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The size and expense of coastal restoration efforts are increasing exponentially to mitigate anthropogenic
environmental impacts and achieve international conservation goals. As part of these efforts, a variety of con-
ventional materials including plastic, metal, and concrete are used in breakwater, settling substrate, vegetation
stabilization, and sediment retention structures because of their availability, inexpensive purchase price, and
predictable properties. However, questions regarding sustainability arise given the adverse environmental im-
pacts of the life cycle processes for each material. Life cycle impacts from production, transportation, installation,
and degradation should be key considerations in material selection, with criteria that allow decision makers an
opportunity to evaluate less impactful alternative materials. Natural and reduced-impact alternative materials
include natural elements such as plant fibers and rock as well as reduced-impact materials such as bio-based and
biodegradable plastics. These items may have comparable availability and functionality and exhibit reduced
carbon, chemical, and particulate emission impacts. However, they are often not selected for full-scale resto-
ration applications due to uncertainties regarding their financial cost and ability to replace conventional ma-
terials. Here, we compare conventional and reduced-impact alternative materials for use in coastal restoration
applications. The function, engineering performance, and life cycle environmental impacts are reported for each
material followed by a presentation of case studies that illustrate the value of appropriate material selection. We
then compare the impacts of material sourcing and product lifespan to develop a material selection framework
enhancing the selection process of reduced-impact alternatives. This study reveals a need for more detailed and
standardized life cycle information about the materials used in the coastal environment. The proposed frame-
work allows more emphasis on material life-cycle implications in the design process, which could lead to
enhanced use of alternative over conventional materials and improved project value and outcomes.

1. Introduction

Global climate change, along with associated increased storm in-
tensities and sea-level rise, has compounded the effects of resource
consumption, habitat degradation, and land-use change, requiring bil-
lions of people in coastal communities to confront intensifying stressors
which increasingly threaten established ways of life (Morris et al., 2018;
Smith et al., 2020). National and global coastal restoration efforts have
increased significantly in recent years to address these stressors,
particularly in the field of nature-based design, or the use of natural
features and processes to address societal and environmental challenges
(Bilkovic et al., 2016; Bridges et al., 2021). In the United States, efforts
to facilitate nature-based design were defined by a 2022 White House
report titled “Opportunities to Accelerate Nature-Based Solutions,” as
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well as programs led by the U.S. Army Corps of Engineers’ “Engineering
With Nature®” initiative and state legislatures (Statewide Flooding and
Sea Level Rise Resilience, SB 1954, 2021; U.S. Army Corps of Engineers,
2022; White House Council on Environmental Quality, 2022). Globally,
the United Nations’ (UN) Sustainable Development Goals include
combatting climate change impacts while sustainably developing ma-
rine and coastal environments (UN Department of Economic and Social
Affairs, 2015). While the urgency and demand for increased scale and
application of coastal nature-based development is clear, these solutions
must incorporate sustainability in all aspects of design and
implementation.

Nature-based coastal protection and restoration involves designing
solutions to attenuate wave energy and stabilize sediments using
ecosystem elements such as seagrass meadows, coral reefs, salt marshes,

Received 12 August 2024; Received in revised form 26 October 2024; Accepted 16 November 2024

Available online 30 November 2024

0925-8574/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:adriansakr@ufl.edu
www.sciencedirect.com/science/journal/09258574
https://www.elsevier.com/locate/ecoleng
https://doi.org/10.1016/j.ecoleng.2024.107462
https://doi.org/10.1016/j.ecoleng.2024.107462
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoleng.2024.107462&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

A. Sakr and A.H. Altieri

mangroves, and oyster reefs (Morris et al., 2018). Such solutions are
commonly referred to as “living shorelines” (LS), a term used hereafter
to refer to all systems that involve engineered applications of ecosystem
elements for coastal protection and enhancement (NOAA, 2021).
Related terms for this approach include “natural and nature-based so-
lutions”, “engineering with nature”, “green infrastructure”, and
“ecological engineering” (Bridges et al., 2021). “Green infrastructure”
generally refers to infrastructure which employs natural systems and
processes to accomplish ecological and engineering goals, while con-
ventional “gray infrastructure”, in contrast, employs only human-made
materials and processes; hybrid infrastructure combines the two to
enhance system adaptability and resilience (NOAA Fisheries, 2021). The
information and findings here are relevant to all coastal restoration ef-
forts which involve the use of natural and artificial elements.

The natural ecosystem elements of LS have diverse benefits that can
match or surpass those provided by gray infrastructure, including
erosion reduction, water filtration, fishery support, wave energy atten-
uation, carbon sequestration, and habitat provisioning (Bilkovic et al.,
2016; Currin et al., 2010; Dame and Olenin, 2005; Newell, 2004). LS
construction often integrates engineered structures such as breakwaters,
sills, and collars made of concrete, plastics, and metals meant to enhance
restoration speed and augment physical engineering services (Bastyan
and Cambridge, 2008; Dunn et al., 2014; Johnson et al., 2019; Morris
et al,, 2019). As a consequence, many coastal engineering projects
intended as LS incorporate conventional construction materials either as
primary structural elements, as with reef substrates and sills, or as
ancillary features such as stakes and ties (Goelz et al., 2020; Smith et al.,
2020). Traditionally, conventional materials are used in coastal resto-
ration because they are more accessible, predictable, and inexpensive
than alternative materials, largely because they are commonly used in
other forms of construction (Barry, 2021; Fernandes and Guiomar, 2018;
Palinkas et al., 2022). However, the environmental impacts on marine
environments from conventional LS materials require additional study
(Goelz et al., 2020; Howie and Bishop, 2021).

Life-cycle analysis (LCA) involves evaluating each period of an ob-
ject’s existence, including manufacturing, transportation, utilization,
and degradation, to understand the cumulative effect an object has on
the environment (Petek Gursel et al., 2014; Van den Heede and De Belie,
2012). Recent LS research considers the implications of material use,
such as comparing the diversity of materials used in a specific restora-
tion application (i.e., oyster reefs), focusing on ecological suitability, or
highlighting the prevalence of non-plastic materials currently used in
coastal restoration (Goelz et al., 2020; Howie and Bishop, 2021; Walters
et al.,, 2022). However, there is currently an absence of a systematic,
comparative LCA for commonly used LS materials, limiting an informed
justification for the transition from conventional to alternative mate-
rials. Understanding the LCA for LS materials is particularly important in
coastal restoration projects where restoration goals often include
maximizing restoration and biodiversity benefits and demonstrating
environmental ethics while minimizing negative impacts such as CO5
emission and material degradation (Smith et al., 2020). Incorporating
material LCA demonstrates the variation in impact between artificial
and natural materials, providing an understanding of their cumulative
costs necessary to minimize the adverse impacts of LS development
(Knoeri et al., 2013).

In this paper, we used LCA to examine the environmental impacts of
currently widely available materials used in LS and coastal restoration
applications in the US. We also reviewed novel and alternative materials
under development for large-scale implementation in coastal restoration
and LS construction, supporting the greater application of lower-impact
materials in place of traditional ones. Our review of LS literature
determined that the most commonly used conventional materials
include concrete, metal, and plastic while alternative materials include
natural fibers (i.e., coir and jute), oyster shell, wood, and rock (i.e.,
limestone and granite). We also reviewed biobased (created from
renewable raw materials) and biodegradable plastics and alternative
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concretes/cements (reduced-carbon concrete mixtures, recycled aggre-
gate concrete, and calcium sulfoaluminate cement) as alternative man-
ufactured materials which are gaining popularity for use in LS
applications. We described each materials’ characteristics and uses in LS
systems and provided a summary of environmental life-cycle impacts.
Additionally, we reviewed mixed material (hybrid) structures and the
lifespans of each material. Case studies were used to demonstrate in-
stances where material substitution considerations would result in im-
provements to specific life cycle factors. We conclude that when life
cycle impacts such as transportation and degradation impacts (i.e.,
environmental costs) are considered alongside the purchase and trans-
portation costs of a given material, the cost-benefit perspective supports
the use of alternative materials in place of conventional materials. Thus,
the use of novel, reduced-impact LS materials can ultimately meet the
dual objectives of enhanced project performance via improved material
suitability and increased environmental sustainability via reduced life
cycle impacts, especially when environmental impacts are more seri-
ously considered as a factor in project performance.

2. Literature review methodology

To quantify the use of the artificial and natural materials in both full-
scale and experimental LS projects, we identified the relevant literature
on LS using the methodology of Smith et al. (2020). This search involved
a systematic review of Scopus and Web of Science articles through
January 2024 using a range of search terms selected to maximize the
number of peer-reviewed articles which relate to LS, including different
words or phrases used to describe similar nature-based coastal protec-
tion and restoration. The search string used in Scopus and Web of Sci-
ence was: (“living shoreline*” OR “bioengineer* hybrid technique*” OR
“blue engineering” OR “blue infrastructure*” OR “build* with nature*”
OR “created wetland*” OR “eco engineering” OR “ecosystem friendly
engineering” OR “engineer* with nature” OR “green engineering” OR
“green infrastructure*” OR “hybrid infrastructure*” OR “hybrid resto-
ration technique*” OR “hybrid shoreline*” OR “hybrid stabilization*”
OR “hybrid technique*” OR “natural infrastructure*” OR “nature based
coastal management” OR “nature based feature*” OR “nature based
infrastructure*” OR “nature based protection” OR “nature based salt-
marsh restoration” OR “nature based shoreline*” OR “nature based
solution*” OR “nature friendly bank protection*” OR “riprap mangrove
habitat*” OR “soft engineering” OR “soft shoreline*” OR “soft
stabilization*” OR “stabilized salt marsh*” OR “sill*”) AND
(“shoreline*”) (Smith et al., 2020). A snowball approach was also used
to include the bibliographies of papers identified by the database search
(Smith et al., 2020). Papers were included in our review if they were
English-language, peer-reviewed primary literature, and mentioned
existing LS projects, either at-scale or experimental, where the materials
used were reported at any level of detail; our final review included 96
papers. All materials discussed were compiled and attributed to each
paper, regardless of the scope of their use (i.e., concrete breakwaters and
plastic ties both resulted in the material being included despite varia-
tions in mass used), as our study aimed to quantify the commonality of
each material’s occurrence in LS projects. The results of this literature
analysis were used to inform discussions of materials in the following
sections.

3. Material characterizations & literature review results

The literature review revealed the prevalence of each material’s
current usage in LS and the characterizations of each material. Of the
studies included which described specific projects, 48 % reviewed pro-
jects constructed before 2020, and 85 % reviewed projects located in the
United States. The most common conventional artificial materials used
were concrete, metal, and plastic, with other materials, such as ceramic,
appearing only very occasionally. The most common natural materials
were jute and coir fibers, shell, wood, and rock, while the most common
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reduced-impact alternative materials were bio-based and biodegradable
plastics and alternative concrete and cement formulations. No other
materials were present in more than 2-3 projects. An overview of the life
cycle environmental impacts (Table 1) includes CO2 emission level from
production, additional impacts, information on engineering function-
ality, and purchase cost, with CO5 emissions from production and pur-
chase cost illustrated in Fig. 1 for direct comparison. We highlight CO,
emission or storage from material production as it is a standard, com-
parable value with high relevance to global climate change, with
research on greenhouse gas emissions from construction materials
currently increasing (Oh et al., 2023). However, we also present addi-
tional life cycle impacts to provide a more complete picture of each
material’s impact beyond CO» emissions. Fig. 2 presents overall life
cycle impacts on a relative scale for each material at each life cycle stage,
illustrating which have lower overall impacts. Lifespan information
(Table 2) informs the application of select materials in project design, as
well as the replacement of conventional materials with alternatives of
similar lifespans. These results provide an overview of the characteris-
tics and usage of each material associated with the findings of our
review.

3.1. Conventional materials used in LS applications

We found that the three most common conventional artificial ma-
terials used in LS and coastal restoration are concrete, metal, and plastic.
Concrete is composed of cement mixed with sand, large aggregates such
as gravel or crushed stone, water, and chemical admixtures, and some-
times incorporates inset steel rebar for enhanced strength for structures
such as retaining walls (Sun et al., 2022; Val and Stewart, 2003). Metal is
typically present in LS systems as steel or iron, while plastic often is
present as HDPE, LDPE, or PVC (Bridges, 2018; Cronau et al., 2023;
Atlantic and Gulf States Marine Fisheries Commissions, 2020.). We
provide further detail in Table 1 including examples of project appli-
cation, functional use, structural characteristics, and ecosystem type of
use.

In our review of LS literature, 39 % of LS projects used concrete, 16 %
used metal, and 43 % used plastic. These materials are all used in nearly
every form of coastal habitat restoration for structures in a broad range
of sizes and functions, as indicated in Table 1. The pervasive use of
plastic, metal and concrete for stabilization, attachment, and rein-
forcement in a geographically and functionally diverse range of projects
is also apparent in restoration protocols and manuals (e.g., Bridges et al.,
2021; Hardaway Jr., 2017). Even some of the most popular and rapidly
adopted restoration project elements involved innovative designs but
with conventional materials, such as plastic mesh bags (Bersoza
Hernandez et al., 2018; Herbert et al., 2018; Moody et al., 2020; Peyre
et al., 2015).

3.2. Natural materials used in LS applications

We found that the natural materials jute, coir, wood, shell, and rock
were the most commonly used to serve comparable functions to con-
ventional materials in engineered coastal ecosystems. Jute and coir are
long, coarse natural fibers; coir is derived from coconut husks, while jute
is derived from plants of the genus Corchorus (NIIR Board of Consultants
and Engineers, 2014). Wood may be used in an unprocessed state, as
with branches and logs, or as shaped stakes or posts (Bakker et al., 1984;
Ellis et al., 2002; Poff et al., 2004). Oyster shell is typically either
fossilized shell, which is dredged from existing natural reefs, or recycled
shell from restaurants or commercial aquaculture (George et al., 2015;
Goelz et al., 2020; Moody et al., 2020). Rock materials as used in LS
applications are most commonly limestone and non-calcium stone such
as granite (George et al., 2015; Goelz et al., 2020; Soniat and Burton,
2005).

Our literature review found that 8 % of LS projects used jute fiber, 14
% used coir, 51 % used oyster shell, 17 % used wood, and 44 % used
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rock, typically either limestone or granite. These are generally mini-
mally processed natural materials which incur low manufacturing and
production costs, thus maintaining a more environmentally favorable
composition (Singh et al., 2018; Walters et al., 2022). This reduces the
impacts of both their creation and degradation (Table 1); indeed, many
such materials are intended to biodegrade after a given period following
the successful establishment of foundation species (Singh et al., 2018;
Walters et al., 2022; Wang et al., 2021).

3.3. Reduced-impact alternatives used in LS applications

In addition to natural materials, there are currently manufactured
alternatives to cement and plastic which have lower environmental
impacts in production and post-deployment (Benavides et al., 2020;
Uddin et al., 2021). The materials reviewed here are bio-based and
biodegradable plastics and alternative concretes/cements, specifically
reduced-carbon concrete mixtures, recycled crushed concrete, and cal-
cium sulfoaluminate cement (Table 1). The benefit of bio-based plastics
is derived from reduced production impacts, as renewable carbon
sources are used in place of conventional non-renewable sources such as
petroleum (Lambert and Wagner, 2017). The benefits of biodegradable
plastics are derived from their post-deployment degradation behavior,
as they degrade into organic carbon elements and produce fewer
microplastic particulates (Haider et al., 2019; Twata, 2015). While bio-
based and biodegradable plastics are sometimes referred to using
alternative terms such as “biopolymers”, these materials are defini-
tionally plastics, with many comparable functional and behavioral
characteristics (Jha et al., 2024; Rosenboom et al., 2022). Reduc-
ed-carbon concrete mixtures employ novel chemical and aggregate
components to reduce the amount of carbon emitted in the production
process (Wilding and Sayer, 2002), while recycled aggregate concrete
also has lower associated production costs as it reduces the need for
virgin mined aggregate (Clark et al., 2013). Calcium sulfoaluminate
cement represents one of several alternative cement types which are
used either for concrete production or as independent structural ele-
ments, involving reduced carbon emissions in the production process
compared to conventional Portland cement (Sharp et al., 2015; Zhou
et al., 2006). In projects where engineered materials are required, these
materials can be viable and environmentally favorable design options
(Walters et al., 2022). The lower current usage of these materials reflects
the early stages of their development; in our review, 6 % of LS projects
use bio-based or biodegradable plastics, 2 % used low-carbon concrete,
2 % used recycled crushed concrete, and 3 % used calcium sulfoalumi-
nate cement.

3.4. Hybrid structures using mixed materials

The use of LS structures with mixed materials (hereafter “hybrid
materials”) is a relevant component of many existing designs and pre-
sents opportunities for the development of future novel designs which
incorporate natural and alternative materials (Sutton-Grier et al., 2015;
Waryszak et al., 2021). Examples of existing hybrid LS materials include
gabions, which are metal cages filled with rock or oyster shell (Peyre
etal., 2015; Safak et al., 2020); plastic mesh bags filled with oyster culch
(Morris et al., 2019; Scyphers et al., 2015; Walters et al., 2022); natural
fibers coated or stabilized using cement or plastic mesh (Dacey, 2020);
and metal mesh coated with protective plastic (Herbert et al., 2018).
These structures may facilitate the accomplishment of more diverse
project aims, as they can employ positive characteristics of various
materials while compensating for negative characteristics (Sutton-Grier
etal., 2015). For instance, cement-coated jute fiber structures are largely
composed of natural materials and biodegradable while providing more
stability and longer lifespans than would be provided by jute fiber alone
(Dacey, 2020). Waryszak et al. (2021) found that hybrid flood defense
infrastructure provided protective services at lower financial cost than
purely gray infrastructure. However, they also identified a need for both
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Table 1

Summary of materials reviewed in this analysis, including a representative review of usage information (form, function, habitat, and purchase cost) and environmental
impact information (CO, emitted in production and key LCA impacts). For forms, “Large structures” refer to unitary structures 1 to 5 m in one dimension, while “Small
structures” refer to those less than 0.5 m in one dimension. Purchase cost refers to the financial cost associated with acquiring the material independent of other factors

such as transportation and deployment costs, which vary based on location. Numbered references can be found in Supplementary Data.

Material Form Function Habitat Purchase CO; Emitted Key Life Cycle Environmental
Cost (USD (kg per kg of Impacts
per kg of material
material) produced)
Conventional Artificial Materials
Concrete Large structure (i.e., oyster Settling surface; breakwater; Oyster and coral reef; 0.05 to 0.5 to 1.0* Resource extraction/over-
reef substrate)? stabilization/anchoring’? mangroves'2 0.15° consumption costs® and
Small structure (i.e., Settling surface; stabilization/ Oyster reef; pollution impacts in
donuts, cinderblocks)®® anchoring; vegetation mangroves®® manufacturing®; transportation
establishment®° and deployment impacts”
Plastic Mesh bag; mat/matrix Settling surface; Stabilization/ Oyster reef; salt marsh; 1.0 to 1.5t02.5'>1®  Resource extraction, energy
(High-Density anchoring; breakwater; seagrass bed; 8.01%14 consumption, and pollutant
Polyethylene (HDPE) or sediment stabilization; mangroves® ! release in manufacturing’’;
Low-Density Polyethylene vegetation establishment®!! microplastic and toxic chemical
(LDPE))° ! release during degradationw’20
Rope (nylon)*! Stabilization/anchoring?! Coral reef; salt marsh;
seagrass bed;
mangroves>!
Pipes (Polyvinyl Chloride Nursery structure; site Coral reef; seagrass
(PVC))i122-24 delineation; stabilization/ bed; salt marsh;
anchoring; vegetation mangroves!1:22-24
establishment! 12224
Stakes; ties Stabilization/ Salt marsh; mangroves;
(HDPE)! 1131516 anchoring!!+1315:16 oyster and coral
reefl113.15,16
Coating for steel cages®” Material protection/ Oyster reefs; salt
enhancement®’ marsh?”

Metal Steel cage®228-30 Settling structure; Oyster and coral 0.5 to 1.5 to 2.5% Resource extraction, energy
Stabilization/anchoring; reef?228-30 2.,0%1:32 consumption, and pollutant
breakwater?%28-30 release in manufacturing®*;

Stakes; ties; rebar (steel or Stabilization/ Oyster and coral reef; chemical corrosion and iron
iron)23:27:36:37 anchoring?327:36:37 salt marshes; oxide release during
mangroves; seagrass degradation®
bed?23:27:36.37

Natural Materials

Coir Mat; net; mesh®8-4° Vegetation establishment; Salt marsh; seagrass 0.2 to 0.3*! 0 to 0.5*2 Potentially high transportation
sediment stabilization; settling bed; mangroves; oyster costs if imported from distant
surface38-40 reef38-40 farms (often grown in Southeast

Asia)®

Jute Mat; net; mesh?>44 Vegetation establishment; Salt marsh; mangroves; 0.7 to 0.8 0.5 to 1.0%2 Potentially high transportation
sediment stabilization; settling oyster reef?>44 costs if imported from distant
surface?>** farms (often grown in Southeast

Asia)*®
Oyster shell Unmodified (unsecured or Settling surface; breakwater; Oyster reef; seagrass 0 to 1.0%047 < 0% Potential impacts from dredging
secured using bag, cage, or  sediment stabilization; bed!%-22:30.45 of fossilized shell depending on
adhesive)!0:2230:45 vegetation sourcing! %4748
establishment!?-%30:45

Wood Unmodified; stakes; Sediment stabilization; Mangroves; salt 0.5 to < 05152 Impacts from deforestation and

ties?223:38 breakwater?>23:38 marsh?223:38 5,049:50 transportation depending on
sourcing®?; potential chemical
leaching impacts for treated
wood during degradation®®

Limestone Large structure (i.e., oyster  Settling surface; sediment Oyster reef>*-¢ 0.03 to 2.5 to 3.0%8 Resource extraction impacts

reef substrate)>*>° stabilization; breakwater®*>° 0.04>7 from mining and
transportation®®%°

Non-calcium Large structure (i.e., oyster  Settling surface; breakwater; Oyster reef>*%! 0.01 to 0 to 0.5%% Resource extraction impacts

stone (i.e., reef substrate)>*°! sediment stabilization®*®! 0.06%2 from mining and
granite) Crushed?%45 Sediment stabilization; Seagrass bed; transportation®®
breakwater; settling mangroves; oyster
surface®6+6% reef>6465
Reduced-Impact Artificial Materials
Bio-based or Mesh bag; mat; Settling surface; sediment Oyster reef; seagrass 2.5 to 6.5%¢ -1.0 to 2.0'° Energy consumption, and
biodegradable matrix?266:67 stabilization; vegetation bed; salt marsh; pollutant release in
plastic establishment; mangroves>206:67 manufacturing'®; microplastics
breakwater?266:67 release during degradation®®
Ties”*7?! Stabilization/anchoring”®”? Oyster and coral reef;
seagrass bed; salt
marsh; mangroves”*”!

Low carbon or Large structure (i.e., oyster  Settling surface; breakwater”? Oyster reef”? 0.05 to 0 to 0.5747° Transportation and deployment

recycled aggregate  reef substrate)”? 0.2073 impacts’; heavy metal release

concrete during degradation”®

(continued on next page)
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Table 1 (continued)
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Material Form Function Habitat Purchase CO; Emitted Key Life Cycle Environmental
Cost (USD (kg per kg of Impacts
per kg of material
material) produced)
Calcium- Coating on natural fiber Breakwater; settling surface; Oyster reef’””8 1.5 to 0.5t0 1.08182  Resource extraction impacts in
sulfoaluminate structures””"’8 sediment stabilization””"”8 2.079:80 manufacturing
cement
Recycled crushed Loose or secured with bags ~ Breakwater; Settling surface; Oyster reef®® 0.06 to 0 to 0.5%¢ Potential processing and
concrete or gabions®? Sediment stabilization®® 0.088485 transportation impacts
depending on sourcing®®; heavy
metal release during
degradation”®
Purchase Cost and CO, Emission Index Values
Concrete ’ ‘

| Purchase Cost Index

Metal
‘ Cost (USD) per kg of material Index Value
, 0t00.01 1
Paste | | 0.01t0 0.10 2
0110 1.0 3
Natural Fiber ’ ‘ 1.0 to 10.0 4
10.0 to 100.0 5
Wood
I: CO, Emission Index
kg CO, emitted from
Shell 2
I: production per kg of material JIESKVAIE
0to 0.5 1
Rock ’ ‘ 0.5t01.0 2
1.0t6 1.5 3
Bioplastics ‘ ‘ 1.5t02.0 4
2.0to 2.5 5

Alt. Concrete ’ ‘

25 0 25

Index Value

5

Fig. 1. Comparison of purchase cost and CO, emissions from production for materials reviewed. Indices are used to compare values for each factor to account for
ranges in the purchase cost and CO, emissions values for each material as well as variations in scale between the two factors. These two factors are selected to
compare financial cost and environmental impact, with CO, emissions from production serving as a standard and comparable representation of material environ-

mental impacts.

further cost-benefit analyses for existing structures and the development
of new technologies to improve efficiency and reduce costs, findings
which reflect broader trends for the materials reviewed in this study.

3.5. Material lifespans

For comparative purposes, operational lifespans of LS materials are
presented in Table 2 as grouped by functional types to represent how
long a given structure of each selected material has been found to last in
the marine environment. Determination of standard values is chal-
lenging because material lifespans are affected by variations in appli-
cation, form, and function of each material used (Mehta, 1991; Sun
et al., 2022; Wang et al., 2018). Time until loss of functionality is also
influenced by site-specific stressors on the material, including salinity,
temperature, and wave energy (Djelal et al., 2020; Shekarchi et al.,
2011). More detailed information on the lifespans of specific materials at
different environmental stress levels would facilitate selection, and the
lack of detailed and standardized testing makes this a gap in our current
understanding.

4. Case studies

Examples of constructed LS systems are presented in Table 3 to
demonstrate the relevance and impacts of material selection choices. We
selected a variety of examples from our review which illustrate the value
and applicability of novel restoration materials, reflect a range of project
ages, show that uncommon alternatives can be viable options for full-
scale restoration in a variety of geographic settings, or reveal the
shortcomings of traditional restoration materials, showing how
improper material selections can negatively affect project outcomes.

5. Discussion
5.1. Substitutes for conventional artificial materials

Evidence revealed through our review of life cycle of materials used
in LS projects indicates that concrete, metal, and plastic should be
avoided whenever possible in the design and construction of LS systems
because of their overall cost and the availability of viable alternatives, as
indicated in Table 1. Fig. 3 demonstrates examples where specific con-
ventional materials may be functionally replaced by alternative ones



A. Sakr and A.H. Altieri

Ecological Engineering 211 (2025) 107462

Life Cycle Stage

Biodegradable plastics

Production Transportation/Deployment Degradation
Resource Waste - " . Chemical
P Cansumption Sroduction CO; Emission Transportation Deployment Physical Impacts Impaicts
IS} "
< | Plastic
8
S | Metal
g
S | Concrete
Bio-based/

Reduced-
Impact

Alternative Concrete

Rock

Wood

Natural

Oyster Shell

Natural Fibers

Fig. 2. Overview of relative life cycle environmental impacts for each material at each stage of development. Red boxes indicate high environmental impacts, yellow
boxes indicate moderate environmental impacts, and green boxes indicate low environmental impacts. Severity is categorized relative to impacts of other materials in
each life stage section as derived from impacts identified in literature. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Table 2
Overview of lifespans in LS systems for selected materials grouped by function/
structure type.Numbered references can be found in Supplementary Data.

Function Material Lifespan
(years)
Breakwater/Reef Substrate (i.e., large Concrete®”:88 20 to 100
contiguous structures) Limestone/Non-Calcium 5to 20
Stone®®
Recycled Aggregate 20-50
Concrete®®
Calcium Sulfoaluminate 5to 20
Cement®!
Oyster Shell*® 4 to 20
Stabilization/Anchoring (i.e., ties, Plastic®? HDPE: 50 to
cables, stakes) 100
LDPE: 5t0 10
Bio-based/Biodegradable 4 to 20
Plastic”"%3
Metal (i.e., wire/gabion 1.5t0 4
cage)®*
Wood®>9° 1to5
Vegetation Establishment (i.e., logs, Coir**%7 0.5to 2
mats) Jute**%7 0.5to0 2
Bio-based/Biodegradable 4 to 20
Plastic”"%3

and in which ecosystems.

The high mass of concrete needed for many LS applications coupled
with the CO; emissions and resource extraction associated with its
production and potential impacts from its transportation support the use
of alternative materials when possible (Al-Dadi et al., 2014; Cooke et al.,
2020; Hosseinzadeh et al., 2022; Marinkovi¢ et al., 2010; Ogunbileje
et al., 2013). In some cases, using limestone or non-calcium stone can
largely replicate the structural functionality of concrete, while in other
cases concrete can be used in combination with natural materials,
reducing the mass needed (Barry, 2020; Goelz et al., 2020; Soniat and
Burton, 2005). When natural alternatives are not feasible options,
alternative concrete types can further reduce production impacts,
including resource extraction and processing and CO, emissions from
lime and clinker production. (Perkol-Finkel et al., 2018; Slanger, 2022;
Van den Heede and De Belie, 2012).

Metal has high production impacts, including pollution from
resource extraction and processing as well as high energy consumption,

and it can negatively affect the marine environment via its degradation
(Burchart-Korol, 2013; Macreadie et al., 2011). Metal used for tethering
and stabilization structures is often replaceable with natural elements
such as wood depending on the required lifespan of the material, while
the need for metal wire for porous gabions can often be circumvented
entirely by designing alternative structures such as wood breakwaters or
using larger stones which do not require stabilization (Ellis et al., 2002;
Herbert et al., 2018; Lana, 2013; Leschen et al., 2010).

Plastic is also common to nearly every LS construction and has
among the most distinct and persistent impacts on the local environment
through its deterioration into microplastics (Andrady, 2011; Walters
et al., 2022). While biodegradable plastics offer a measure of improve-
ment over conventional materials, they remain an imperfect solution
due to their potential remaining production and degradation impacts
(Lambert and Wagner, 2017; Malafeev et al., 2023; Nitsch et al., 2021);
using natural materials as tethering structures, oyster reefs, or geotextile
mats is a preferable alternative if conditions and design needs allow for
their potentially limited lifespan (Soucy, 2020; Walters et al., 2022).

Vuik et al. (2019) identify three factors for selecting materials in
living shoreline projects: addressing the original failures of conventional
systems, evaluating the long-term maintenance costs, and assessing the
overall value of the living shoreline as an integrated system. Incorpo-
rating these factors into LCA strengthens the case for using reduced-
impact alternatives, as they not only meet immediate engineering
needs but also contribute to the long-term ecological and economic
sustainability of the project. Beyond conventional life cycle consider-
ations, alternative materials offer ecosystem services that enhance
overall benefits and sustainability as compared to conventional mate-
rials. Maas and Rousseau (2024) demonstrate that beds of oyster shell
not only stabilize shorelines but also provide essential services such as
denitrification and habitat provisioning to a greater extent than do
cement breakwaters. These services expand broader socio-economic
benefits while reducing reliance on environmentally harmful practices
such as sand replenishment.

5.2. Importance of material sourcing & locally specific construction

The use of locally sourced raw materials for LS construction is a key
way in which alternative materials can reduce environmental impacts
(Venkatarama Reddy and Jagadish, 2003). Using local, low-cost natural
materials that do not require intensive processing can reduce
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Table 3
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Overview of selected case studies selected reviewing the use and success of natural and artificial materials in LS projects and key takeaways from each. Image credits - G
Street Living Shoreline: (Barry, 2020); Swift Tract Living Shoreline: (Bridges, 2018); Navy Point Living Shoreline: (Little, 2022); Mispillion River Living Shoreline: (Haywood,
2019); Goldbug Living Shoreline: (Goldbug Island Living Shoreline, 2024); Oesterdam Sand Nourishment Project: (Cilli, 2016); Faga’alu Watershed Shoreline Protection

Project: (Bridges, 2018).

Natural/Reduced-
Impact Materials

Project, Construction Location Artificial
Date Materials

Key Takeaways Photo

G Street Living Cedar Key, FL, Concrete Reef
Shoreline””%%%° USA Balls; metal

2020 stakes oyster shell

Swift Tract Living
Shoreline! 10!
2012

Baldwin County, Steel gabion
AL, USA cages rock

Navy Point Living Escambia County,  Plastic mesh Opyster shell
Shoreline! %103 FL, USA bags
2018

Mispillion River Living Dupont Nature Concrete oyster

Shoreline! %4105 Center, DE, USA castles; Plastic Wood stakes

2014 mesh bags

Goldbug Living Sullivan’s Island, Concrete oyster ~ Wood pallets wrapped
Shoreline!°®107 SC, USA castles in fabric

2024

Oesterdam Sand Oesterdam, Steel gabion Oyster shell
Nourishment Eastern Scheldt, cages

Project!01:108 Netherlands

2013

Faga’alu Watershed American Samoa, None Crushed recycled
Shoreline Protection USA concrete; Jute fiber mat;
Project!0%:109 Granite

2014

Jute-reinforced calcium
sulfoaluminate cement;

Oyster shell; limestone

Oyster shell; Coir logs;

Demonstrates a full-scale application of hybrid
jute-calcium sulfoaluminate structures which are
fully biodegradable with long-term success (over
3 years). However, high transportation costs and
impacts were associated with using Reef Ball
structures.

Employed hybrid breakwaters comprised of steel
wire gabion cages filled with oyster shell and
surrounded by limestone rock which
supplemented the structure and reduced the
amount of metal needed.

Used 35,000 oyster bags to create breakwaters;
however, oyster recruitment was insufficient to
establish structural integrity before plastic mesh
deterioration began, leading 700 bags to rupture
onto a public beach. All bags have since been
removed. Demonstrates importance of material
selection relative to environmental parameters.

Hybrid design technique used artificial and
natural materials to create an overall project
design which was only partially reliant on the use
of artifical materials. This design increased
functionality by using a variety of materials at
different water depths, providing sediment and
vegetation stabilization, wave attenuation, and
recruitment substrate.

W11

To stabilize concrete oyster Reef structures,
fabric-wrapped unprocessed wood pallets were
placed below the oyster reef structure,
demonstrating how recycled natural materials can
be repurposed to mimize the environmental
impacts of material selection.

Oyster reefs made of Steel gabion cages filled
oyster shell were used to stabilize this sand
nourishment project. Oysters successfully
recruited onto the reef and established structural
integrity, but the wire remains in the environment
long-term.

Demonstrates the use of both natural and
reduced-impact, recycled materials in a hybrid
shoreline stabilization project in the Pacific
Islands.

transportation and refinement costs while potentially being cheaper
than materials sourced from farther away (Drozd et al., 2018). For
natural materials, the environmental impacts of transportation may
outweigh those of production; crushed stone aggregate, for instance,
consumes on average 400-800 % more energy for transportation at
distances of 50-100 km than it does for production (Venkatarama Reddy
and Jagadish, 2003). The use of local materials is therefore most bene-
ficial for the least processed raw materials. Using local materials also
supports local economies and communities, contributing to a more ho-
listically beneficial practice of LS design and achieving sustainable
construction aims beyond conventional benefits (Agyekum et al., 2020;
Fernandes et al., 2014). Locally informed design, whereby material

selection and site design are conducted in accordance with local avail-
ability and environmental characteristics, further increases the engi-
neering and ecological success of LS systems (Sutton-Grier et al., 2015).
For instance, designing a LS system based on the availability and char-
acteristics of local wood types can influence the entire project design
towards increased sustainability (Safak et al., 2020; Van Cuong et al.,
2015). Ultimately, for LS construction to move towards its environ-
mentally sustainable aims, sourcing of materials is an important
consideration for project managers.

The use of recycled materials is another approach for developing
more sustainable LS structures (Clark et al., 2013; Knoeri et al., 2013;
Sizirici et al., 2021; Xing et al., 2022). Recycled materials may either
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Fig. 3. Summary of selected options for the replacement of conventional and artificial materials with natural and alternative materials, indicating the type of
ecosystem restoration in which each conventional material would typically be used. Arrows indicate which conventional artificial materials can be replaced by
corresponding natural/alternative materials. Icons from Integration and Application Network (ian.umces.edu/media-library).

comprise the entirety of a structure, as with recycled restaurant oyster
shell in a restored reef and recycled crushed concrete in a breakwater, or
as components in composite structural materials, as with recycled ag-
gregates in concrete (Bersoza Hernandez et al., 2018; Clark et al., 2013;
George et al., 2015; Wang et al., 2018). Using recycled materials,
particularly when they are locally sourced, reduces costs and impacts
from material sourcing and transportation, achieving joint aims of
reducing both project costs and environmental impacts (Rella et al.,
2018; Wilding and Sayer, 2002). This often requires a locally specific
understanding of material availability and characteristics, potentially
involving a higher upfront cost but ultimately reducing long-term costs
of future projects once supply lines and operating procedures are
established (Kochnower et al., 2015; Ohemeng and Ekolu, 2020).

5.3. Role of effective material longevity

Functional timescale is a relevant component of LS design which
influences the cost-benefit analyses of certain materials. Depending on
the projected lifespan of the project and on local environmental condi-
tions such as wave energy and propagule supply, materials which
degrade may be desirable design components, supporting the use of
natural materials which degrade through natural processes without
releasing harmful material (Balestri et al., 2019; Howie and Bishop,
2021; Nitsch et al., 2021). Hard structures in LS systems are often used to
facilitate the establishment of foundation species such as oysters, man-
groves, or marsh grass which subsequently can become structurally in-
dependent (Donnelly et al., 2017; Marin-Diaz et al., 2021; Morris et al.,
2018; Temmink et al., 2020). Thus, permanent materials may not be
necessary or desirable when organismal recruitment and growth are
sufficiently rapid and when environmental stress is low, in which case
biodegradable alternatives can be used without compromising project
functionality (Dacey, 2020; Howie and Bishop, 2021; Walters et al.,
2022). For example, in the Oesterdam Sand Nourishment Project,

permanent artificial materials were deployed for functions such as
oyster recruitment but remained in place even after this functional need
no longer existedfollowing structurally independent oyster establish-
ment (Bridges, 2018; Cilli, 2016). However, cases such as the Navy Point
Living Shoreline show the shortcomings of selecting materials which
degrade before such functional needs are met (McGehee, 2022). In other
cases, permanent structures may provide a necessary factor of safety in
case of the failure of the ecosystem component, such as with oyster reefs
which also serve as protective breakwaters; even if oyster establishment
or survivorship were to fail, integrated concrete or rock components
could still provide a measure of wave attenuation (Narayan et al., 2016;
Perkol-Finkel et al., 2018; Scyphers et al., 2015). Generally, for stronger
or longer-lasting design needs, such as high-wave energy systems, highly
durable material options, whether conventional or artificial, are desir-
able (Firth et al., 2013; Herbert et al., 2018; Safak et al., 2020).

Natural materials which in some instances have higher short-term
financial costs could ultimately have lower long-term costs when ac-
counting for the need for removal or the impacts of deterioration (Knoeri
etal., 2013). Long-term degradation of conventional materials can result
in higher costs over the life cycle of a material, particularly under
increasing environmental stressors, outweighing the short-term costs of
alternatives. For instance, conventional materials such as concrete, if
never removed from the system, may experience increasingly severe
degradation under changing environmental conditions such as intensi-
fying storm events or increasing submergence due to sea-level rise
(Pratiwi et al., 2021; Yi et al., 2020). In the timescale of the years or
decades that LS may remain in place, broader considerations about
materials’ behaviors and impacts support the consideration of those
which biodegrade or have more inert environmental impacts.

5.4. Future directions & knowledge gaps

The existent data for the lifespan impacts of many conventional LS
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materials clearly points towards the value of shifting towards natural
and alternative materials for improved functionality, greater cost
effectiveness, and reduced impacts. However, there remain notable gaps
in the assessment of the precise behavior of many materials due to the
young age of many LS projects and the lack of standard long-term
monitoring practices for material performance. Laboratory and long-
term field experimentation on degradation processes and environ-
mental impacts would likely reinforce the key conclusions of this paper
while clarifying the long-term behavior of constructed LS systems and
developing standard methods for degradation and impact assessment.
For instance, additional information on the behavior of previously-
weathered structures or structures made from novel materials in
response to storm events would help inform material selection decisions
(Barry, 2020). Our understanding of the long-term behavior of LS sys-
tems is hindered by the recency of their large-scale development; in a
literature survey conducted by Smith et al. (2020), 76 % of LS projects
studied were less than 10 years old. Thus, the long-term consequences of
introducing artificial materials through LS construction remains poorly
understood, but we expect that the systematic study of artificial and
natural materials over extended periods will amplify the apparent ad-
vantages of natural materials over artificial materials.

The potential exists for LS design to transition towards the exclusive
use of natural and reduced-impact materials in certain environments,
specifically those where physical stress is sufficiently low and ecological
recruitment sufficiently high (Howie and Bishop, 2021). However, this
requires a more nuanced understanding of the materials used and of
local environmental conditions, as well as the development of lower-cost
alternative artificial material options such as biodegradable plastics and
reduced-carbon concretes for high-stress environments. These are ex-
pected to come with increased application through large-scale projects
that allow for more robust comparative studies and reduced per-unit
costs. This paper advances this understanding by identifying relevant
life cycle factors for each material to facilitate comparisons across ap-
plications and inform selection decisions for project needs. Future steps
include the need for industry standardization of material specifications
and improved communication with practitioners about the nature of
options available. The standardization of a common list of specifica-
tions, or a spec sheet, for LS materials should be holistic and include such
factors as longevity and degradation impacts, ecological suitability for
various species and environments, and sediment stabilization properties
(Goelz et al., 2020; Walters et al., 2022). By creating such a universal
system, it would be easier for construction managers to choose materials
by selecting those which meet specific criteria for each category, facil-
itating comparison and permitting approval (Walters et al., 2022). In-
centives for sustainable construction in LS and coastal restoration, such
as the Waterfront Alliance’s Waterfront Edge Design Guidelines (WEDG)
verification, could also facilitate and motivate alternative material
usage (Waterfront Alliance, 2024).

6. Conclusion

Traditionally, trade-offs regarding LS material selection focus pri-
marily on purchase cost versus physical engineering performance,
prioritizing accessibility and predictability over material environmental
impacts. However, these perceptions are shifting, for example with
Walters et al. (2022) finding that most Florida restoration practitioners
surveyed expressed a willingness to work with non-plastic restoration
materials in the future. By accounting for life cycle environmental im-
pacts, we demonstrate that natural materials can provide greater
ecological and engineering value at lower total environmental cost
compared to conventional materials. While natural materials may pre-
sent increased short-term financial or logistical challenges, when
considering the entire lifespan of the project and materials, we show that
long-term benefits can outweigh such costs. Coastal restoration has
traditionally been conducted following conventional construction
practices; however, there is momentum for the development of a novel
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LS design paradigm where the achievement of sustainability goals is
equal in importance to achieving engineering functions (Narayan et al.,
2016; Temmerman et al., 2013). In this way, LS design and construction
can become a holistic, broadly integrated component of sustainable
human development with positive environmental impacts beyond en-
gineering and ecological goals. This paper serves as a resource for sup-
porting a transition away from conventional construction materials
towards lower impact, locally informed natural materials, thus
improving the lifecycle sustainability and ecological functionality of
future projects. We suggest that a better understanding of material
functionality, life cycle costs, and performance characteristics will drive
an overall shift from conventional projects towards LS, thus increasing
demand for the materials and driving further materials research and
development in a virtuous cycle.
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