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Abstract

Satellite imagery is a useful tool for monitoring and mapping the distribution of invasive or nuisance algal species
on coral reefs over the temporal and spatial scales needed for ecosystem management. Visual inspections of high-
resolution satellite imagery were used to detect the newly discovered nuisance alga, Chondria tumulosa, at Manawai
(Pearl and Hermes Atoll) in combination with ground-truthing surveys. Low-albedo (“dark”) survey sites on spur
habitats were associated with mean C. tumulosa cover seven times higher than adjacent high-albedo (“light”) sites.
There was an inverse relationship between C. tumulosa percent cover at ground-truthing sites and mean reflectance
values. Archival satellite imagery showed that areas of high C. tumulosa cover (i.e., dark patches) were not evident
on or before 2015 on the northeast backreef. This case study is the first to apply satellite imagery to target a nuisance
red macroalgal bloom on a coral reef. The ability to use satellites for the detection of nuisance or invasive benthic
species, such as expansive mats of C. tumulosa, provides managers with a valuable tool, especially in remote
regions.
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Introduction

Marine invasive and nuisance species are important yet understudied issues faced by natural resource managers and
coastal communities worldwide (Watkins et al. 2021). When managing invasive species, one of the most valuable
types of data needed by managers to launch a response is the extent of invasion across the area of interest (Shaw
2005;Trueman et al. 2014;). Accurate and complete distributional data can help managers better prioritize an
invasive species problem over the myriad of other competing management needs (Mack 2000). Such distributional
data for reef species (nuisance, invasive, or otherwise) at large spatial scales is often unavailable due to the spatial
and temporal limitations of in situ field survey techniques, which provide valuable data and observations but are
very limited in spatial and temporal coverage in marine environments (Edmunds and Bruno 1996). Satellite remote
sensing techniques have long been recognized as having the potential to resolve reef species distributions at larger
spatial scales (Hedley et al. 2016).

Invasive and nuisance species of benthic macroalgae are major management challenges on coral reefs worldwide
(Davidson et al. 2016). The formation of conspicuous invasive and nuisance algal beds or mats over large areas
(hundreds to thousands of square meters) may provide a unique spectral signal that achieves the needed level of
discrimination via satellites. Satellite imagery has been successfully applied to the targeted mapping of blooms of
invasive or nuisance brown (Noiraksar et al. 2014; Hoang et al. 2016; Andréfouét et al. 2017) and green (Santos et
al. 2020; Brisset et al. 2021) algae on coral reefs. These studies determined the spatial and temporal distribution of
target macroalgae in specific reefs, which assisted managers with an understanding of potential drivers and the
development of management actions (Andréfouét et al. 2017; Brisset et al. 2020).

In 2019, a previously undescribed red alga (Chondria tumulosa) was found overgrowing large areas of the reef
(including live corals, Fig 1) at Manawai (Pearl and Hermes Atoll) in the Papahanaumokuakea Marine National
Monument (Sherwood et al. 2020). Chondria tumulosa forms large mounds or mats up to 20 cm in height that are
loosely attached to hard substrate and composed of densely packed, tangled thalli (Sherwood et al. 2020). Currently,
this alga is described as cryptogenic because its origin is unresolved. However, its rapid spread, smothering
morphology, and ability to quickly overgrow native corals and algae imbue this alga with invasive-like traits that
warrant its current classification as a nuisance alga.

The objectives of this study were to 1) investigate the potential of using commercially available high-resolution
satellite imagery (8 bands and 2.6 m spatial resolution) to remotely detect and map C. tumulosa at Manawai; and 2)
assess whether there is a relationship between in situ estimates of C. tumulosa cover and remotely-sensed reflectance
data at photosynthetic wavelengths. We hypothesized that areas with C. tumulosa would have lower reflectances at
those wavelengths absorbed by photosynthetic pigments.

Methods

Manawai (Fig. 2) is the second largest shallow-water area (407.2 km? in 0-20 m depth) in Papahanaumokuakea
Marine National Monument (Parrish and Boland 2004). Manawai’s coral reef ecosystem has ranked second within
the Hawaiian archipelago in terms of “health and value™ based on factors such as reef fish biomass, total living coral
cover, and endemism (Jokiel and Rodgers 2007), suggesting this is a nearly pristine ecosystem.

Visual field surveys were conducted at Manawai in August 2019 and October 2020. Field surveys were conducted
by experienced SCUBA divers (2019) and snorkelers (2020), who visually estimated C. tumulosa percent cover in a
10 m? area. The 2019 survey data were collected as part of NOAA research cruise RA-19-02, which first discovered
areas of high C. tumulosa cover. We visually inspected World View (WV2) 8-band multispectral images (2.6 m
spatial resolution) from 24 March 2019 and 6 December 2019 in the vicinity of 2019 survey locations (Fig. 2a, 2b)
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for reflectance features (i.e., areas of low albedo) that might be associated with a high C. tumulosa cover. Such
features were then used to visually identify suspect areas on the 29 May 2020 WV2 imagery that could be ground-
truthed on the October 2020 field survey expedition. These particular images were chosen because they were the
closest usable imagery to the August 2019 and October 2020 field surveys, had no cloud cover over the areas of
interest, and had excellent water penetration (i.e., minimal sun glint or waves). Ground-truthing sites were on spur
habitats of the forereef in the southwest region of the atoll (Fig. 2a) and chosen haphazardly. Chondria tumulosa
cover, coral cover, and habitat complexity (Polunin and Robers 1993) were visually estimated at ground-truthing
sites. The background habitat in the ground-truthing area was pavement with patches of sand.

The WV2 data from the 29 May 2020 was reduced to the subsurface remote sensing (RS) reflectance by converting
the digital numbers to the top of atmosphere reflectance, correcting for the atmosphere (6S model), and applying the
formula of Lee et al. (2002) to the atmospherically-corrected surface reflectance. A regression analysis was used to
examine the relationship between the algal cover and RS reflectance at specific bands and an index (mean of the
coastal, blue, and green bands). We used this analytical approach to test the relationship between C. tumulosa for
ease of interpretation. Correction for sun glint was unnecessary due to negligible amounts of glint (i.e., almost no
reflectance in the NIR bands). We did not correct the RS reflectance (henceforth, “reflectance”) for water column
effects because we lacked the data on the bathymetry and inherent and apparent optical properties of water at the
location of the survey sites to confidently allow for these corrections.

Archival WV2/3 imagery of the northeast backreef from similar times of year was selected to assess inter-annual
variation in C. tumulosa cover (Fig. 2b, ¢). The northeast backreef area of interest (AOI) was chosen because the
images from this area were less affected by the water column and variations due to relatively uniform conditions and
shallow depth. Images of the northeast backreef from 21 December 2010, 24 January 2015, 13 December 2018, and
6 December 2019 were suitable for visual analyses.

Results and discussion

Visual inspection of WV2 imagery from 24 March 2019 identified dark patches (i.e., low albedo) in the vicinity of
the April 2019 field survey sites identified with a high percent cover of C. tumulosa (Fig. 2 and 3). Ground truthing
surveys found C. tumulosa at all ten dark survey sites (October 2020), while the alga was observed at only four of
the seven light areas (Fig. 4). The mean percent cover of C. tumulosa at dark sites (15-35%) was seven times that of
adjacent light sites (0-5%) (Table 1). In terms of habitat complexity, all sites had low to sparse relief. Average coral
cover, and depth at ground-truthing sites were almost identical between dark and light survey sites (Table 1). In
general, the area surveyed had relatively low densities of live coral and was dominated by pavement (Fig. 4; Table
1). The high coverage of pavement in the southwest forereef AOI provided a high albedo (higher reflectance)
background that contrasted with live C. tumulosa mats (low albedo) that absorb more light via photosynthetic
pigments. This suggests it would be difficult to distinguish C. tumulosa in reefs with high coral and algal cover.

The coastal band (400-450 nm), blue band (450-510 nm), green band (510-580 nm), and Index were effective in
discerning patches of high C. tumulosa cover on the southwest backreef AOI. The average reflectance of low C.
tumulosa cover areas (light patches) in the first three bands were 41, 30, and 24 % greater than dark patches,
respectively (Fig. 5). These shorter wavelength bands penetrate deeper and have been helpful in targeting brown and
green macroalgae on coral reefs (Hoang et al. 2016; Noiraksar et al. 2014; Andréfouét et al. 2017; Setyawidati et al.
2018; Brisset et al. 2021). In shallower waters, longer wavelength bands from WV satellites could improve the
ability to discern C. tumulosa. Hoang et al. (2016) found that WV2’s yellow band greatly improved the
identification of Sargassum beds in the shallow (<4 m) waters of Rottnest Island’s coral reefs (Western Australia).
Reflectance values in the first three bands ranged from the ground truthing sites ranged from 0.012 — 0.054. The
lack of separation in the other bands and the overall low reflectance values were not surprising given the range of
depths at the ground-truthing sites due to their absorption by the water column — longer wavelengths are the more
rapidly absorbed. The negative reflectance in the last three bands was likely due to the uncertainty associated with
the atmospheric information.

Percent algal cover and reflectance displayed a moderate negative association (Fig. 3). Linear regressions of the

reflectance versus percent C. tumulosa cover showed that the green band (R? = 0.76, F(1,15) = 47.50, p < 0.0001)
was the best predictor of C. tumulosa cover, followed by the Index (R? = 0.75, F(1,15) = 47.50, p < 0.0001), blue
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band (R? = 0.67, F(1,15) = 30.86, p < 0.0001), and lastly the coastal band (R? = 0.66, F(1,15) = 29.32, p < 0.0001.
Residuals were an order of magnitude smaller (0.005 to -0.005) than reflectance values, and visual inspection found
linear models were relatively well suited for the regression analysis. These comparisons provide empirical support
for our hypothesis that low reflectance/high absorption at photosynthetic wavelengths are a useful indicator of the
presence and relative cover of C. tumulosa at Manawai on the forereef. The associations observed here may lead to
the development of models to directly quantify algal cover and biomass (see Andréfouét et al. 2017; Brisset et al.
2021) using radiative transfer approaches in the near future.

Inspection of archival images detected large patches of the northeast backreef AQOI that darkened between 2015 and
2018 and continued to increase into 2019 (Fig. 6). This suggests the transition to a C. tumulosa-dominated benthic
habitat in the northeast backreef AOI occurred sometime after 2015. This chronology of C. tumulosa spread at
Manawai supports the timeline documented in benthic survey data collected over the past 20 years (Sherwood et al.
2020).

An important limitation of the application of multispectral satellite imagery to the detection of C. tumulosa at the
reef scale is its utility in relatively shallow water (< 15 m) versus C. tumulosa’s observed depth range to at least 23
m depth. This limitation is due to the rapid attenuation of light (particularly in the longer visible wavelengths and
near-infrared region) and its scattering by the water column. In addition, the reliance on low albedo as the diagnostic
feature versus a unique spectral profile for the alga increases the possibility of confusing C. tumulosa with other
photosynthetic organisms (e.g., corals, algal turf, and other red macroalgae) or mixtures of organisms and/or
habitats. This spectral confusion is due to the WV2/3 sensors having few broad bands (ranging from 25 to 70 nm
wide); a larger number of narrower spectral bands (10 to 20 nm) would be needed to discriminate among major reef
bottom types (Hochberg and Atkinson 2003). Confusion is also affected by the background heterogeneity of the
reef, which can result in mixed pixels depending on the complexity of the benthos (due to mixtures of habitats or
organisms). While researchers were able to map target species of brown algae on coral reefs (Noiraksar et al. 2014;
Hoang et al. 2016; Andréfouét et al. 2017), Andréfouét et al. (2004) could not separate the radiometric signal of an
invasive brown alga from those of other habitats in a highly heterogeneous reef in Tabhiti.

Analyzing images at diverse temporal scales (monthly to annually) may detect changes in albedo that could
minimize confusion, improve the detection of C. tumulosa, and aid in the large-scale monitoring of reefs from
satellite imagery. Hedley et al. (2021) used this approach to distinguish transient patches of floating Sargassum
fluitans and S. natans from seagrasses and live corals in Sentinel-2 imagery. Observations from the field and studies
of closely related taxa suggest that it is reasonable to suspect that some potential causes of C. tumulosa-related
changes in albedo could include sloughing from the benthos (Sherwood et al. 2020), mat removal via high wave
motion, and seasonal variation in biomass (Hay and Norris 1984). Given that seasonal variability in biomass is a
characteristic of other species of red macroalgae in the tropics (Hay and Noris 1984), changes in biomass between
the date the imagery was collected and the date the ground truthing surveys were conducted represent a potential
source of error. This large gap in time was primarily due to the use of opportunistic archival imagery. In future
work, gaps could be reduced if acquisitions were coordinated with field surveys.

High-resolution WV2/3 imagery can successfully identify areas of high C. tumulosa abundance (i.e., areas of low
albedo) on the reefs of Manawai. The association of C. tumulosa with decreased albedo in WV2/3 imagery will
dramatically improve our ability to map C. tumulosa’s spatial extent and provides satellite-based observations on the
timeline of C. tumulosa spread at Manawai. This technology holds great potential in the early detection of new
outbreaks of C. tumulosa within the Papahanaumokuakea Marine National Monument and elsewhere. Although
many challenges remain in applying satellite remote sensing technology to monitoring invasive species on coral
reefs, the ability to monitor large areas and the variety of available satellite products make it a relatively inexpensive
approach worth exploring.

Declarations
Conflict of interest On behalf of all authors, the corresponding author states that there is no conflict of interest.

These results may be presented as an oral presentation at an internal U.S. Fish and Wildlife Service seminar series.



This work was supported by grants through the National Science Foundation (DEB-1754117 to Sherwood and
Spalding), U.S. Fish and Wildlife Service (Miura), and the National Fish and Wildlife Foundation (Spalding and
Miura), and the National Aeronautics and Space Administration (Torres-Pérez).

Citations

Andréfouét S, Zubia M, Payri C (2004) Mapping and biomass estimation of the invasive brown algae Turbinaria
ornata (Turner) J. Agardh and Sargassum mangarevense (Grunow) Setchell on heterogeneous Tahitian coral reefs
using 4-meter resolution IKONOS satellite data. Coral Reefs 23:26-38

Andréfouét S, Payri C, Van Wynsberge S, Lauret O, Alefaio S, Preston G, Yamano H, Baudel S (2017) The timing
and the scale of the proliferation of Sargassum polycystum in Funafuti Atoll, Tuvalu. J Appl Phycol 29: 3097-3108

Brisset M, Van Wynsberge S, Andréfouét S, Payri C, Soulard B, Bourassin E, Gendre RL, Coutures E (2021)
Hindcast and near real-time monitoring of green macroalgae blooms in shallow coral reef lagoons using Sentinel-2:
a New-Caledonia case study. Remote Sens 13:211

Davidson AD, Campbell ML, Hewitt CL, Schaffelke B (2015) Assessing the impacts of nonindigenous marine
macroalgae: an update of current knowledge. Botanica Marina 58:55-79

Edmunds PJ, Bruno JF (1996) The importance of sampling scale in ecology: kilometer-wide variation in coral reef
communities. Mar Ecol Prog Ser 143:165-171

Hay ME, Norris JN (1984) Seasonal reproduction and abundance of six sympatric species of Gracilaria Grev.
(Gracilariaceae; Rhodophyta) on a Caribbean subtidal sand plain. In Eleventh International Seaweed Symposium.
Springer, Dordrecht, pp 63-72

Hedley J, Roelfsema C, Chollett I, Harborne A, Heron S, Weeks S, Skirving W, Strong A, Eakin C, Christensen T,
Ticzon, V (2016) Remote sensing of coral reefs for monitoring and management: a review. Remote Sens 8:118

Hedley JD, Velazquez-Ochoa R, Enriquez S (2021) Seagrass depth distribution mirrors coastal development in the
Mexican Caribbean—an automated analysis of 800 satellite images. Front Mar Sci 2021:1449

Hoang TC, O'Leary MJ, Fotedar, RK (2016) Remote-sensed mapping of Sargassum spp. distribution around
Rottnest Island, Western Australia, using high-spatial resolution WorldView-2 satellite data. J Coast Res 32:1310-
1321

Hochberg EJ, Atkinson MJ (2003) Capabilities of remote sensors to classify coral, algae, and sand as pure and
mixed spectra. Remote Sens Environ 85:174-189

Jokiel PL, Rodgers KS (2007) Ranking coral ecosystem “health” and “value” for the islands of the Hawaiian
Archipelago. Pac Conserv Biol 13:60-68

Lee ZP, Carder KL, Arnone RA (2002) Deriving inherent optical properties from water color: a multiband quasi-
analytical algorithm for optically deep waters. Appl Opt 41:5755-5772

Mack RN (2000) Assessing the extent, status, and dynamism of plant invasions: current and emerging approaches.
In: Mooney H, Hobbs RJ (eds) Invasive species in a changing world. Island Press, Washington, D.C., pp 141-168

Mumby PJ, Hedley JD, Chisholm, JRM, Clark CD, Ripley H, Jaubert J (2004) The cover of living and dead corals
from airborne remote sensing. Coral Reefs 23:171-183

Noiraksar T, Sawayama S, Phauk S, Komatsu T (2014) Mapping Sargassum beds off the coast of Chon Buri
Province, Thailand, using ALOS AVNIR-2 satellite imagery. Botanica Marina 57:367-377



Polunin NVC, Roberts CM (1993) Greater biomass and value of target coral-reef fishes in two small Caribbean
marine reserves. Mar Ecol Prog Ser 100:167-167

Parrish FA, Boland RC (2004) Habitat and reef-fish assemblages of banks in the Northwestern Hawaiian Islands.
Mar Biol 144:1065-1073

Santos RO, Varona G, Avila CL, Lirman D, Collado-Vides L (2020) Implications of macroalgae blooms to the
spatial structure of seagrass seascapes: The case of the Anadyomene spp.(Chlorophyta) bloom in Biscayne Bay,
Florida. Mar Pollut Bull 150:110742.

Setyawidati NAR, Puspita M, Kaimuddin AH, Widowati I, Deslandes E, Bourgougnon N, Stiger-Pouvreau V (2018)
Seasonal biomass and alginate stock assessment of three abundant genera of brown macroalgae using multispectral
high resolution satellite remote sensing: A case study at Ekas Bay (Lombok, Indonesia). Mar Pollut Bull 131:40-48

Shaw DR (2005) Translation of remote sensing data into weed management decisions. Weed Sci 53:264-273

Sherwood AR, Huisman JM, Paiano MO, Williams TM, Kosaki RK, Smith CM, Giuseffi L, and Spalding HL
(2020) Taxonomic determination of the cryptogenic red alga, Chondria tumulosa sp. nov., (Rhodomelaceae,
Rhodophyta) from Papahanaumokuakea Marine National Monument, Hawai ‘i, USA: A new species displaying
invasive characteristics. PLoS One 15: e0234358

Trueman M, Standish R, Orellana D, Cabrera W (2014) Mapping the extent and spread of multiple plant invasions
can help prioritize management in Galapagos National Park. NeoBiota 23:1-16

Watkins HV, Yan HF, Dunic JC, Cété IM (2021) Research biases create overrepresented “poster children” of
marine invasion ecology. Conserv Lett 14:€12802

Figures and Tables

Fig. 1 Site with high C. tumulosa cover on the northern backreef (a), showing a portion of mat unattached from the
reef, and another site on the eastern forereef (b) with high cover, showing C. tumulosa overgrowing live Porites sp.
(Photo: Taylor Williams).

Fig. 2 The areas of interest (AOI) for this study. Close-up views of the southwest forereef AOI (a) and northeast
backreef AOI (c) showing dark patches and the locations of the 2019 SCUBA algal survey (colored dots) and the
2020 ground-truthing sites (crosses). The general area of dark patches are outlined with a dashed line.

Fig. 3 The remote sensing reflectance in the coastal (a), green (b), blue (c), and Index (d) from the 2020 ground-
truthing sites versus C. tumulosa cover (%) recorded for each site.

Fig. 4 Images of sites with low (a) and high (b) C. tumulosa cover from the 2020 ground-truthing snorkel surveys.

Fig. 5 Spectral profiles of light (dashed line) and dark sites (solid line) showing the mean reflectance and standard
deviation of each of the satellite’s eight bands in light sites and dark sites.

Fig. 6 WV-2 and 3 false color composite images over the northeast backreef AOI, from 2010 (a) to 2019 (d). The
coastal, blue, and green bands are assigned to blue, green, and red colors. The numbers in (d) represent field
estimates of C. tumulosa % cover in the August 2019 field survey, and the yellow lines denotes the 10 m
bathymetric isocline.



