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Unoccupied Aircraft Systems (UAS)
for Marine Ecosystem Restoration
Justin T. Ridge* and David W. Johnston

Division of Marine Science and Conservation, Nicholas School of the Environment, Duke University Marine Lab, Beaufort,
NC, United States

Assessing, implementing and monitoring ecosystem restoration can be a labor intensive
process, often short term (<3 years), and potentially destructive to the habitat. Advances
in remote sensing technology are generating rapid, non-destructive methods for siting,
executing and monitoring restoration efforts, particularly in fragile marine environments.
Unoccupied aircraft systems (UAS), or drones, are a highly flexible method for accessing
and remote sensing ecosystems with on-demand capabilities, greater resolution than
sensors from satellites and occupied aircraft, and the ability to cover large areas
quickly. With the variety of platforms and payloads available, UASs are providing
a suite of tools for conservation practitioners to properly plan marine ecosystem
restoration projects and evaluate their success. Both conventional and specialized
sensors coupled with image processing techniques can be used to gauge impact to and
recovery of entire ecological communities. For example, high-resolution, multispectral
imaging allows for discernment of population changes across trophic levels, concurrent
with the discrimination of species (including rare) across a landscape, and detection
of vegetation stress. Structure from Motion photogrammetric processing provides
centimeter-scale three-dimensional models of habitat structure to measure ecologically
significant aspects like rugosity and assess their change through time. Water quality
around a broad impacted area can be remotely monitored via a number of payloads
before and after restoration. Additionally, specially designed payloads can be used to
manually disperse seeds or materials for restoration applications without disturbing the
habitat. UASs have increasing potential to reduce the costs (both time and money)
associated with restoration efforts, making site assessment and long-term, broad-scale
monitoring more achievable. Here we present a review of the applications of UASs in
marine ecosystem restoration with an overview of the special considerations of using
this technology in the marine environment.

Keywords: UAS, drones, marine ecosystem, restoration, conservation, living shoreline

INTRODUCTION

Much of the world’s coastal and marine habitats are threatened by climatic changes and
anthropogenic modifications (Adam, 2002; Halpern et al., 2008), driving an increased focus on
marine ecological conservation and restoration over the past several decades. The biogenic habitats
that exist across the margins of our coastal seas (e.g., coral reefs, seagrass, saltmarsh, oyster
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reefs, mangroves, etc.) provide numerous benefits to the
surrounding environment (Barbier et al., 2011). As the quantity
and quality of these habitats have declined in the last few
centuries, we are now struggling to mitigate losses in the
ecosystem services they can provide (Halpern et al., 2008).
Restoration of marine and coastal habitats is now occurring on
many scales, spatially and temporally, and these efforts consist
of a series of multifaceted stages of planning, implementation,
and ultimately monitoring restored sites to determine how they
respond over time. Having adequate information to guide the
stages of restoration projects is essential, and accessing efficient
and affordable tools to implement necessary actions during each
of these phases will help ensure the success of marine ecosystem
restoration (MER) projects.

Remote sensing of environments for assessment purposes,
most often from orbiting satellites or occupied aircraft,
has been rapidly developing in the last several decades.
Remote sensing methods offer a way to monitor fragile
environments, like biogenic coastal habitats, with minimal
to no disturbance (Shuman and Ambrose, 2003). This is
an important consideration for restoring delicate ecosystems
when long term monitoring practices can have potentially
lasting negative impacts on a habitat through impacts such as
trampling (Goldman Martone and Wasson, 2008) (Figure 1).
Traditional remote sensing methods (satellite and occupied
aircraft operations) are increasingly powerful for environmental
monitoring but have certain limitations including prohibitive
costs, inadequate temporal resolution or timing of sensing, and
insufficient spatial resolution of the data (Turner et al., 2015;
Windle et al., 2019). That being said, advances in satellite sensor
and data processing technologies have vastly expanded the types
and quality of data products that can be generated through
remote sensing while also promising increased affordability and
immediacy (Pettorelli et al., 2014).

The past decade has seen a surge of research using unoccupied
aircraft systems (UAS) for conservation applications (Klemas,
2015; Marvin et al., 2016; Manfreda et al., 2018; Harris et al.,
2019; Jiménez López and Mulero-Pázmány, 2019; Johnston,
2019). While these platforms are referred to with many names
(e.g., drone, unmanned aerial vehicle, UAV, or remotely piloted
aircraft, RPA), the aircraft itself represents one part in a
system of components, which includes the ground control and
communication systems between the remote pilot, aircraft, and
the payload sensor on board. The range of platforms (i.e., fixed-
wing, rotary-wing, and hybrid) and plethora of modular sensors
(e.g., multispectral, hyperspectral, lidar, etc.) makes UAS a highly
versatile tool for science and conservation missions, operating
on-demand to sample at previously unobtainable temporal and
spatial scales, transforming the way we can examine a range
of organisms and their ecosystem interactions (Anderson and
Gaston, 2013; Chabot and Bird, 2015; Pimm et al., 2015).
Furthermore, developments in photogrammetric methods [e.g.,
Structure from Motion (SfM), spectral analysis, machine learning
algorithms] allow users to extract even more information (e.g.,
three-dimensional structure and vegetation health) from UAS
remote sensing data (Mancini et al., 2013; Ballari et al., 2016;
Kalacska et al., 2017; Doughty and Cavanaugh, 2019).

As the number, complexity, and scale of coastal restoration
projects grow, the application of new technological approaches,
including the use of UAS-based tools, is essential. This article
provides perspectives on how UAS technology is being applied
to restoration tasks, and more specifically, details how they can
be further integrated into important components of MER efforts.
To give the reader a more comprehensive understanding of UAS
capabilities and their potential applications, we first provide a
brief overview of current and developing UAS technology, with
reference to specific works that cover greater details of UAS
equipment, operational workflows, and the data they produce.
We then delve into ways UASs can be, or are, applied to various
aspects of three key MER stages: planning, implementation,
and monitoring (Table 1). These example applications focus
primarily on how UAS-based methods can be applied to a
living shoreline project, with additional examples supplied in
other marine environments. Table 1 presents examples of each
these use cases, providing details on the aircraft employed, it’s
sensor/payload, the analytical workflow and the citation for
that case study.

A PRIMER ON UAS AND THEIR
PRODUCTS

Platforms
There are a number of UAS platforms that can or have
been incorporated into MER practices. Based upon their
airframe configuration, these aircraft generally fit within three
broad categories: rotary wing or multirotor, fixed wing, and
transitional (or hybrid). The suite of aircraft distributed among
these categories provide different utilities related to their
maneuverability, payload capacity, flight endurance, and their
launch and recovery needs. Within each category, airframes
are available that encompass the spectrum of consumer-
grade to professional-grade setups, with varying levels of
onboard Global Navigation Satellite System (GNSS) accuracy
ranging from several meters horizontal and vertical (consumer-
grade) to centimeter accuracy when equipped with a survey-
grade real-time kinematic (RTK) GPS (Seymour et al., 2018).
Furthermore, almost all UAS are capable of autonomous
operation, programmed through mission planning software.
While this article focuses on how UAS are employed in
MER-related activities, a more thorough discussion on UAS
components, best practices and platform considerations for a
broad array of missions can be found in González-Jorge et al.
(2017), Joyce et al. (2018), Manfreda et al. (2018), Harris et al.
(2019), and Johnston (2019).

Payloads
A variety of passive and active sensor options as well as
engineered mechanical payloads enable UASs for a multitude
of mission objectives. While some UASs come pre-equipped
with integrated payloads, many have swappable or modular
payloads, sometimes enabled through a modification kit. Passive
sensors are most commonly used in restoration work, relying
on solar reflectance dynamics, an organism’s thermal radiation,
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FIGURE 1 | Vegetation sampling transects conducted in 2015 (A) in a North
Carolina saltmarsh that are still visible in 2017 (B). Imagery obtained from
Google Earth Pro V 7.3.3.7699 (October 25, 2015 and February 19, 2017)
Middle Marsh, North Carolina, USA. 18S 351935.66 m E 3839950.94 m N.
Eye alt 951 feet. Maxar Technologies 2020. [Accessed May 28, 2020].

or non-solar generated light. Passive sensors include the
basic camera RGB (Red, Green, and Blue) sensors used for
digital imaging along with more complex multispectral and
hyperspectral cameras that are able to obtain wide and narrow-
band information across other sections of the visible and
near-visible electromagnetic spectrum. While some of these
multispectral sensors are geared to obtain RGB along with the
wider-band spectra of near infrared and red edge, some are more
directly engineered to obtain just the necessary spectral bands
to calculate specific environmental health indices, such as the
normalized difference vegetation index (NDVI) that compares
red and near-infrared reflectance. Active sensors can include
compact lidar systems and certain types of radar, like ground
penetrating radar (Wu et al., 2019). Finally, mechanical payloads
have been engineered to enable UASs to collect water samples
(see review by Lally et al., 2019), deliver herbicides and pesticides
(Rodriguez et al., 2017), and even disperse seeds (Stone, 2017).

Data Types and Uses
The variety of payload options and rapidly developing image
processing technology allows for the generation of rich,
temporally explicit data products that range from basic
observational data to more involved environmental mapping.
Basic RGB sensors provide high resolution streaming video
and still photography to monitor and measure organisms and
their behavior (Linchant et al., 2015; Krause et al., 2017;
Gallagher et al., 2018) and determine habitats of importance.
When UAS are used to conduct a mapping survey of image

transects, photogrammetric software (e.g., Pix4D, Metashape,
and Drone2Map) can generate high-resolution orthomosaics of
study sites (Figure 2A). This can be completed with basic RGB
imagery as well as with more advanced multispectral and narrow-
band hyperspectral imagery. In the case of these more advanced
sensors, the data products are generally in the form of reflectance
indices tied to specific bands captured from 5 to 10 wider bands
(10–40 nm) with multispectral to 100–1,000 narrow bands (5–
15 nm) with hyperspectral, which can then be used to create false
color orthomosaics or combined to produce a variety of spectral
indices useful to detect specific habitat components and, in some
cases, their health.

Unoccupied aircraft systems-generated 3D models provide
accurate topographic information, which can inform efforts to
restore species that are tidally dependent, as with many of our
coastal biogenic habitats (i.e., oysters, saltmarsh, and mangroves).
Drones equipped with lidar units can generate highly accurate
3D data of scanned environments (Resop et al., 2019), and
simple overlapping imagery from most sensors can also be used
to generate 3D products through the SfM process. Indeed, the
advancement of SfM techniques provides for incredibly accurate
(cm-scale error) 3D data products in coastal environments,
especially with the incorporation of ground control practices
(Seymour et al., 2018; Casella et al., 2020). From both lidar and
SfM, 3D point clouds (Figure 2B and Supplementary Video S1)
can be used to create digital surface models, and digital elevation
models (Figure 2C) when data are georectified within a vertical
datum. UAS-derived 3D modeling has been conducted in a
variety of environments including shorelines (Gonçalves and
Henriques, 2015; Seymour et al., 2018; Lowe et al., 2019; Seymour
et al., 2019; Casella et al., 2020), several shallow-water/tidal
habitats (Long et al., 2016; Ventura et al., 2016; Casella et al.,
2017; Kalacska et al., 2018; Windle et al., 2019), and to study
hydrological dynamics in wetlands (Capolupo et al., 2015; de
Roos et al., 2018; Harvey et al., 2019).

A range of UAS data applications and post-processing
software systems (e.g., ArcGIS and eCognition) can be used to
extract or derive a variety of measurements and habitat condition
variables that may be key for restoration efforts. Environmental
health indices can be calculated using specific combinations
of spectral bands, such as the NDVI mentioned previously
(Figure 2D) as well as other indices that have been used in coastal
vegetation health assessments (e.g., Normalized Difference Red-
Edge Index, Soil-adjusted Vegetation Index, etc.). In a restoration
context, these vegetation indices cannot only assess habitat
health, but also help delineate habitats and differentiate species
(Yaney-Keller et al., 2019). Open source software tools for
UAS imagery are becoming more prevalent, enabling users to
quickly conduct measurements on photographed organisms to
assess their body condition and health (Torres and Bierlich,
2020). Advanced machine learning algorithms are now being
widely used to classify UAS data based on spectral and 3D
characteristics. Object-based image analysis (OBIA) has been
used to effectively classify UAS-based maps of shallow water
environments such as seagrass meadows and hard bottom
habitats (Chabot et al., 2018; Ventura et al., 2018). Many of
these algorithms are now established tools within geospatial

Frontiers in Marine Science | www.frontiersin.org 3 June 2020 | Volume 7 | Article 438

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00438 June 10, 2020 Time: 20:52 # 4

Ridge and Johnston UAS for Marine Ecosystem Restoration

TABLE 1 | Representative use cases with associated aircraft, payloads, and primary data analysis tools.

Example use cases Unoccupied aircraft system
(UAS)

Payloads Data analysis
tools

Sources

Marine ecosystem restoration (MER) site suitability, baseline data, and monitoring

Spatial context: elevation and
landscape

Fixed wing (senseFly eBee) RGB (senseFly S.O.D.A.) SfM, GIS* Seymour et al., 2018

Multirotor (DJI Phantom series) RGB (on board) Marteau et al., 2017

Mangrove percent cover and
canopy height

Multirotor (DJI Phantom series) RGB (on board) Multi** (Sentera
NDVI)

NDVI, SfM,
GIS/OBIA

Yaney-Keller et al., 2019

Map invasive species Fixed wing (Precision Hawk
Lancaster)

Multi (MicaSense RedEdge) NDVI+***, SfM, GIS Samiappan et al., 2017

Wetland health Fixed wing (senseFly eBee) Multi (Parrot Sequoia) NDVI+, GIS Díaz-Delgado et al., 2018

Animal populations

Seals Fixed wing (senseFly eBee) Thermal (senseFly ThermoMap) GIS Seymour et al., 2017

Turtles Multirotor (DJI phantom series) RGB (on board) GIS Schofield et al., 2017a

Birds Multirotor (3DR Iris+) RGB (Sony Cybershot RX100
III)

ImageJ, Machine
Learning

Hodgson et al., 2018

Environmental quality

Groundwater discharge Multirotor (DJI Matrice 100) Thermal (ICI 9640) GIS Harvey et al., 2019

Water quality data mule Multirotor (DJI 450) Receiver Potter et al., 2019

Surveillance Multirotor RGB Thermal Photo/video
observation

See Nowlin et al., 2019

MER design

3D modeling Multirotor (DJI Phantom series) RGB (on board) SfM, GIS Allen and McLeod, 2017

Flow modeling Multirotor (DJI Phantom series) RGB (on board) ImageMagick Powers et al., 2018

MER implementation

Vegetation planting Multirotor (Dendra Systems) Seed gun Peters, 2019

Fire ignition Multirotor (Ascending
Technologies Firefly)

Ignition sphere dropper Beachly et al., 2017

Herbicide treatment Multirotor (Octacopter) Herbicide sprayer NCDOT, 2019

*Structure from Motion (SfM) denotes the use of photogrammetric software packages (e.g., Pix4D, Agisoft, etc.) and Geographic Information System (GIS) denotes the
use of analyses within GIS software packages. **Multispectral sensor. ***NDVI+ indicates the use of additional spectral indices calculated from multispectral data.

software packages, but some habitat classifications may require
more complex applications of machine learning such as neural
networks to train a computer how to identify target habitats
or metrics (Casado et al., 2015; Ridge et al., 2020). In this
context, UAS can be applied to the development of training
data for machine learning systems, as well as for conducting
rapid validation sampling that reduces human impacts on
restored systems (Gray et al., 2018). Regardless of programming
complexity, increasingly active data and script sharing, facilitated
through standard open source licensing, is making these tools
more accessible to the general user.

PLANNING AND INITIAL MONITORING

The use of UASs during the planning stages of MER projects
provides heightened situational awareness of the targeted
location and the larger environmental context it is embedded
within. In many cases, data generated through UAS surveys of a
proposed restoration site can help researchers and practitioners
locate and target critical habitats (e.g., coral reefs, seagrass,
mangroves, etc.) or provide maps and geospatial information
needed to identify and assess specific ecosystem dynamics
(predator/prey relationships) or environmental conditions (e.g.,

hydrological functions). With all the considerations necessary
to planning, there are many avenues for incorporating UASs
into this process. The major applications during project
planning revolve around assessing site suitability (determining
whether a location is amenable to a particular MER practice),
gathering baseline data and using UAS products to guide MER
design (Figure 3).

Site Suitability and Baseline Data
From the air, users can obtain a perspective on a potential
restoration site to gather data with little to no disturbance
to the actual environment. With the ability to collect high
resolution imagery and 3D environmental data, planners can
better place a MER within the boundaries of ecological and
regulatory frameworks. In this context, UAS can be applied as
survey instruments to establish exactly where restoration efforts
can and should be conducted, based on existing property limits or
ecotones. In the example of a living shoreline, planners generally
have to consider the restored wetland’s setting within the general
environment (e.g., tidal range, landward boundary, etc.) as well as
proximity to limiting factors, such as breakwaters to navigational
channels or beds of submerged aquatic vegetation.

Accurate baseline data at restoration sites are essential
to determine if MER efforts are successful. Many MER
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FIGURE 2 | Stitched orthomosaic of a living shoreline (saltmarsh and oyster reef) situated on Pivers Island, North Carolina (A). Densified point cloud of the site with
ground control points designated by green arrows (B). Digital elevation model of the site with water artifacts along the bottom edge (C). Normalized difference
vegetation index of the site obtained from concurrent multispectral UAS imagery (D).

FIGURE 3 | Synopsis of unoccupied aircraft system (UAS) applications in Marine Ecosystem Restoration (MER) projects at the three major stages with select
examples provided. The Planning stage includes collecting baseline data to establish regulatory and ecological boundaries (Site Suitability) and generation of visuals
and models help determine MER success criteria (Site Design). In the Implementation stage, UASs can be applied for vegetation planting, fire ignition, herbicide or
pesticide treatments as well as helping direct ongoing restoration activities. During the Monitoring stage, UASs can collect data on vegetation health, wildlife
abundance and behavior (Ecological Function) and data on topography, hydrology, and water quality of the surrounding landscape (Ecosystem Services). Some of
the symbols for diagrams courtesy of the Integration and Application Network (ian.umces.edu/symbols).

projects implement a before-after-control-impact design for
assessment purposes, where obtaining pre-restoration conditions
is paramount. For a living shoreline MER, this could involve
mapping the current extent of specific species and their percent

cover (Marcaccio et al., 2015; Husson, 2016; Yaney-Keller et al.,
2019), invasive or non-native organisms (Figure 4A; Samiappan
et al., 2017), and signs of degradation (Chirayath and Earle,
2016) (e.g., reef loss, marsh die off, and shoreline erosion).
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FIGURE 4 | Examples of UAS data products capturing the presence and locations of non-native coconut palms among mangroves in Belize (A), the migration of
thousands of cownose rays in a North Carolina estuary (B), shark behavior (C), and the thermal signatures (white dots) of a penguin colony (D). All images obtained
by Duke University Marine Robotics and Remote Sensing Lab, collected under permit.

Similarly, Nahirnick et al. (2019) used UAS imagery to map
eelgrass and were able to differentiate between eelgrass and
macroalgae based on image textural differences that may not
be as apparent in lower resolution imagery (>m). Additional
use of specialized sensors can offer an even more detailed
perspective of habitat condition through generation of health
indices. NDVI can aid the classification process by using the
values to isolate coastal vegetation through masking (Ballari et al.,
2016), and UAS-derived NDVI values correlate strongly with
aboveground biomass in a California saltmarsh (Doughty and
Cavanaugh, 2019). Similarly, Díaz-Delgado et al. (2018) used
UAS-based multispectral data to assess indicators of ecological
integrity of wetlands in Spain. Hyperspectral sensors could be
used to further discriminate species (Silvestri et al., 2003) and
refine vegetation index results by removing background spectral
noise in these habitats (e.g., oversaturation in dense vegetation,
sediment reflection – see Hladik et al., 2013). Parsons et al.
(2018) used UAS-obtained RGB and hyperspectral imagery in
combination with in-water surveys to help identify areas of
degradation in coral reefs. Specialized multi and hyperspectral
sensors can also help determine turbidity and sediment flow
(Vogt and Vogt, 2016; Díaz-Delgado et al., 2018) as well as
concentrations of chlorophyll in the surface water (Kislik et al.,
2018). Thermal sensors can identify groundwater discharge
(Willms and Whitworth, 2016; Harvey et al., 2019), which can
impact the salinity dynamics of a site or the potential input of
contaminants from affected groundwater.

The use of UASs in MER is not limited to baseline habitat
assessments. For example, UASs have been used to observe a
variety of coastal and marine species including fish (Kiszka et al.,
2016; Raoult et al., 2018; Rieucau et al., 2018; Benavides et al.,
2019; Gore et al., 2019), birds (Hodgson et al., 2016, 2018; Han
et al., 2017), reptiles (Elsey and Trosclair, 2016; Schofield et al.,
2017a,b; Sykora-Bodie et al., 2017; Bevan et al., 2018; Rees et al.,
2018), and mammals (Durban et al., 2015; Johnston et al., 2017;
Krause et al., 2017; Seymour et al., 2017; Ramos et al., 2018).

In some cases this is focused observation of an individual/group
(Figures 4B,C), as seen with whale behavior studies (Torres et al.,
2018), or orthomosaic products that can be used to enumerate
congregations of organisms such as nesting birds (Figure 4D;
Hodgson et al., 2016) or seal colonies (Johnston et al., 2017). UASs
equipped with thermal infrared sensors can help quantify wildlife
in an area, and thermal imagery has been particularly useful for
examining marine mammal populations (Seymour et al., 2017)
and nesting birds (Christie et al., 2016). Willms and Whitworth
(2016) used UAS thermal imaging to identify temperature
dynamics of spawning waters for salmon. For a projected living
shoreline, these data could provide a before-restoration reference
for wildlife use of the site. There continues to be major efforts
ensuring that UASs for wildlife monitoring are operated at
safe and non-invasive altitudes, which has produced some very
promising results indicating that UASs can still collect high-
resolution data without disturbing wildlife (see Arona et al., 2018
and reviews in Christie et al., 2016; Mulero-Pázmány et al., 2017).

Finally, baseline data on pollution factors at proposed
restoration sites can also be facilitated with UAS. For example,
UAS can be used to monitor marine debris in coastal and marine
environments. UAS imagery coupled with machine learning
algorithms have proven efficient at identifying and classifying
litter (Martin et al., 2018), and Hengstmann et al. (2017) were
able to use a UAS to geolocate marine debris and help identify the
major factors influencing its distribution as part of a large beach
marine litter monitoring effort in Germany. Similar work has
been conducted in areas of the United States, examining marine
debris dispersal across an estuarine landscape to locate hot spots
for targeting clean ups and considering litter source mitigation
(Newton et al., unpublished data).

Marine Ecosystem Restoration Design
Once baseline imagery is captured and processed, the maps
and models generated can become instrumental for designing
restoration projects. As with the living shoreline example, a
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restored saltmarsh may include a fringing oyster reef sill. Oysters
thrive within very specific zones of the tidal range (Morris et al.,
2002; Ridge et al., 2015), and the 3D models of restoration sites
can help planners quickly calculate the possible extent of a MER
as well as distributional guidance for vegetation and volumetric
information for oyster material. Comparably, Fodrie et al. (2014)
spent several days walking GPS transects across extensive sandy
shoals to plan where to site their oyster restoration study,
which could have been achieved in the course of just a few
hours with a UAS.

Unoccupied aircraft systems-obtained data on environmental
variables can help MER designers make process-driven decisions
about how to structure restoration efforts. Basic RGB sensors can
be used in conjunction with rhodamine applications to track flow
dynamics (Powers et al., 2018) through the landscape. A UAS
could be outfitted with ground penetrating radar to measure
soil moisture (Wu et al., 2019), an important factor for wetland
vegetation health. Soil type, quality and moisture are essential
components for planning where and how to plant wetland
vegetation. Understanding these dynamics can help shape a
MER, allowing planners to take advantage of natural processes
to maximize the success of the project.

The creation of MER site maps and model visualizations have
manifold utility. The site map and 3D model could be ingested
into design software for advanced viewshed analysis, rendering
what the proposed project would look like when finished. These
can be useful materials when approaching potential funding
agencies and gaining community interest and support for
restoration efforts. Finally, these initial surveys will ultimately
serve as the baseline reference for establishing and eventually
assessing project success metrics.

IMPLEMENTATION

Restoration efforts can be a massive undertaking, potentially
requiring restructuring of the landscape and the deployment
of materials (e.g., shell, seedlings, and corals). Considering the
manual nature of many MER efforts, it is unfeasible for UASs
to replace many current methods. However, UAS can assist
MERs in the form of an actual dispersal mechanism for various
materials (Figure 3). Within the last several years, drone-based
solutions for planting trees and grasses have emerged, and
are being implemented on a large scale (10s of hectares) to
restore mangroves in Myanmar (Peters, 2019). In this case,
a UAS was equipped with a payload that fires seed bullets,
essentially biodegradable pods with a germinated seed and
nutrients, into the ground. This highly successful application
has resulted in the germination of millions of mangrove plants,
potentially revolutionizing large scale mangrove restoration
efforts. It is possible that with the right packaging of nutrients
and germinated seeds this method could be expanded to other
MER efforts, like saltmarsh plantings. In other dispersal methods,
UASs are now being used for targeted management in the form
of fire ignitions and herbicide treatments. In the case of wetland
restoration, fire has been a traditional tool for inhibiting woody
species (Nyman and Chabreck, 1995), and UASs have been

developed with an integrated ignition sphere dispenser that is
programmed to drop the spheres at specific intervals to initiate
a controlled burn (Beachly et al., 2017). Some restoration efforts
face encroachment by non-native species, like the common reed
Phragmites australis. Restoration work in a Spartina alterniflora
marsh showed that herbicide treatment of Phragmites allowed the
native S. alterniflora to bounce back in under 5 years (Gratton and
Denno, 2005). Recently, UASs have been outfitted with herbicide
dispensers and have become part of Phragmites control initiatives
in North Carolina (NCDOT, 2019). These types of uses extend
beyond addressing plant species. For example, UAS can now be
used to drop poison baits targeting invasive species of rodents
(Island Conservation, 2019).

While some MER activities are discrete one-time efforts,
many are multiyear programs where UASs can be a significant
boon by guiding subsequent actions and interventions. Periodic
surveying and follow up plantings, invasive or unwanted
vegetation treatments, or the need to secure or augment
stabilization structures like an oyster reef sill are examples
of these extended use-cases. The use of multispectral and
hyperspectral sensors can provide vegetation index information
during MER implementation to gauge the health of the restored
vegetation and identify whether or not additional actions need to
be taken to ensure restoration success (e.g., fertilizer treatments,
grazer removals, etc.).

MONITORING SUCCESS

The autonomous nature of UAS surveys makes for an efficient,
repeatable tool for monitoring an ecosystem. Many of the UAS
applications for monitoring success of MERs are extensions
of the applications discussed earlier for the planning phase
(Figure 3). However, the temporal context becomes even more
important with restoration monitoring, since understanding how
these systems are changing through- or as a result of MER
efforts is essential for gauging project outcomes. Furthermore,
UAS-derived data can help achieve specific monitoring metrics
established by restoration funding agencies (e.g., US Fish and
Wildlife Service, National Fish and Wildlife Foundation), which
will serve as an added frame of reference in the sections below.

Ecological Dynamics
Subsequent UAS mapping missions using simple RGB or
combined multispectral and/or hyperspectral can assess changes
to areal habitat extent through time. This process can elucidate
changes in the extents of the restored species in conjunction with
other possible notable factors, like invasive species (Figure 4A).
As an example application for meeting funding requirements,
measuring percent cover by species is one of the National
Fish and Wildlife Foundation’s (NFWF) primary monitoring
metrics for both wetland and living shoreline restoration projects
under their Coastal Resilience Fund (NFWF, 2019), and includes
the total areal footprint of oyster reef restored. Under NFWF
guidance, both of these restoration activities also require a metric
for shoreline position (NFWF, 2019), which can be obtained from
UAS-derived orthomosaics with cm-level accuracy.
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Repeatable visual transects, through RGB and/or thermal
infrared, can provide population estimates of organisms or
behavioral insights of species across trophic levels, essentially
measuring the use and ecological functions of restored habitats
as compared to the pre-restoration conditions. For example,
Rieucau et al. (2018) conducted UAS video transects along
fringing reefs to examine habitat-dependent shark behavior,
providing a baseline for possible future disruptions to that
habitat. Sykora-Bodie et al. (2017) used UAS image transects
perpendicular to the beach to identify and count sea turtles in
areas that may result in interactions with fisheries, and Gray et al.
(2019) went a step further by using a deep learning algorithm to
automate sea turtle detection. These methods can be applied to
understanding if a MER is benefiting local wildlife and providing
desired ecosystem services.

Structure from Motion (SfM) technology continues to
transform the role UASs can play in assessing ecosystem
structure. Instead of measuring oyster reef growth through time
using terrestrial lidar (Rodriguez et al., 2014; Ridge et al., 2015,
2017) UAS-derived approaches (e.g., Windle et al., 2019), could
assess a greater number of oyster reefs during narrow low tide
windows across larger coastal landscapes. The development of
structural metrics in vegetated environments has been greatly
enhanced by the addition of UAS tools. Multiple studies have used
SfM products to measure canopy heights and estimate biomass
in mangroves (Warfield and Leon, 2019; Yaney-Keller et al.,
2019). Yaney-Keller et al. (2019) actually used a dual band NDVI
sensor (no RGB) in conjunction with SfM to measure canopy
heights and percent cover in mangroves, and differentiate species
in the estuaries of Pacific Costa Rica. Boon et al. (2016) also
combined SfM products with orthophotos to greatly enhance
wetland delineation and health assessment.

Ecosystem Services
In addition to monitoring ecological recovery, UASs have a
vast potential for monitoring how MER efforts benefit the
surrounding landscape, both natural and anthropic. Many MER
projects have implications for shoreline stabilization and coastal
resilience, and assessing how adjacent landscapes are sheltered
by these marginal habitats is a metric for evaluating success.
One way to monitor this is through assessing elevation, a
primary metric often included in restoration monitoring for
wetlands and living shorelines (NFWF, 2019) as it represents
the habitat’s vulnerability to – and ability to keep pace with –
sea level rise. Elevations are easily obtained for non-vegetated
surfaces using SfM, like oyster reefs (Windle et al., 2019) and
beach environments (Seymour et al., 2018), but may need a
more strategic approach in densely vegetated environments,
potentially using dormant season flights, fine scale mapping
(low altitude), or other references like water level. Working in
a coastal wetland, Meng et al. (2017) developed a workflow to
help estimate the terrain in these densely vegetated environments.
While not serving as a replacement for finite sediment surface
measurements like those obtained from saltmarsh Surface
Elevation Tables (SETs, Cahoon, 2015), UAS-derived elevation
data could help determine the overall scalability of SET
measurements over a larger area. UASs have been used to track

changes to barrier islands and other coastal environments over
the course of months to years capturing morphological changes
to the landscape (Seymour et al., 2019). Similarly, Marteau et al.
(2017) used these methods to track geomorphic change of a
restored riverine environment to assess restoration outcomes.

As mentioned previously, UAS payload configurations can be
used to sample water quality either directly or through remotely
sensed data processes to monitor how well a MER is benefiting
water quality. Considering the repetitive nature of monitoring,
a rising concept in UASs for environmental observation is the
idea of drones as data mules (Palma et al., 2017). This relies on a
coupled system with in situ sensors and a UAS equipped with data
retrieval hardware that will remotely link to these sensors and
download the data (Potter et al., 2019). For the purposes of MER,
the deployed equipment could be a network of autonomous water
quality samplers across a site (Trevathan and Johnstone, 2018).
Instead of physically extracting the data from the samplers, a
UAS could be flown over with a datalink to retrieve the data
wirelessly, never requiring managers to have to enter the site.
Potter et al. (2019) demonstrated the use of this coupled system
with a network of sensors collecting water temperature, pH, and
conductivity that transmitted the data to a UAS that hovered
above the central node. The system could be adapted to collect
any number of environmental variables and would be especially
useful in remote locations that do not have existing wireless
communication networks.

Another major benefit of UAS-based monitoring is the
fine temporal scale afforded by its on-demand nature.
A combination of sensor payloads can provide an abundance
of multidimensional data over a landscape in a relatively short
period of time. This readily enables the surveying of MER sites
before and after storms, or other predictable disturbances, to
assess impact on the MER as well the benefits a MER may
be offering adjacent habitats. In the case of a living shoreline
restoration project, UAS provide significant opportunities to
assess how natural systems dampen storm energy compared to
artificial or unstructured shorelines. Recognizing this advantage,
UASs are incorporated into post-storm monitoring in coastal
systems internationally (Turner et al., 2016; Seymour et al.,
2019; Casella et al., 2020). Studies conducted on living shorelines
to assess their resilience and shoreline protection against
storm impacts (e.g., Smith et al., 2018) would benefit from the
incorporation of UASs, which would expedite field sampling and
reduce unintentional, but inevitable, impacts of direct sampling
within the habitat (Figure 1).

Enforcement and Protection
While highly dependent upon the legal restrictions governing
an area, UASs have been used as a tool to protect conservation
areas. With limited personnel resources, UASs could provide a
periodic mobile watchtower over a MER site to deter poaching
(Mulero-Pázmány et al., 2014) and other illegal or unpermitted
acts. A review of UAS use for conservation in protected areas
touted the benefits of using drones for enforcement while also
acknowledging that there are still some ethical considerations
left to work out (Jiménez López and Mulero-Pázmány, 2019). In
general, though, UAS surveying of public use of a managed land
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can be a viable option, and Nowlin et al. (2019) provide best
practices for this use case in some coastal contexts.

CAVEATS

As with any developing technology, caveats to its integration
emerge as we test limits and determine best practices.
Unfortunately for some entities drone usage may be periodically
restricted, as has been seen while governments navigate
cybersecurity issues (e.g., grounding of some United States
federal agency drone fleets –U.S. Department of the Interior
[USDOI], 2020). While the UAS research community has begun
to harmonize methods, standards, procedures, and reporting
(Joyce et al., 2018; Barnas et al., 2020), there remains work
to be done (Buters et al., 2019). Some key caveats for UAS
MER applications are related to image acquisition methods. For
example, image quality of submerged landscapes from UAS is
highly dependent on a number of environmental conditions
including (but not limited to) sun angle, cloud cover, surface
disturbance by wind, and turbidity (Joyce et al., 2018; Nahirnick
et al., 2019). This may also prove true in areas with uniform image
texture (e.g., smooth sand) that may generate artifacts in the point
clouds (Seymour et al., 2018). When imaging forest canopies, like
mangroves, higher altitudes and more overlap may be necessary
because of the greater potential for the foliage to move with
even just a small amount of wind (Fraser and Congalton, 2018).
NDVI assessments of certain species, like emergent vegetation,
can be affected by inundation (Kearney et al., 2009) or high soil
water content (Ballari et al., 2016) affecting attempts to estimate
biomass (Byrd et al., 2014). In some cases, these problems can be
mitigated with specific mission planning insights, like adjusting
UAS altitude, orientation of acquired imagery (away from sun),
or understanding the limitations of the data collected for a
certain habitat. Further consideration must also be made to the
cost-benefit of using UAS technology for specific applications.
While costs of aircraft and sensors continue to drop, the pricing
can range from $1,000 (USD) for consumer-grade to $10K–
$20K (USD) for professional-grade aircraft and sensor packages,
with the more advanced packages (e.g., hyperspectral, lidar, etc.)
reaching $50K–$100K (USD). The software (e.g., Pix4D, Agisoft
Metashape, etc.) may add another cost on the order of $1K–$5K
(USD). This may make adoption of UASs cost-prohibitive for
outright purchase for some restoration managers, but the data
could still be obtained by contracting an institution equipped
with appropriate resources. It is worth noting that many of
the studies within this review used a consumer-grade drone
on the order of $1,000–$2,000 (USD), indicating a lot of work
can still be accomplished at that technology tier. There are also
well-funded UAS and spatial analysis programs that help train
and equip natural resource managers in developing regions,
like the growing Flying Labs program (WeRobotics, 2020). This
program has fostered the development of local UAS capacity in 27
countries spread across South America, Africa, Asia, and Europe
that, in part, seek to overcome this challenge. Though technical
and regulatory hurdles exist (Hardin and Jensen, 2011), progress
made within the last decade to alleviate these hurdles is quite

promising for the further development and application of this
technology (Hardin et al., 2019).

CONCLUSION

As drone platform and sensor technology continues to advance,
UAS-based approaches to MER will further bridge the scale
between in situ sampling and remote sensing from occupied
aircraft and satellites. Innovations in platforms, sensors,
engineered payloads, and image processing have proven to be
a valuable addition to the MER toolbox, across all stages of
a project. UAS offer unparalleled flexibility in temporal and
spatial resolution for environmental monitoring, enabling
access to hard-to-reach areas with little to no disturbance.
While UAS can be applied successfully in most restoration
projects, these operations must be conducted within local
legal and ethical frameworks (e.g., pilot certifications, airspace
authority, and permitting) and with consideration of potential
disturbance impacts to non-target species. Limitations in
UAS flight time, operational conditions, and payload capacity
will continue to diminish, as will airspace restrictions and
other regulatory hurdles. As these challenges fade, UAS-based
approaches to marine restoration projects will increase and
diversify, establishing UAS as a fundamental and versatile tool
for enhancing planning, implementation, and monitoring of
marine restoration efforts globally.
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