2102, but mandates that
84% of shoreline modification added in the final time step
(2096–2102) be NI.
As with all models, there are inherent assumptions that sim-

plify the complexity of real-world systems. Our work is based
on the assumption that NI is suitable for all coastline segments
in our study area. Some segments may be physically unsuitable
for NI (Nunez et al., 2022), which could ultimately limit the
implementation of NI. We also assumed that the changes in
biodiversity are spatially and temporally independent at a given
segment; the impact of modification at one segment does not
affect biodiversity at another segment. Similarly, we determined
the overall percent change in biodiversity to be the average
of all segments. Interaction between segments, such as syner-
gistic or compensatory processes, could result in biodiversity
changes different from our predictions. We did not differenti-
ate between species richness or biodiversity metrics, the latter
of which can capture ecologically important factors, such as
relative abundances and evenness. By measuring biodiversity
change in percentage terms (Equation 1), we essentially limited
the degree of negative change to 100%, but there was no limit
to positive change. Because the PDFs were unbounded in the
positive direction, our model may be biased toward the posi-
tive effects of infrastructure, especially NI because it has the
most potential for a positive effect. We believe this is acceptable,
however, because it mimics the possibilities of actual infrastruc-
ture projects. For instance, if a hypothetical ecosystem has 10
species, it is only possible to lose 10 species (limit of −100%),
but it is possible to gain any number of species (no natural upper
bound). Therefore, we assumed that there is an unlimited pool
of biodiversity that can be added to the system. If there are
a limited number of species capable of migrating to new NI
projects because of extinction or extirpation, dispersal barriers,
a depleted regional pool of biodiversity, and so forth, then the
positive impact of NI predicted here may be unrealistic.
The adoption of NI is a powerful tool in mitigating biodiver-

sity losses because many studies have found NI to have greater
biodiversity than the natural counterpart. This is likely because
most NI designs increase habitat heterogeneity by replacing a
single natural ecosystem with multiple engineered ecosystems.
For example, a common living shoreline design implemented
at eroding salt marshes is that of a biomimic structure that
enhances oyster recruitment directly in front of a restored por-
tion of the marsh (Davenport et al., 2018; Guthrie et al., 2022).
In this example, the living shoreline consists of 2 distinct coastal
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habitats: a hard substrate and a salt marsh. The influx of organ-
isms that rely on hard substrates, such as oysters, thus increases
the biodiversity associated with the living shoreline in compar-
ison to the natural marsh. Increases in biodiversity associated
with marshes could also be due to increases in the magnitude
of habitat (a pure area effect). In either situation, biodiversity
would be preserved and enhanced. This contrasts with shoreline
armoring approaches, which often remove or entirely replace
existing habitats (Currin et al., 2010). It is also important to
note that not all NI has a beneficial impact. Nearly one half of
comparisons of NI to natural habitats show a negative impact
on biodiversity from NI (13 out of 28 comparisons), and these
potential effects were accounted for in our simulations. Interest-
ingly, this positive impact of NI is driven almost entirely by NI
installed on biogenic coasts. We excluded rocky coasts from our
study due to their absence in the Georgia coast. There are very
few studies that compare NI with unmodified beaches, and they
report a small negative impact, although not significantly differ-
ent from zero. Furthermore, 97% of the shoreline segments are
biogenic coast.
In addition to the numerous factors not included in our

model that may limit the possible positive impact of NI, bio-
diversity does not always represent a positive change for the
ecosystem. Invasive species are often the first organisms to
inhabit new or disturbed environments (Byers, 2002), and we
did not directly address the impacts of invasive species on
changes in biodiversity. The presence of invasive species can
increase biodiversity (Lean, 2021), but may hinder other ecosys-
tem services (Coleman et al., 2022; Lean, 2021). Of the 38
studies that ultimately had a comparison included in our anal-
yses, 7 (approximately 18%) explicitly documented the presence
of an invasive species at a modified location. In some cases,
invasive species can lead to higher biodiversity at gray infras-
tructure sites compared with their natural counterpart (Vaselli
et al., 2008). Although the impact of shoreline modification
on invasive species is beyond the scope of this work, it raises
the question of whether or not net zero changes in biodiver-
sity compared with an unmodified coast translate to a net zero
change in other ecosystem services. For instance, it is unclear
how NI may differ from natural systems with regard to habi-
tat quality, the sizes of populations a given area can support,
cultural value, or support for interconnected systems.
Our results are based off current available data for both the

rate of new shoreline modification and the impact of struc-
tures on biodiversity. As sea level continues to rise and the risk
of storms increases, there will likely be greater rates of shore-
line modification (McNamara & Keeler, 2013). The difference
in impact between gray infrastructure and NI becomes more
meaningful as more of the shoreline becomes more intensely
modified (see Figure 4). Furthermore, it is possible that the
impact of converting a natural ecosystem to either gray infras-
tructure or NI may change. For example, improvements in
NI design could further enhance their effect on biodiversity.
Species that currently can inhabit a particular type of modifica-
tion structure may not be able to persist if they are experiencing
other stressors, such as warmer temperatures. Therefore, our

estimates were based on observable trends and patterns and
would benefit from updated information because these trends
and patterns will change over time (through improved designs
and continued climate change).
Given increasing concerns about environmental change, sus-

tainability, and resilience, there is growing interest in promoting
coastal NI across the globe. Ecological design principles can
be integrated into marine infrastructure projects to promote
cobenefits (Cameron & Blanuša, 2016; Dafforn et al., 2015;
Dennis et al., 2018), but more research is needed to improve
and test scientific understanding of various aspects of effective-
ness of NI and to gain better insights into human perceptions
and social acceptance (Evans et al., 2017, 2019; Morris et al.,
2016, 2019; Smith et al., 2020). Research into best practices
in coastal NI should also seek a holistic approach to benefits
assessment across terrestrial, freshwater, and marine domains
(Lowe et al., 2022) and should take care to avoid green washing
of widespread coastal development (Firth et al., 2020).
Despite intrepid policy goals for climate change adaptation,

coastal restoration, and biodiversity conservation in the United
States, the European Union, Australia, and other parts of the
world, there still exist significant barriers to adoption of coastal
NI (Evans et al., 2019; Morris et al., 2019). Many people fail to
recognize how marine ecosystems support ecological services
and how environmental degradation due to shoreline armor-
ing diminishes sustainability, resilience, and overall social welfare
(Elwell et al., 2018; Evans et al., 2019; Lau et al., 2019; Scyphers
et al., 2020). There are also legislative and regulatory barriers
(Bellantuono, 2014; Dhakal & Chevalier, 2017; Morris et al.,
2019). In many US states, including Georgia, it is more difficult
to obtain a permit for NI relative to conventional hard armor-
ing. Although research continues into the feasibility, design, and
performance of NI in coastal Georgia (Bliss et al., 2014; Bug-
bee, 2020), many regulators and property owners have been
concerned about unknown or unproven effects (Smith et al.,
2020). Moderate investments in demonstration projects may be
effective in ameliorating community misperceptions of efficacy
and benefit of coastal NI (Evans et al., 2019; Morris et al.,
2019; Sutton-Grier et al., 2015), and hybrid approaches can
help address multiple objectives of coastal infrastructure (Evans
et al., 2019; Morris et al., 2019; Waryszak et al., 2021). Focusing
on regulatory variability in the US southeast, Jones and Pippin
(2022) highlight potential policy levers that could assist in pro-
moting wider adoption of NI, when appropriate. Their insights
combined with more detailed analysis of human behavior in
adoption of coastal protection strategies could provide a sound
basis for future policy research and simulations.
The coastline of Georgia is characterized by expansive wet-

lands and limited but expanding human development (Gittman
et al., 2015). We selected this region as a case study because
of the availability of temporal data of shoreline modification,
which is crucial for our model. Our findings most directly
correspond to other lightly developed coasts dominated by
wetlands. For more developed and modified regions, it is likely
that biodiversity losses compared with an unmodified state
have been greater. Such locations would therefore require
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either a higher percentage of NI or a longer time to mitigate
biodiversity losses. Shoreline modification rate is also related to
how fast biodiversity can change within the system. With faster
rates of modification, more drastic changes in biodiversity can
occur sooner. Our model predicted relatively rapid rates of
modification for Georgia, with the 7.5% extent of armoring
in 2018 approximately doubling to 16% by 2042 (Figure 3). In
contrast, a study of the urban centers of New Zealand found
approximately 35% of the shoreline was modified in 2018
and predicted an increase in armoring of 49–76% by 2043
(Floerl et al., 2021). This greater current amount of armoring
and slower rate of change mean a much greater proportion of
modification would need to be NI to fully mitigate biodiversity
losses. Additionally, the positive impact of NI was driven by
installations on biogenic coasts, which dominate Georgia. In
regions where biogenic coasts compose only a small fraction of
shoreline length, recovering biodiversity through the use of NI
might not be possible at all based on currently available data.
More research is needed to investigate the impact of NI on
biodiversity in sandy and rocky coastlines as these habitats are
currently underrepresented in the literature.
Our results offer coastal land managers potential tools to

analyze and promote more sustainable shoreline modification
choices. We used the simplest, effective model for predicting
shoreline armoring to support reproducibility by local managers
and practitioners. The model only requires multiple time steps
of geospatial shoreline armoring data. Although additional time
steps help account for variability, our method could be applied
to any coastal setting with just 2 time steps of geospatial data.
By applying the relationship between shoreline modification
structure and biodiversity derived here, local practitioners can
replicate our study for their chosen domain. The relationship
between NI and biogenic coasts is robust, but the same can-
not be said for NI versus beaches or rocky coasts. As such,
our relationships are best applied to locations dominated by
biogenic coasts, such as Georgia. Utilizing the tools presented
here allows local regulatory and management authorities to cal-
culate the proportion of infrastructure that could be focused
on NI to potentially avoid or reverse biodiversity decline. We
hope that such a tool will prove valuable in the implementation
and possible revision of the shoreline modification permitting
process.
Our literature review indicated that NI is less harmful to

biodiversity than gray infrastructure, particularly at biogenic
coastlines. As the rate of shoreline modification increases in the
future, utilizing NI over gray infrastructure can mitigate loss in
biodiversity. Based on current available data, if approximately
47.5% of new coastal infrastructure in Georgia is NI, biodi-
versity losses caused by past shoreline modification could be
reversed by 2102. In locations with a greater percentage of exist-
ing shoreline modification, slower rates of modification, or a
lower percentage of biogenic coasts, recovering previously lost
biodiversity by 2102 would only be possible with a higher pro-
portion of NI. Considering the lasting effects of global and
indirect human impacts on biodiversity, it is crucial to minimize
the impact of direct and local human impacts.
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