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Surface-canopy forming kelps provide the foundation for ecosystems that are
ecologically, culturally, and economically important. However, these kelp forests are
naturally dynamic systems that are also threatened by a range of global and local
pressures. As a result, there is a need for tools that enable managers to reliably track
changes in their distribution, abundance, and health in a timely manner. Remote sensing
data availability has increased dramatically in recent years and this data represents
a valuable tool for monitoring surface-canopy forming kelps. However, the choice of
remote sensing data and analytic approach must be properly matched to management
objectives and tailored to the physical and biological characteristics of the region of
interest. This review identifies remote sensing datasets and analyses best suited to
address different management needs and environmental settings using case studies
from the west coast of North America. We highlight the importance of integrating
different datasets and approaches to facilitate comparisons across regions and promote
coordination of management strategies.

Keywords: kelp forest, remote sensing, North America, coastal management, kelp management, bull kelp, giant
kelp
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INTRODUCTION

Kelp forests occur on shallow subtidal rocky reefs in temperate
seas around the world and provide the foundation for some of
the most productive and valuable coastal marine ecosystems.
Some of the most iconic species of kelp, e.g., giant kelp,
form large canopies that float on the surface of the ocean.
Functionally, these large kelps act as “foundation species” (sensu
Dayton, 1972) by providing both primary production and three-
dimensional habitat to a diverse array of ecologically, culturally,
and economically important species of algae, invertebrates, fish,
birds, and marine mammals (Schiel and Foster, 2015; Carr
and Reed, 2016). They also act as ecosystem engineers, altering
environmental conditions such as light, currents, substrate
availability, structural complexity, and seawater chemistry (Jones
et al., 1994; Pfister et al., 2019; Hirsh et al., 2020). Kelp itself also
has a great deal of cultural and economic value. It is harvested
for a variety of purposes including food, cosmetics, and industrial
uses (Schiel and Foster, 2015), and has an important role in
traditional subsistence usage as well as symbolic and spiritual
aspects of indigenous cultural systems (Turner, 2001; Calloway
et al., 2020). Collectively, ecosystem services of kelp forests have
been valued at $684 billion/year (Eger et al., 2021).

As fast-growing primary producers, kelp forests exhibit
natural dynamics in abundance over space and time. Kelp
forests are also particularly sensitive to changes in environmental
conditions and face a variety of threats that span local to
global scales (Beas-Luna et al., 2020). Increases in the frequency
and intensity of marine heatwaves have been linked to kelp
range contractions around the world (Arafeh-Dalmau et al.,
2020; Smale, 2020; McPherson et al., 2021; Oliver et al., 2021).
Overgrazing by consumers such as sea urchins has caused
some forests to transition to barren states denuded of kelp
(Estes and Palmisano, 1974; Ebeling et al., 1985; Ling et al.,
2009; Rogers-Bennett and Catton, 2019; Smith et al., 2021;
McPherson et al., 2021). Furthermore, because of their close
proximity to shore, kelp forest ecosystems face local threats
such as point-source pollution and sedimentation from coastal
development (Foster and Schiel, 2010). Subsequent declines
in kelp abundance have cascading negative impacts to the
ecosystems and the communities they support (e.g., Dudley et al.,
2021).

In the face of these threats, there is an increasing need
to develop strategies to protect and restore kelp ecosystems
(Eger et al., 2020b). For example, local pressures can be
mitigated by strategies such as actively reducing grazing pressure,
reintroducing kelp populations via seeding, transplanting, and
artificial reefs, implementing marine protected areas, managing
kelp harvest, and regulating coastal development (Eger et al.,
2020a; Eisaguirre et al., 2020; Layton et al., 2020; Morris et al.,
2020). To effectively implement these strategies, managers and
conservation practitioners require data on how the distribution,
abundance, and health of kelp populations are changing over a
variety of temporal and spatial scales. These data can lead to a
better understanding of the environmental factors and ecological
processes that contribute to kelp forest persistence and resilience
(e.g., Young et al., 2016), guide the timing and distribution of

active interventions where kelp has been lost (Gleason et al.,
2021), and evaluate the effectiveness of management actions.

Long-term data over large scales provide disproportionate
value for management and policy (Hughes et al., 2017).
Long-term data is particularly important for kelp monitoring
because of their high levels of natural background variability
in abundance (Bell et al., 2020a). However, subtidal in situ
sampling traditionally used to monitor kelp forests is often
impractical due to cost and time constraints. Remote sensing
provides a valuable tool to meet these needs. Kelps that form large
floating canopies are relatively easy to distinguish with airborne
and satellite imagery, particularly with multispectral imagery,
demonstrated by a long history of using remote sensing data to
document changes in canopy area and biomass (Jensen et al.,
1980; Cavanaugh et al., 2011; Schroeder et al., 2019; Bell et al.,
2020a) and estimate harvestable amounts of kelp (Stekoll et al.,
2006; Reed, 2014). Availability of both airborne and spaceborne
remote sensing data has increased over the past decade, and
scientists now have access to datasets that span a range of spatial,
temporal, and spectral coverage and resolutions.

Here, we review the benefits and constraints associated with
using remote sensing data to inform kelp forest management,
using case studies from the west coast of North America. We
describe the physical and biological characteristics that affect
remote monitoring of surface canopy-forming kelps in this
region and identify sensor characteristics that can help address
challenges particular to certain parts of the region. Specific
management applications are linked to the datasets best suited
to address them. The west coast of North America provides an
ideal area for examining these issues due to the wide range of kelp
forest management needs faced by this region and the temporal
and spatial variability in important physical and biological factors
that influence remote sensing of kelp.

PROCESSES THAT INFLUENCE
VARIABILITY IN KELP ABUNDANCE

Giant kelp (Macrocystis pyrifera) and bull kelp (Nereocystis
luetkeana), the two primary species of large surface canopy-
forming kelps along west coast of North America, exhibit
pronounced spatiotemporal variability driven by many
interacting abiotic and biotic factors that influence kelp
reproduction, growth, and survival. A full review of these factors
is outside of the scope of this paper, but see Graham et al. (2007);
Springer et al. (2010), Schiel and Foster (2015), and Carr and
Reed (2016) for comprehensive reviews. Here, we focus on the
anthropogenic activities and pressures that can lead to changes in
kelp abundance across a range of scales (Supplementary Table 1).
We follow definitions from the Driver-Activity-Pressure-State-
Impact-Response (DAPSIR) framework, commonly used to
develop management responses to observed changes in marine
ecosystems that address human needs (Oesterwind et al., 2016;
Elliott et al., 2017; Bryhn et al., 2020). Based on this framework,
human activities and the resulting pressures cause changes in
the distribution, abundance, and health of canopy-forming kelp,
hereafter referred to as state changes. Note that the relative
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contributions of different pressures to kelp state changes is often
unknown, and that interactions among different pressures may
drive state changes (e.g., Rogers-Bennett and Catton, 2019). Data
on spatiotemporal variability in kelp dynamics (e.g., from remote
sensing data) can be used disentangle links between pressures
and kelp state changes if the spatial and temporal resolution of
the remote sensing data matches the spatial and temporal scales
of the pressures and state changes.

Due to spatial variability in these pressures, trends in kelp
abundance have varied substantially among regions along the
west coast of North America over the last few decades, with
declines in north-central California and the Aleutian Islands,
small increases in the Southern California Bight, and no clear
trends in other regions (Krumhansl et al., 2016; Beas-Luna
et al., 2020). Major pressures include heatwaves linked to
anthropogenic climate change, and processes that have resulted
in an overabundance of kelp grazers such as sea urchins (e.g., sea
star wasting disease, climatic variability in urchin recruitment,
overfishing of other urchin predators, sea otter removals, etc., see
bolded references in Supplementary Table 1).

REMOTE SENSING OF
SURFACE-CANOPY FORMING KELPS

Quantifying the area, density, and condition of surface canopy-
forming kelps using optical remotely sensed imagery relies on
reflectance characteristics of floating kelp. The most common
methods for remote sensing of kelp canopy involve passive
optical sensors with coverage in the visible and near infrared
(NIR) portions of the electromagnetic spectrum (Jensen et al.,
1980; Deysher, 1993; Schroeder et al., 2019). Like terrestrial
vegetation, floating kelp tissue reflects a high proportion
of the incident radiant flux in the NIR region of the
electromagnetic spectrum, while seawater absorbs nearly all NIR
light (Jensen et al., 1980). As a result, NIR imagery is useful for
distinguishing emergent surface canopy, but is not well suited for
detecting submerged kelp.

A variety of image analysis methods have been used to
identify kelp canopy from visible and near infrared imagery,
including manual classification, spectral indices, supervised
and unsupervised classification, object based image analysis,
and deep learning approaches (see Schroeder et al., 2019 for
a review of these methods). For coarser satellite imagery,
methods such as multiple endmember spectral unmixing can
be used to estimate the fraction of each pixel covered by kelp
canopy (Bell et al., 2020a; Hamilton et al., 2020), potentially
leading to better agreement among estimates from imagery of
different resolutions.

The reflectance of the kelp canopy is also affected by the
concentration and ratios of photosynthetic pigments within the
tissue. Pigments such as fucoxanthin and chlorophylls a and
c absorb light in different regions of the visible spectrum and
are associated with physiological processes such as primary
production and senescence (Rodriguez et al., 2016; Bell et al.,
2018). However, the spectral bands of most multispectral sensors
are too wide to leverage these subtle changes in reflectance and

assess variations in canopy pigment concentration. The narrow
and contiguous spectral bands measured by hyperspectral sensors
are better suited for estimating physiological properties such
as Chl:C ratios (Bell et al., 2015) and tissue nitrogen content
(Bell et al., 2020b).

Factors That Influence the Remote
Sensing of Kelp Canopy
Numerous physical and biological factors influence the remote
detection of kelp, and determine the sensor characteristics (i.e.,
spatial and spectral resolutions, temporal coverage, etc.) needed
to accurately map kelp canopy cover in specific locations.
Important factors for the west coast of North America include
multiple species of surface-canopy forming kelps, complex
bathymetry and coastline morphologies, sun glint, adjacency
effects, shadowing (especially in areas of steep topography),
tides, and oceanographic conditions such as currents, tides, wave
exposure, and phytoplankton blooms (Table 1, Figure 1, and
Supplementary Figures 1, 2).

This review focuses on large surface canopy-forming kelps,
as these are the most amenable to monitoring using a variety
of remotely sensed datasets. Similar methods have been used
to map subtidal kelps without a surface canopy and intertidal
kelps, but these applications are limited by impacts of the
water column and land. Absorption by the water column
greatly reduces reflectance of submerged plants and this effect
is exacerbated by optically active water components such as
suspended sediment and chlorophyll (Mobley, 1994). In some
cases band ratios from the visible portion of the electromagnetic
spectrum (which has higher water penetration than the near
infrared region) have been applied to multispectral imagery
(e.g., Casal et al., 2011). Studies have also used hyperspectral
imagery to estimate optical properties of the water column and
isolate benthic reflectance (Garcia et al., 2018; Vahtmäe et al.,
2020). Such methods have been used to map submerged kelp
down to about 6 –10 m, but maximum depth will vary widely
depending on water clarity. Furthermore, distinguishing species
or even functional types of subsurface macroalgae is typically
very difficult, although Uhl et al. (2016) demonstrated success
separating Fucales from kelps in shallow water. For intertidal
kelp, the main challenges are associated with the narrowness of
the habitat and the influence of land and breaking waves. High
reflectance from land and breaking waves can overwhelm the kelp
reflectance signal, limiting the usefulness of methods that attempt
to estimate fractional coverage of coarse pixels. As a result, very
high resolution imagery is typically needed to map intertidal kelps
(Tait et al., 2019; Rossiter et al., 2020).

Geography of Challenges
Many of the challenges to remote sensing of kelp canopy increase
in severity from south to north along the west coast of North
America, due to more cloud cover, higher amplitude tides and
currents, more complex topography, steeper bathymetry, greater
turbidity, and lower sun angles, which can exacerbate shadowing
along the coast (Figure 2). In addition, mixed beds of giant
and fringing bull kelp, which require higher spatial resolution
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TABLE 1 | Physical and biological factors that influence the ability to detect surface-canopy forming kelps using airborne and spaceborne imagery.

Factor Impact on remote sensing Solutions

Presence of other species of algae Can cause confusion between species of interest and other algae (e.g.,
intertidal algae and phytoplankton blooms; Figure 1C)
Difficult to distinguish between species of surface-canopy forming macroalgae
(e.g., Macrocystis and Nereocystis; Figure 1A)

Use of high spatial resolution imagery (e.g., submeter scale) to capture variability in
morphologies

Bathymetry and coastline morphology Mapping canopy adjacent to the coastline can be difficult if the pixel contains
land as well as water and kelp canopy (Figure 1B; Nijland et al., 2019)

Use of high spatial resolution imagery that can minimize pixel mixing of land and water.

Cloud cover (or smoke from wildfires) Limits the availability of useful imagery High temporal coverage satellite imagery to increase probability of cloud-free imagery or
control over the time of image capture (i.e., using airborne imagery)

Sun glint and white caps Pixels affected by sun glint and white caps are characterized by a high signal in
all wavelengths, including the NIR, where a low signal is expected due to high
absorption by water molecules (Mobley, 1994; Figure 1D), and high signal is
expected due to surface canopy. This can confuse automated classification
algorithms.

Image pre-processing techniques can be applied to minimize this effect prior to image
classification (Hochberg et al., 2003; Hedley et al., 2005; Kay et al., 2009; O’Neill and
Costa, 2013; Reshitnyk et al., 2014). Note that algorithms that assume no infrared
reflectance from water pixels cannot be applied where kelp canopy is present.
Control over timing of image capture can help minimize impacts of sun glint by adjusting
flight path (Mustard et al., 2001) and time of day of flight (Mount, 2005). When possible,
flights can be conducted during calm sea states to reduce impacts of white caps.

Land adjacency effects Water pixels adjacent to land can exhibit artificially high reflectance due to
atmospheric scattering of light from bright targets such as land/vegetation to
dark targets such as water (Kaufman, 1982, 1984), which may lead to
erroneous interpretation of the pixel signal as possibly representing
surface-canopy (Supplementary Figure 2).
Swash from breaking waves can obscure shallow subtidal habitat.

Image pre-processing techniques can be applied prior to image classification (Santer
and Schmechtig, 2000) or pixels immediately adjacent to the shoreline can be masked
(Nijland et al., 2019; Schroeder et al., 2019).

Shadowing In regions with steep topography and/or tall tree canopies, the orientation of the
sensor (off-nadir angle image acquisition) and that of the sun can cause
shadows to fall over the adjacent shoreline. Shadows lower the reflectance
values for all targets, including water and kelp (Yamazaki et al., 2009), and can
prevent the detection of kelp present in nearshore areas (Figure 1E and
Supplementary Figure 2).

Shadowed pixels can be masked. Shadowing can be minimized by restricting off-nadir
image acquisition and morning or evening acquisitions. Kelp classification algorithms
can be developed that are less sensitive to absolute changes in reflectance, e.g., by
analyzing spectral derivatives.

Tides and currents Tides and currents can submerge surface canopy, introducing variability in
estimates of remotely sensed canopy area (Britton-Simmons et al., 2008;
Cavanaugh et al., 2021; Figures 1F1,F2)

High temporal coverage satellite imagery to allow for timing of image acquisition based
on tides and currents. Tide and current correction factors can be applied, but these
correction factors are likely to be site specific (Cavanaugh et al., 2021)
Control over timing of image capture can be used to collect imagery during a certain
tidal range.
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FIGURE 1 | Pansharpened (0.5 m), false-color infrared World View-2 imagery depicting some of the factors described in Table 1. (A) Both Nereocystis luetkeana
and Macrocystis pyrifera canopy are present. (B) Waves present in imagery (white areas on western side of island). (C) Algae bloom and kelp canopy present in the
same regions. (D) Specular reflection present in imagery (white areas on water surface), obscuring the kelp bed. (E) Presence of shadow along the shoreline.
(F) Drone imagery of the same site at low tide (F1) and high tide (F2). WorldView-2 and drone imagery provided by the Hakai Institute.

to detect, are more common in central California and protected
waters of Canada and Alaska (Figure 2). All regions experience
issues related to sun glint, local waves and white caps during
windy conditions, localized currents, algal blooms, and turbidity.

Remote Sensing Platforms for Kelp
Monitoring
Remote sensing platforms can broadly be separated into three
categories: satellite, occupied airborne, and unoccupied airborne
systems (UAS) (Table 2, see Schroeder et al., 2019 for a
comprehensive review of imagery and data processing methods
for mapping kelp). Satellite multispectral sensors can monitor
kelp canopy dynamics across extensive areas but vary in their
temporal coverage and pixel resolution. Pixel resolution of
imagery used to map kelp canopy varies from sub-meter to
∼100 m. Revisit time for satellite systems varies from days
to weeks and temporal coverage ranges from years to decades

(Table 2). Note that sensor degradation can occur with time,
and so radiometric calibration in needed to improve long-
term consistency (Chander et al., 2007). Also, calibration
among multiple sensors is necessary for programs that use
multiple sensors to improve temporal coverage (e.g., Landsat
and Planet; Table 2; Chander et al., 2009). Some government
satellite programs such as Landsat (NASA/USGS) and Sentinel-
2 (European Space Agency) make their imagery freely available,
while higher resolution commercial imagery (e.g., WorldView-
2 and -3, Planet) requires licensing. The price and availability
of commercial data can vary due to a range of market forces,
potentially impacting long-term monitoring. Occupied airborne
platforms can provide high resolution images, ∼0.25–3.0 m,
depending on the sensor and flight altitude, and give the user
control over the timing of data acquisition, which can address
many of the challenges associated with remote sensing of kelp
canopy (e.g., sun glint, tides, cloud cover, sea conditions; Table 1).
However, aerial imagery can have relatively high operational

Frontiers in Marine Science | www.frontiersin.org 5 October 2021 | Volume 8 | Article 753531

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


fmars-08-753531 October 13, 2021 Time: 15:48 # 6

Cavanaugh et al. Remote Sensing for Kelp Management

FIGURE 2 | The spatial distribution of factors which contribute to challenging
conditions for the remote sensing of canopy-forming kelp on the west coast of
North America. Tidal data from Vestbo et al., 2018.

costs. The ultimate cost of satellite vs. airborne imagery will
depend on several factors including the area, spatial resolution,
and temporal coverage required. Small UAS are becoming more
accessible and affordable, providing scientists and managers
with the flexibility to collect their own cm-scale imagery. These
smaller, relatively inexpensive systems are also more amenable to
crowd sourced citizen science programs. A variety of sensors can
be mounted on UAS; visible and NIR multispectral cameras are
most commonly used for kelp and macroalgal mapping purposes
(Murfitt et al., 2017; Tait et al., 2019; Cavanaugh et al., 2021).
The area covered in a single flight is dependent on the platform,
altitude, and flight conditions, but is typically on the scale of 0.1–
1 km2 (10s–100s of hectares). The time required to conduct UAS
surveys and process resulting imagery limits the spatial coverage
of these data. As with occupied aerial imagery, one benefit of
UAS is the ability to determine the timing of flights, which allows
users to plan around weather, tides (Cavanaugh et al., 2021), and
ocean conditions, and respond quickly to events such as large
wave disturbances and sewage and oil spills.

Validation and Uncertainty Estimation
As with any application of remote sensing, rigorous ground
truthing is required at multiple locations to validate kelp canopy
features estimated over large areas from satellite or aerial imagery.
Kelp canopy presence, areal extent, or species composition can
be assessed using information gathered from a boat or kayak
(Schroeder et al., 2019) or small UAS (Burt et al., 2018; Mora-
Soto et al., 2020; Cavanaugh et al., 2021). Canopy biomass
can be assessed by determining the relationship between the
remote estimates of canopy density and field estimates of canopy
biomass (Stekoll et al., 2006; Cavanaugh et al., 2011). Remotely
sensed estimates of canopy physiology require the development
of spectral algorithms established through the comparison of
laboratory measured pigment concentration of kelp tissue with
field or laboratory measured spectral reflectance (Bell et al.,
2015, 2020b). These spectral algorithms are then validated
by comparing physiological estimates from the imagery to
measurements in the field or by direct comparison of image and
field measured reflectance spectra. An additional consideration
for pairing field measurements with imagery is that the kelp
canopy is a “moving target,” constantly shifting its position and
distribution with changing tides and currents. Some studies
have attempted to account for these variations using spatial
smoothing (e.g., two dimensional gaussian filter) to account
for the shifting canopy in validation imagery (Hamilton et al.,
2020). This is an important consideration for all ground truthing
activities since field validation is rarely achieved simultaneous to
image acquisition.

MANAGEMENT NEEDS

The choice of remote sensing data for informing resource
management depends on the bio-physical characteristics
described above, and the spatial and temporal scales of key
pressures on kelp abundance (Supplementary Table 1) and
associated management actions. For example, local and state
governments and municipalities may manage kelp harvest or
restoration activities at individual sites or along small stretches
of coastline. National, state, and provincial governments may
be responsible for monitoring and management over hundreds
to thousands of km, and international organizations (e.g.,
IUCN) may be interested in tracking global trends in kelp
abundance. In some cases, focus will be on contemporary
data (e.g., monitoring restoration projects) while for others,
a longer historical perspective will be necessary (e.g.,
detecting impacts of climate change and invasive species on
kelp abundance). Spatiotemporal context is key to guiding
investments in data collection and processing to address trade-
offs between spatial and temporal coverage and resolution.
For example, ephemeral perturbations (e.g., oil spills, nutrient
discharges) might require greater investment in the speed of
data processing relative to longer lasting disturbances (e.g.,
coastal development, persistent cooling water discharges). Often,
the physical and biological factors (Table 1) will determine
the minimum spatial resolution needed to accurately measure
kelp, while the management application will determine the
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TABLE 2 | List of remote sensing data that has been used for monitoring surface canopy-forming kelps.

Dataset Spatial
resolution/extent

Temporal
resolution/extent

Example management applications Limitations

Airborne imagery

UAS/drone
imagery

cm scale/10s ha
per flight

Controlled by user • Local mapping and monitoring at high resolution
• Planning and monitoring of restoration projects
• Species-level mapping and monitoring
• Involving local rightholders and stakeholders in monitoring

• Limited spatial coverage
• Collecting, processing, and analyzing imagery can be time

intensive
• Accessibility of coastal launch sites
• Flight restrictions around airports, military installations, etc.

Occupied
Airborne
imagery

Submeter to
meters/100s of km
of coastline per
flight

Controlled by user • Regional monitoring at high resolution
• Estimation of harvestable biomass/regulation of harvest

• Cost—typically $1000s per flight
• Data acquisition limited by weather and other environmental

conditions (e.g., smoke from wildfires)

Satellite imagery

Quickbird 2.6 m/regional
(100s of km)

1–3.5-day repeat
2001–2015

• High resolution maps of kelp canopy for large areas • Cost—typically $1000s per image

Pleiades 2 m/regional (100s
of km)

∼daily repeat
2011–present

• High resolution maps of kelp canopy for large areas • Cost—typically $1000s per image

WorldView 1.2–2 m/regional
(100s of km)

1–3-day repeat
2009–present

• High resolution maps of kelp canopy for large areas • Cost—typically $1000s per image

Planet 3 m/global ∼Daily repeat
2016–present

• High resolution monitoring of kelp abundance from 2016
onward at weekly to monthly timescales

• Standardized regional monitoring
• Detecting impacts of heatwaves and other disturbances

• Cost—licensing fees of $10–60k
• Lower radiometric accuracy than some other

satellite-based sensors
• The constellation approach requires calibration among

difference sensors for time series analysis

SPOT 6–20 m/global 1–3-day repeat
2002–present

• Regional to global monitoring from 2015 onward
• Global maps of kelp canopy and associated ecosystem services
• Detecting impacts of heatwaves and other disturbances

• Cost—$100s–$1000s per image
• Resolution may limit use in some regions

Sentinel-2 10 m/global 5-day revisit
2015–present

• Regional to global monitoring from 2015 onward at monthly to
seasonal timescales

• Global maps of kelp canopy and associated ecosystem services
• Detecting impacts of heatwaves and other more recent

disturbances

• Resolution may limit use in some regions

Landsat 30–80 m/global 16-day repeat
early 1970s to
present

• Regional to global monitoring from late 1970s onward at
seasonal timescales

• Long-term retrospective surveys, e.g., for post hoc BACI-type
analyses

• Documenting decadal trends
• Detecting impacts of climate change on kelp abundance
• Global maps of kelp canopy and associated ecosystem services

• Resolution may limit use in some regions
• The Landsat program spans multiple decades and includes

multiple sensors. As a result, sensor degradation and
calibration among sensors must be accounted for

The spatial and temporal resolution and extent is provided along with example management applications of the data. Spatial and temporal resolution information from Schroeder et al. (2019).
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required spatial and temporal coverage and rate of data
processing (Table 2).

Below we review four general categories of kelp forest
management where remote sensing data may be particularly
valuable: (1) managing wild kelp harvest, (2) designing,
monitoring, and managing marine protected areas (MPAs), (3)
assessing the need and scale of kelp forest restoration, and
(4) detecting climate change impacts to kelp forests. For each
category, we provide examples from the west coast of North
America where remote sensing data has been or will be used
to inform management action and describe the geographic
challenges associated with kelp remote sensing in these locations.
Note that these case studies do not involve new data collection
or analyses. We identified these examples through a review of
scientific literature and government reports. Based on our review,
we provide suggestions for how the use of remote sensing data
could be further developed for each use case.

Managing Wild Kelp Harvest
There is an increasing interest and demand for harvested
macroalgae for food, biofuel and other products, highlighting the
importance of ensuring these resources are managed sustainably
(Krumhansl et al., 2017; Mac Monagail et al., 2017; Ulaski et al.,
2020). Data on kelp species, area, density, and biomass can help
inform spatial management of harvesting, harvest limits, and
adaptive management (e.g., temporary closures during periods
of low kelp abundance). This data could also be used to inform
permitting and zonation of aquaculture activities, i.e., where
aquaculture should or should not occur based on presence and
persistence of wild populations, potential for delivering certain
ecosystem services, etc.

In British Columbia (BC), Canada, the Provincial Ministry
of Forests, Lands, Natural Resource Operations and Rural
Development (FLNRORD) currently manages wild aquatic plant
harvest under the Fish and Seafood Act and the Fish and
Seafood Licensing Regulation (2017). Licensing decisions are
informed by the geographic area where harvesting aquatic plants
may occur, the type of aquatic plants, and the quantity of
each aquatic plant species that may be harvested. To inform
kelp harvest management, the Province of BC surveyed canopy
kelp forest distribution and abundance between 1976 and
2007 using Foreman’s (1975) Kelp Inventory Method (KIM-
1) occupied airborne surveys, to quantify standing crop of
canopy kelps and inform licensing decisions (Sutherland et al.,
2008; Costa et al., 2020). Due to the logistical challenges
and prohibitive cost of collecting this information across a
coastline of roughly 25,000 km, these surveys do not cover
the full extent of kelp forest distribution and most of the
areas have only been surveyed once. As such, these data
are of limited use for informing current licensing, identifying
areas of persistent kelp, and determining trends in kelp
abundance and condition.

To address these data gaps and in response to stakeholder
concerns about perceived declines in kelp, the Marine Plan
Partnership (MaPP), a partnership between the Province of BC
and 16 coastal First Nations (Diggon et al., 2020), initiated a
collaborative regional kelp monitoring program in 2018 with

many partners that is intended to improve understanding of
the distribution, abundance, biomass, and condition of kelp,
document changes over time, and identify pressures on these
systems across the BC coast. Data are collected using a variety
of remote sensing methods, including WorldView and Landsat
satellite imagery, multispectral data from plane-based surveys,
and localized UAS imagery coupled with in situ data, including
kayak/skiff and SCUBA surveys. This multi-scale approach allows
the data to be used for multiple management questions related to
kelp harvest (Table 2 and Figure 3). For example, the Landsat
imagery can be used to make large-scale (i.e., BC-wide) kelp
inventories and detect trends in aerial extent to inform licensing
decisions at local and provincial levels for large kelp forests.
WorldView (and other high spatial resolution satellite platforms)
can be used for detecting trends in aerial extent of narrow fringing
kelp forests. Plane-based surveys provide higher resolution data
that can be useful for inventories of smaller, nearshore beds
for specific regions, and to delineate areas for species-specific
harvest or protection. In situ data and UAS imagery are useful
for monitoring individual kelp forests and making more detailed
measurements of kelp species composition, condition, density,
and biomass. These measurements can also be used to calibrate
and validate remote sensing data.

Designing, Monitoring, and Managing
Marine Protected Areas
State and federal marine protected areas (MPAs) have become key
tools for ocean conservation and ecosystem-based management
(UNEP, 2010; O’Leary et al., 2016). Effectively designing MPAs
and MPA networks to protect and/or restore biodiversity
and ecological functioning requires data on the location of
representative, as well as and rare or vulnerable, species and
habitat types (Margules and Pressey, 2000; Saarman et al., 2013;
Green et al., 2014). MPA networks should include replicates
of habitats or species that are distributed across sites that vary
in environmental characteristics to capture the full suite of
biodiversity and to promote resilience in the face of climate
change (Gaines et al., 2010; Green et al., 2014; Magris et al., 2014;
Carr et al., 2017). Remote sensing approaches are particularly
well-suited to create large-scale kelp habitat maps that can
inform marine planning by identifying areas of higher kelp extent
and density and locations of temporally persistent kelp forests
indicating resilience to environmental change (Cogan et al., 2009;
Kachelriess et al., 2014).

Long term monitoring can provide insight into MPA
management effectiveness (Carr et al., 2019). MPA monitoring
is rarely initiated prior to MPA implementation (one exception
to this is the Channel Islands National Park), which limits the
ability to conduct before-after-control-impact (BACI) statistical
designs, common for ecological assessments of management
interventions (Pomeroy et al., 2005; Rassweiler et al., 2021).
Further, ecological monitoring of MPA networks is rarely
adequately funded and often relies on costly in situ techniques,
making relevant monitoring data challenging to collect (Grorud-
Colvert et al., 2014). Historical remote sensing data can
provide a way to conduct BACI type analyses retroactively, and
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FIGURE 3 | Multi-scale canopy kelp monitoring approach taken by the Marine Plan Partnership. Local scale observations are separated into Tiers which represent
increasing complexity of measurements.

contemporary imagery can provide a cost-effective method for
monitoring kelp abundance inside and outside of MPAs.

In 1999, the state of California passed the Marine Life
Protection Act (MLPA) requiring the re-evaluation of all existing
state MPAs and the design of new MPAs that together would
function as a statewide MPA network focused on goals of
protecting marine ecosystems (including kelp) and rebuilding
depleted marine life populations (Botsford et al., 2014). This
statewide MPA network followed federal efforts such as the
National Marine Sanctuaries (NMS) Act passed in 1972.
Four regional science-based and stakeholder-led MPA planning
processes were conducted between 2006 and 2012, ultimately
leading to the design and designation of a network of 124 MPAs
covering 16% of state waters (0–3 nmi; Gleason et al., 2013).

Kelp, and especially areas of persistent kelp, were identified
by stakeholders and scientists as an important ecosystem to
represent and replicate in MPAs (Saarman et al., 2013). The
California Department of Fish and Wildlife (CDFW) conducted
airborne kelp surveys during peak growth periods (late summer-
fall) at irregular intervals since 1989 (Veisze et al., 2001). This
high spatial resolution (2 m) multi-spectral imagery was used to
develop maps of canopy kelp and to identify areas of persistent
kelp (Figure 4). These kelp mapping data, as well as data for
other key habitats, were made available to stakeholders, scientists,
and policy-makers in an online decision-support tool used during
MPA planning that provided analyses of how much of each
habitat would be protected by proposed MPAs (Merrifield et al.,
2013). Ultimately, about 22% of persistent kelp was protected in
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the statewide MPA network (Gleason et al., 2013). To monitor
kelp habitat across the network, the State of California performed
additional airborne kelp surveys through 2016; however, high
costs have limited the ability to conduct airborne surveys
annually across the State. Landsat-based time series of canopy
area and biomass (Bell et al., 2020a) are currently being used to
document trends inside and outside of MPAs across the network.
This moderate resolution data can be supplemented with analysis
of high resolution satellite imagery (e.g., WorldView and Planet)
and UAS surveys (Cavanaugh et al., 2021).

Similar data will be critical for informing the development
and management of MPAs associated with kelp forests in Baja
California. Protected areas have been historically managed by
fishers under territorial rights called “cooperativas,” with a high
degree of variability in protection level and extent (McCay, 2017;
Villaseñor-Derbez et al., 2019). In 2017, the Mexican government
decreed all islands in Baja California as a Biosphere Reserve.
However, protection to marine habitats is variable as fishing and
aquaculture use is still permitted in many reserves. Future efforts
to expand the extent and protection levels of marine reserves will
require data on the distribution of habitat such as kelp forests
(Arafeh-Dalmau et al., 2021).

Kelp Forest Restoration
Across the globe, kelp forests have become increasingly
threatened by multiple stressors that are exacerbated by climate
change (Krumhansl et al., 2016; Wernberg et al., 2016; Arafeh-
Dalmau et al., 2020). Documented kelp forest declines around the
world, including several dramatic examples of local or regional
extinctions of kelp (California, United States: Rogers-Bennett and
Catton, 2019; Australia: reviewed in Layton et al., 2020, Atlantic
Canada and Europe: reviewed in Filbee-Dexter and Wernberg,
2018) have driven increasing interest in kelp forest restoration as
a way to conserve and rebuild populations (Eger et al., 2020a;
Layton et al., 2020). On portions of the west coast of North
America, heatwaves, sea star wasting disease, and increases in
grazer populations have caused local- to regional-scale declines
in kelp abundance. Resource managers have expressed interest
in restoring kelp forests in areas where declines have been most
severe and enduring to recover declining and lost ecosystem
functions. Pilot projects including herbivore removal and kelp
outplanting are beginning and interest for more effort is high but
identifying locations for restoration efforts has been challenging
across such a large geography. Remote sensing offers an efficient
option for mapping areas where kelp has been lost (including
urchin barrens; Carnell and Keough, 2019; Glasby and Gibson,
2020), locating remnant kelp patches (for spore production),
selecting sites that may be suitable for restoration based on the
history of kelp presence and persistence, and monitoring the
impacts of restoration efforts over time (Gleason et al., 2021).

For example, resource managers, scientists and policy
advocates convened to outline strategies for restoring populations
of bull kelp following its widespread demise along the coast
of Northern California and in the Greater Farallones National
Marine Sanctuary (Hohman et al., 2019). Recommended actions
included the harvest of purple sea urchins, reintroduction of
sea stars, and seeding of kelp. A key planning step in all

these actions involves potential site selection; historical canopy
persistence was identified as an important variable for this
process. Hohman et al. (2019) suggested calculating persistence
using the time series of CDFW airborne surveys described in the
previous section (Veisze et al., 2001; Figure 4). This imagery has
high enough spatial resolution to map the nearshore, fringing
forests of bull kelp found along this region. However, these
annual surveys ended in 2016 (with additional airborne surveys
attempted in 2019 and 2020 but incomplete due to historic
wildfire smoke occluding imagery), and the Greater Farallones
Sanctuary Advisory Council emphasized the importance of
developing a cost-effective long-term monitoring program to
document future changes in bull kelp abundance in restored and
non-restored areas. A combination of UAS and high resolution
satellite imagery were recommended for these monitoring efforts
because (1) high spatial resolution (∼1–10 m) imagery is needed
to capture small nearshore forests in this region, (2) control over
the timing of image acquisition or imagery with a high revisit
frequency is needed to account for the relatively high cloud
cover in the region, and (3) the spatial extent of the decline is
relatively large (100s of km) and may be difficult to cover with
UAS imagery alone. To this end, a collaborative UAS monitoring
network was started in 2019 to monitor key sites in the hardest
hit parts of the region. High-resolution satellite, UAS, and in situ
monitoring are also being used to assess the effectiveness of pilot
restoration efforts.

Detecting Climate Change Impacts to
Kelp
Distinguishing the impacts of climate change on kelp abundance
is an important management challenge that requires cost-
effective time series data at large spatial scales. This type of
application requires long-term (>30 years) monitoring of kelp
dynamics in order to separate climate related trends from other
sources of variability (Bell et al., 2020a). As a result, long-term
satellite time series such as the Landsat program, which has been
operating continuously since 1972 (imagery freely available),
and the SPOT program, which has been operating since 1984
(imagery not freely available), are likely to be the most useful tools
for these applications. The multidecadal Landsat time series has
been used to examine trends in kelp abundance in Baja California
(Arafeh-Dalmau et al., 2019; Cavanaugh et al., 2019), southern
California (Bell et al., 2020a), central California (Young et al.,
2016), northern California (Finger et al., 2021; McPherson et al.,
2021), and Oregon (Hamilton et al., 2020). But 30 m resolution
Landsat imagery is not suitable for monitoring kelp in certain
regions (see “Geography of Challenges”). In these locations, time
series from higher resolution satellite and airborne sensors should
be combined with other data such as historical airborne and
in situ surveys to characterize long-term trends and drivers (e.g.,
Pfister et al., 2018; Schroeder et al., 2020; Berry et al., 2021).

Such data can be used to inform approaches aimed at
mitigating the widespread effects of climate change on kelp across
a spectrum of more localized management actions discussed
above (e.g., kelp harvesting, MPA design, and kelp forest
restoration). For example, near real-time kelp monitoring can
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FIGURE 4 | Example kelp canopy persistence map created from the California Department of Fish and Wildlife annual aerial surveys. Persistence is calculated as the
percentage of years between 1999 and 2010 with kelp canopy. State Marine Reserves (SMR) and State Marine Conservation Areas (SMCA) are outlined in gray. Kelp
persistence data can be accessed from California Department of Fish and Wildlife at https://map.dfg.ca.gov/metadata/ds1058.html.

facilitate adaptive management of kelp forest harvesting and
kelp dependent fisheries. Harvest limits and closures can be
implemented during disturbances such as marine heatwaves
(e.g., the closure of the recreational abalone fishery following
collapse of kelp forests in northern California after 2014; Rogers-
Bennett and Catton, 2019), while harvest could be expanded
when conditions promote high productivity. The identification
of remnant forests might identify sources of resistant genotypes
that can be used to restore forests more likely to persist in future
environmental conditions. Data on long-term changes to kelp
distributions can be used to predict range shifts of kelp and
associated species and support proactive management.

CONCLUSION

Geographic variability in the physical environment, the highly
dynamic nature of kelp forests, and a wide variety of management
issues combine to create challenges for remote monitoring of
kelp canopy. Fortunately, the availability of remote sensing tools
for monitoring and management of surface-canopy forming kelp
forests is increasing due to new satellite datasets and advances
in UAS technology. These approaches can be used to conduct

monitoring of kelp species and abundance over much larger areas
than is possible with in situ methods.

Our four case studies demonstrate how a variety of datasets
are required to address different management issues across a
large geographic area with a wide range of kelp habitat types.
Calibrated regional to global satellite-based datasets on kelp
distributions and dynamics (Bell et al., 2020a; Mora-Soto et al.,
2020) are useful for applications like detecting the impacts of
climate change at large spatial scales. However, these large-
scale data are not suitable for mapping kelp in some locations,
including areas where kelp forms small, fringing, nearshore
forests. These large-scale datasets can be complemented with
mapping efforts that utilize other remote sensing data such as
high-resolution satellite/airborne and UAS imagery, and with
targeted in situ surveys of kelp abundance and size structure.
Scientists and managers must also calibrate and standardize data
from different sensors and/or different processing methods, and
in situ data can be valuable for this purpose. This standardization
is critical for creating time series of kelp dynamics from
different data sources.

More work is needed to characterize and account for the
uncertainties of remote estimates of kelp abundance due to
sensor characteristics, processing methods, and environmental
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factors. This uncertainty will determine the usefulness of different
remote sensing approaches for a particular management action
or objective. For example, if a review of kelp harvesting is
triggered by a certain level of decline in kelp abundance in a
region (e.g., 20%), then the sampling method must be sufficient
to distinguish this level of change. It is particularly important to
characterize detection limits and sensitivity for coarser resolution
satellite imagery (e.g., Hamilton et al., 2020; Finger et al., 2021).
Characterizing uncertainty in datasets is especially important
and challenging for interpretation of historical imagery where
contemporaneous validation data is missing.

While our case studies are focused on the west coast of North
America, the principles discussed here are relevant for remote
sensing of canopy-forming kelp forests in other parts of the
world. For example, remote sensing data have been used to
document surface-canopy forming kelp dynamics in Tasmania
(Johnson et al., 2011; Butler et al., 2020), New Zealand (Fyfe
et al., 1999), Chile (Huovinen et al., 2020), and Argentina
(Friedlander et al., 2020). Recently a global map of giant kelp
distribution was created from Sentinel-2 satellite imagery (Mora-
Soto et al., 2020). Next steps for scientists are to map changes
in kelp distributions at global scales with increasing spatial and
temporal resolution to better inform management and increase
understanding of key drivers of kelp loss. The characteristics
that affect remote sensing of kelp that we identified here
(Table 1) can help guide the development of future datasets
that expand the spatial and temporal coverage of canopy kelp
forest dynamics.

As the remote sensing community integrates various datasets
and compares processing methodologies, the management
community should work to share and coordinate management
strategies across regions and organizations. Kelp forests
span local, regional, and national borders, and coordination

among management organizations could help to address
the ongoing multi-scale pressures on kelp forest ecosystems
(Aburto-Oropeza et al., 2018; Supplementary Table 1).
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