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A B S T R A C T   

Information on the spatial distribution of habitats and vulnerable species is important for conservation planning. 
In particular, detailed knowledge on connectivity of marine ecosystems in relation to depth and seafloor char-
acteristics is crucial for any proposed conservation and management actions. Yet, the bulk of the seafloor remains 
under-sampled, unstudied and unmapped, thereby limiting our understanding of connections between shallow 
and deep-water communities. Recent studies on mesophotic coral ecosystems (MCEs) have highlighted the 
Western Indian Ocean as a particularly understudied marine region. Here we utilise an autonomous underwater 
vehicle (AUV) to collect in-situ temperature, oxygen concentration, bathymetry, acoustic backscatter and 
photographic data on benthic communities from shallow (<30 m) and mesophotic (30–150 m) depths at selected 
sites in the Greater Pemba Channel, Tanzania. Further, we use generalised additive models (GAMs) to determine 
useful predictors of substratum (hard and sand) and benthic community type (coral, turf algae, fleshy algae, fish). 
Our results revealed the presence of a complex seafloor characterised by pockmarks, steep slopes, submarine 
walls, and large boulders. Photographs confirmed the presence of MCE composed of corals, algae and fishes on 
the eastern margins of the Pemba Channel. The GAMs on the presence and absence of benthic community 
explained 35%–91% of the deviance in fish and fleshy algae assemblages, respectively. Key predictors of the 
distribution of hard substrata and the coral reef communities were depth, showing the upper boundary of MCEs 
present at 30–40 m, and seafloor slope that showed more occurrences on steep slopes. The upper 100 m of water 
column had stable temperatures (25–26 ◦C) and oxygen concentrations (220–235 μmol/l). We noted the presence 
of submarine walls, steeply inclined bedrock, which appeared to support a highly bio-diverse community that 
may be worthy of particular conservation measures. Our results also highlight the capability of using marine 
robotics, particularly autonomous vehicles, to fill the knowledge gap for areas not readily accessible by divers or 
with surface vessels, and their potential application for the initial survey and subsequent monitoring of Marine 
Protected Areas.   

1. Introduction 

Coral reef ecosystems are characterised by a light dependent biotic 
community comprising corals, sponges, and algae, with associated fish 
species that are distributed from shallow (0–30 m) to mesophotic 
(30–150 m) depths. In the latter depth range they are typically referred 
to as Mesophotic Coral Ecosystems (MCEs) (Laverick et al., 2018; Pyle 
and Copus, 2019). MCEs are considered distinct from their shallow 

counterparts due to a decrease in light attenuation and temperature with 
increasing depth, resulting in a vertical zonation of community structure 
(Kahng et al., 2019). As such, MCEs can provide, to a variety of species, a 
refuge against high temperature (Kahng et al., 2019), which has sig-
nificant impacts on shallow coral reef systems by causing massive coral 
bleaching and mortality, as evidenced in different Western Indian Ocean 
(WIO) locations (Obura et al., 2017; Gudka et al., 2019). MCEs are also 
important for the maintenance of biodiversity and, in some places the 
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provision of fisheries resources, or as a refuge from high fishing pressure 
in shallow waters (Tyler et al., 2009; Bongaerts et al., 2010; Pinheiro 
et al., 2016). As such, understanding distribution of organisms and 
habitat use is critical towards ensuring effective sustainable manage-
ment of marine areas. 

Nearly 10% of the global ocean floor is unmapped (Wölfl et al., 
2019). This is especially the case in the WIO region where water column 
and seafloor characteristics are under-sampled (Groeneveld et al., 
2017). In particular, MCEs in the WIO are amongst the most under-
studied marine ecosystems of the world (Laverick et al., 2018; Pyle and 
Copus, 2019). This contrasts with the shallow coral ecosystems that in 
general have been adequately surveyed. The dichotomy in sampling 
effort stems from logistical and capacity challenges associated with 
accessing these ecosystems. Shallow coral ecosystems are easily acces-
sible by SCUBA divers and have benefited from long-term monitoring 
programmes, particularly those set up after the 1998 El Niño event 
(Souter et al., 2000; Muhando, 2009). Data acquisition in deep areas is 
associated with high ship-based costs related to time and human re-
sources (Wölfl et al., 2019), and a lack or limited access to technology. 
For instance, since the 1970s, there have been less than ten ship-based 
deep-sea surveys in Tanzania (Kaehler et al., 2008; Groeneveld and 
Koranteng 2017; see also Gates et al., this issue). In part, these surveys 
involved the deployment of remotely operated vehicles aimed at 
locating and filming coelacanths (Latimeria chalumnae) and their habi-
tats. Nevertheless, information on the existence and spatial distribution 
of MCEs is underreported or non-existent, limiting any efforts in con-
servation planning especially in this era of increasing ocean tempera-
tures (Bridge et al., 2012; Hoegh-Guldberg et al., 2018). The potential 
importance of the WIO’s mesophotic depths is indicated by the high fish 
biomass (1100 kg/ha) recorded on ocean-exposed fringing reefs that 
occur at the boundary between shallow and upper mesophotic depths 
(Samoilys et al., 2019; Osuka et al., 2020). However, given the limited 
number of surveys in the WIO, the extent and overall linkages between 
shallow and mesophotic systems remains unknown. 

Unmanned, autonomous vehicles offer an alternative option for 
reducing the high operational costs and logistical challenges associated 
with surveying deeper waters (Wynn et al., 2014; Benoist et al., 2019). 
They can provide an improved mission safety and can undertake distant 
operations beyond the detection ranges of human observers (Verfuss 
et al., 2019). Water column vehicles, such as autonomous underwater 
vehicles (AUVs), have the ability to: survey greater depths (some being 
full ocean depth capable; see e.g. Durden et al., 2020), provide high 
spatial resolution data (0.1–0.5 m) on seabed properties and simulta-
neously collect data on water column properties, bathymetry, acoustic 
backscatter, and benthic habitats and species (Wynn et al., 2014; Huv-
enne et al., 2018). For these reasons, application of unmanned vehicles 
has increased rapidly in recent years and is now widely applied in 
remote seabed mapping and oceanography studies (Simon-Lledó et al., 
2019), and the monitoring of Marine Protected Areas (MPAs) and 
wildlife (Verfuss et al., 2019; Benoist et al., 2019; Zelada Leon et al., 
2020). 

Seafloor and water column characteristics can help to predict the 
occurrence of biotic communities such as those comprised of coral and 
algae (Sterne et al., 2019; Pörtner 2010). Abiotic predictors, such as 
water depth, seabed slope, rugosity, and aspect, influence the distribu-
tion of benthic communities and habitats (Wilson et al., 2007). Water 
depth has distinctive, and occasionally contrasting, associations with 
benthic communities. For example, scleractinian zooxanthellate corals 
are anticipated to reduce in abundance with increasing water depth 
(Stefanoudis et al., 2019). However, at greater depths (e.g. >30 m), the 
coral community (e.g. octocorals and antipatharians) can show a posi-
tive relationship with depth (Schmahl et al., 2008; Stefanoudis et al., 
2019). Benthic communities also show well-established relationships 
with seafloor slope, rugosity, and plan curvature (Wedding and Fried-
lander, 2008). Slope is defined as steepness of seafloor surface and is 
useful in calculating slope of slope i.e. the rate of change in steepness, 

while rugosity describes the ruggedness of seafloor surface. Plan cur-
vature refers to how sloping surfaces are shaped, whether concave, 
convex or linear, this influences the convergence and divergence of flow 
(Sterne et al., 2019). Aspect denotes the direction a surface faces and can 
determine the direction of water flow over the seafloor as well as in-
fluence both the distribution of substratum types and benthic commu-
nities (Sterne et al., 2019). Thus, particular benthic community and 
substratum may occur where prevailing currents are low or high. Water 
column temperature and oxygen concentrations frequently show 
distinct relationships with water depth (Kahng et al., 2019). Both water 
temperature and oxygen concentration have significant physiological 
impacts on the organisms present (Pörtner, 2010), such that both ab-
solute values and variability in these parameters can be critical in 
determining distribution and survival of organisms. 

For the present study, we deployed a comparatively low-logistics 
autonomous underwater vehicle (AUV) (Hiller et al., 2012) at multiple 
sites in the Pemba Channel to collect baseline information on water 
column characteristics (temperature and oxygen), marine habitats and 
benthic communities from 5 to 150 m depths. Our aim was to increase 
the understanding of the distribution of habitats and benthic commu-
nities, and hence inform about their vulnerability and long-term sus-
tainability. We hypothesised that substrata and benthic communities in 
the Greater Pemba Channel are structured according to water column 
and seafloor characteristics. These characteristics have either linear or 
non-linear effects on the availability of key substrata and broad taxa 
groups. We identify main substrata and benthic communities from AUV 
photographs and use bathymetry and acoustic backscatter data to model 
their distribution based on a set of predictive factors (water depth, 
acoustic backscatter, slope, slope of slope, plan curvature, rugosity and 
aspect). We further delineate the probable boundary of shallow and 
MCEs in the Pemba Channel. 

2. Materials and methods 

2.1. Study area 

Pemba Island is part of the Zanzibar Archipelago, and is located 
about 50 km from mainland Tanzania. It is isolated from the mainland 
Tanzania by a deep-water channel and is classified as a true oceanic 
island (Archer and Turner, 1993). It is also surrounded by fringing reefs 
that cover an area of 222 km2, representing ca. 9% of Tanzania’s coral 
reefs (Klaus, 2014; Levin et al., 2018). The shallow reefs of Pemba Island 
show a broad range of reef conditions, with some reefs in healthy states 
and dominated by hard coral cover, while others are in a degraded state 
with low coral cover (Grimsditch et al., 2009). The western side of the 
island contains 60% of the islands’ fringing reefs, which drop off rapidly 
into the deep water of the Pemba Channel. Previous surveys have esti-
mated that the coral cover averages 23% and ranges from 3% to 86%, 
with the highest coral cover and greatest diversity, 42 coral genera, 
occurring at Misali Island on the western fringe of the Pemba Archi-
pelago (Grimsditch et al., 2009). 

Sites were selected based variously on a preliminary towed side-scan 
survey, previous research of the shallow coral reef ecosystem (Grims-
ditch et al., 2009), information from key local knowledge on manage-
ment and fishing pressure, and the prevailing sea state. The AUV was 
deployed at three sites located in the south west of Pemba Island (West 
Misali, South Misali, and Mkoani) and one site in the northwest sector of 
Unguja Island (Tumbatu Shoal) (Fig. 1). The Pemba Island sites are all 
located within the Pemba Channel Conservation Area (PECCA) while 
Tumbatu Shoal is not subject to any form of management, although it 
neighbours the Tumbatu Island Marine Conservation Area (TUMCA). 

3. Methods 

A Teledyne Gavia Offshore Surveyor AUV ‘Freya’ was used to survey 
seafloor and water column properties in depths between 5 and 150 m. 
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Fig. 1. Greater Pemba Channel area, showing where the autonomous underwater vehicle (AUV) was deployed: West Misali, South Misali, Mkoani, and Tumbatu 
Shoal. PECCA: Pemba Channel Conservation Area, a Marine Protected Area. (Geographic Coordinate System: GCS_WGS_1984, Datum: D_WGS_1984). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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The AUV was a modular vehicle consisting of camera, geoswath, control 
and command centre, and science bay (Table 1). It collected data on 
bathymetry, backscatter and benthic communities following methods 
described in Howe et al. (2019). Bathymetry provided information on 
water depth, backscatter indicated sediment grain-size and seafloor 
roughness, while benthic community was assessed from photographs 
captured by the AUV. 

The AUV was variously operated in three primary modes: (a) for 
seafloor mapping, the vehicle was programmed to survey from 10 m 
above the seafloor for ca. 2-hours, giving a 30 m swath width and a 
resolution of 0.1 m; (b) for detailed seabed photography, the vehicle was 
programmed to survey from 2 m above the seafloor for ca. 1-hour; (c) for 
an oceanographic survey, the vehicle was programmed to profile the 
water column between 5 and 150 m (Table 2). The surveys were con-
ducted over three days in July 2019, covering a total distance of 75 km, 
with a total underwater duration of 13 h. All operations were carried out 
from the RV Angra Pequena. During AUV missions, a SonTek [YSI] 
CastAway-CTD was used to collect additional water column conductiv-
ity, temperature, and depth (CTD) profiles (Supplementary Material 
Table S1). These measurements, together with the AUV’s on-board 
sound velocity probe, were used to calculate the speed of sound in 
water. Progress of the AUV missions was closely checked using Ultra- 
Short Base line pinger, which received signals up to 2 km away from 
the surface vessel. 

2.3. Data analysis 

2.3.1. Bathymetry and acoustic backscatter 
Tidal and sound velocity corrections were undertaken to process the 

raw bathymetry and backscatter data (Howe et al., 2019). Tidal cor-
rections involved applying a synthetic ‘zero-tide’ in order to reduce 
survey depths to a common datum (lowest astronomical tide), while 
sound velocity correction was done by removing sound artefacts using 
in-situ sound velocity measurements to correct for water column den-
sity, salinity, and temperature. 

The GeoAcoustic data (bathymetry and side-scan sonar) were filtered 
and cleaned using the learning algorithm in GeoAcoustics GS4 software 
(www.kongsberg.com) and Sonarwiz (www.chesapeaketech.com). This 
produced flagged .rdf files that were imported into Caris HIPS and SIPS 
v.11 (www.teledynecaris.com). The data were then further cleaned 
using Side Scan editor and Swath sub-editors, and a Combined Uncer-
tainty Bathymetric Estimator (CUBE) surface produced which had a 
resolution of 0.5 m (bathymetry) and 0.1–0.5 m (acoustic backscatter), 
dependent on data density and quality. 

These surfaces were exported as geo-corrected rasters into ArcMap 
v.10 (Environmental Systems Research Institute). The focal statistic 
function was applied to ensure acoustic backscatter and bathymetry 
raster layers matched the AUV’s image spatial footprint of 54 m2. The 
focal statistic tool used the median operation to compute an output 

raster of backscatter and bathymetry layers in a 9 x 9 neighbourhood 
window. These data were used to calculate several bathymetric de-
rivatives: slope, slope of slope, plan curvature, and aspect. Additionally, 
an extension Remote Sensing Object Based Image Analysis (RSOBIA) 
was applied to calculate ruggedness (Le Bas, 2016). 

2.3.2. Image processing 
Images from each AUV mission were geo-referenced by extracting 

their latitude and longitude information using open source BR ExIF 
software (www.br-software.com). Correction of illumination and colour 
representation was performed followed by identification of key sub-
stratum and benthic community characteristics in every 20th image 
recorded by the AUV. This represented an inter-image distance of ca. 20 
m between photos. 

Species-level identification of benthic community routinely requires 
high-resolution imagery, which depends on the height of the camera. 
For this reason, benthic organisms photographed during the AUV’s 
seafloor mapping survey, were identified and placed in broad taxa 
groups of: corals, fleshy algae, turf algae, and fish. Corals were 
composed of habitat-forming taxa of Scleractinia (hard coral), Octo-
corallia (octocorals/soft corals) and Antipatharia (black corals) (Stefa-
noudis et al., 2018). Other invertebrates such as molluscs and 
crustaceans were observed but were not analysed further. Turf algae 
encompassed filamentous algae, while fleshy algae were macro algae 
(Littler and Littler, 2011; Stefanoudis et al., 2018). Fish were defined as 
vertebrate organisms either cartilaginous or bony species identified 
from fish manuals (Lieske and Myers 2002). 

A primary substratum type was identified based on majority area of 
the image (≥50%) following definitions given in Benoist et al. (2019): 
“hard”, “coarse”, and “sand”. A secondary substratum was recorded 
when it covered ≥10% of the seafloor. Combination of primary and 
secondary substratum yielded mixed substrata (Supplementary Material 
Table S2). The image geo-reference data were used to attribute corre-
sponding data on acoustic backscatter, bathymetry, slope, slope of slope, 
plan curvature, aspect and ruggedness. 

2.3.3. Temperature and oxygen profile 
To simplify the presentation and interpretation of data, and to 

acknowledge sensor (time) lag during vehicle ascend and descend, 
temperature and oxygen data were binned at 10 m depth interval and 
summarised as box plots. 

2.3.4. Modelling 
Presence and absence data on substrata and key benthic community 

types were derived from seabed images from the seafloor-mapping 
missions conducted at West Misali (n = 377) and South Misali (n =
458), and Tumbatu Shoal (n = 792). The photographs from Mkoani were 
excluded from modelling because of high turbidity at the site that 
limited taxa identification. Generalised additive models (GAMs) were 

Table 1 
Autonomous underwater vehicle configuration characteristics.  

Module Function Data type 
Nosecone (camera) Camera (FLIR [Point Grey] Grasshopper, Sony 

ICX285 CCD sensor) with a strobe, providing 
seabed images. 

.jpg 

GeoSwath Plus 
Sonar 

500 kHz interferometric sonar (Kongsberg 
GeoAcoustics), providing bathymetric and 
acoustic backscatter data. 

.rdf 

Control and 
Command 
Centre 

Provide commands and storage of data. KML, 
KMZ, Log 

Science Bay Conductivity (salinity), temperature, and depth 
(CTD; Seabird SBE-49) sensors, and dissolved 
oxygen sensor (Aanderaa oxygen optode 4831) 
to provide oceanographic data. 

.raw  

Table 2 
Autonomous underwater vehicle missions in the Greater Pemba Channel.  

Site Mission 
Number 

Total 
distance 
(km) 

Duration 
(hours) 

Vehicle 
altitude 
(m) 

Depth range 
(m) 

Mkoani 2 8.6 1.4 10 13.1–25.1 
3 10 2.7 Variable 5.0–150.0 
4 4.2 0.7 2 11.0–25.0 

West 
Misali 

5 9.9 1.7 10 21.1–150.0 
7 4.6 0.8 2 20.6–51.3 

South 
Misali 

6 10.0 1.6 10 18.5–24.9 

Tumbatu 
Shoal 

10 27.3 4.2 10 35.5–66.2 

Missions 8 and 9 were aborted due to bad weather. 
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fitted on presence and absence data using the mgcv package in R (Woods, 
2012, www.r-project.org). Substrata and benthic community types were 
predicted using acoustic backscatter, bathymetry, slope, slope of slope, 
plan curvature, aspect, and ruggedness. Site based GAM analyses were 
first performed to determine key seafloor predictors (Supplementary 
Material Figs. S1–5). The site data were thereafter pooled, and the 
dataset partitioned into training (70%) and testing (30%) data (Platts 
et al., 2008). Slope of slope and ruggedness were removed from the GAM 
analyses as they showed substantial correlations (r > 0.5) with slope and 
plan curvature respectively. GAM assessments were run using the 
restricted maximum likelihood criterion (Wood, 2011), to predict the 
probabilities of presence of hard and sand substratum, corals, turf algae, 
fleshy algae, and fish. Contribution of the predictors to the GAM model 
was assessed from effective degrees of freedom (edf), which represents 
the complexity of the smoothing term. An edf of 1 represented a straight 
line or a linear effect while an edf of ≥2 described a non-linear effect 
with quadratic or wiggly curves. The accuracy of GAMs was assessed 
firstly by calculating area under the receiver operating curve (AUC 

ROC), and secondly by determining the number of times presence was 
categorised into either present or absent using a threshold probability 
value (Deleo, 1993). AUC ROC refers to the probability that the model 
correctly predicts a randomly chosen positive observation and a 
randomly chosen negative observation. A threshold probability value 
was determined for each independent variable by iteratively searching 
for the optimal cut-off probability. Application of thresholds is recom-
mended where the data contains more absences than presences (Sigler 
et al., 2015; Hosmer and Lemeshow, 2004) in order to balance the 
number of false positives and false negatives. 

3. Results 

3.1. Site bathymetry and acoustic backscatter 

The AUV was deployed at sites showing varying gradients of water 
depths and benthic community as detailed below. 

Fig. 2. Seafloor survey detail of the four Greater Pemba Channel sites. Each panel illustrates (i) acoustic backscatter (greyscale), (ii) bathymetry (colour scale), and 
(iii) example bathymetric profile (line plot). Refer to Fig. 1 for a, b, c and d. Artefact due to AUV roll error was noted in South Misali. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.1.1. West Misali 
The AUV surveys at West Misali extended from shallow to meso-

photic water depths and mapped the reef transition from 20 to 150 m, 
including the terraced margins (Fig. 2a). The water depths increased 
westwards with two rock walls of slopes >70◦ evident from the reef crest 
at ca. 40–50 m and 90–110 m. The walls formed staircase structures that 
were separated by a gentle west-oriented slope (ca. 20◦) with sparse 
corals and large boulders (>1 m) (Fig. 2a). The shallow areas <25 m 
were dominated by healthy hard corals as evidenced from the high 
acoustic backscatter (Fig. 2a; Fig. S2) and photographs (Fig. 3b). Beyond 
25 m depth the seafloor showed decreasing availability of hard substrata 
and increasing sandy substrata (Fig. S1). The sandy substrata occurred 
on platforms with low slopes (<30◦) and low backscatter signals. Deeper 
areas (>100 m) were characterised by the presence of octocorals (Fig. 3 
f, h, i). Fish occurred from shallow to lower mesophotic depths. How-
ever, due to differences in the capture angle and resolution of the pho-
tographs, it was not always possible to identify fish to the lowest 
taxonomic unit. Nevertheless, of note was the observation of soldier fish 
(Holocentridae) found at 117 m (Fig. 3g). 

3.1.2. South Misali 
The AUV survey at south Misali was conducted in an east-west 

lawnmower pattern and in depths ranging from 18 to 25 m (Fig. 2b). 
Sand mixed with hard substrata characterised the seafloor, which had a 
low slope of <10◦ (Fig. S3). The relief was generally featureless except 
for one depression. Fleshy and turf algae were the dominant benthic 
community type (Fig. 3c). 

3.1.3. Mkoani 
The AUV surveys at Mkoani covered water depths from 13 to 25 m 

with acoustic backscatter data showing mixed sediments and a diversity 
of submarine landform features in a north-south orientation (Fig. 2c). 
The seafloor features included coral heads, rubble and depressions or 
pockmarks exclusively occurring in sandy substrata. The coral heads 
occurred in the north and in shallow waters of <15 m and were char-
acterised by a darker acoustic backscatter resulting from a high reflec-
tance signal. Mixed substrata, composed of patchy corals, sand and 
rubble, showed moderate backscatter and occurred on the seafloor south 
of the coral heads. Numerous seafloor pockmarks were noted during a 
preliminary towed side-scan survey in water depths of ca. 20 m. The 

Fig. 3. Example images of substrata and benthic community types from shallow and mesophotic environments in the Greater Pemba Channel, as captured from ca. 2 
m altitude (a, b, f-i) and ca. 10 m altitude (c–e). a) by autonomous underwater vehicle. a) Mosaicked images of pockmark (arrow shows the centre), 22 m water 
depth, Mkoani. b) Healthy hard coral and sponge, 15 m, West Misali. c) Turf and fleshy algae, 23 m, South Misali. d) Hard coral and surgeon fish (Acanthuridae), 35 
m, Tumbatu Shoal, e) Snapper (Lutjanidae) on mixed sand hard substrata, 42 m, Tumbatu Shoal. f) Octocorals, 39 m, West Misali. g) Soldier fish (Holocentridae), 
117 m, West Misali. h) Hard substrata with octocorals and small fish, 117 m, West Misali. i) Octocorals 118 m, West Misali. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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AUV surveyed more than 30 pockmarks that occurred in the south and in 
water depths of 18–21 m. The rims of the pockmarks had a moderate 
lighter backscatter in comparison to the centre of the depression that 
had darker backscatter. Photographs revealed pockmarks varied in 
diameter from 5 to 10 m and in depth from 3 to 5 m (Fig. 3a). 

3.1.4. Tumbatu Shoal 
The AUV surveys were conducted in a northeast orientation and in 

upper mesophotic water depths ranging from 36 to 66 m (Fig. 2d). The 
site had a relatively low slope of <40◦, with the seafloor either of sand or 
sand mixed with hard substrata (Fig. S4). These were noticeable in 
acoustic backscatter as indicated by darker and lighter backscatter sig-
nals for hard and sand substrata respectively (Fig. 2d). Pockmark fea-
tures were conspicuous in water depths >40 m. Availability of hard 
substrata decreased with increasing depth and decreasing slope 
(Fig. S4). Patchy corals were found on the western margin in depths 
<45 m and where seafloor surface was concavely shaped and extended 
from south to north (Fig. S5). School of surgeonfish (Acanthuridae) and 
snappers (Lutjanidae) were photographed at upper mesophotic depths at 
31 m and 42 m respectively (Fig. 3d–e). 

3.2. Temperature and oxygen profiles 

The water column temperature increased from <18 ◦C in lower 

mesophotic depths (150 m) to 26 ◦C in surface waters (<10 m) (Fig. 4). 
The greatest change in temperature occurred below 100 m. Oxygen 
concentrations increased from 180 μmol/l at 150 m to 220 μmol/l in 
surface waters. 

3.3. Prediction of substrata and benthic community 

The AUC ROC of training and test data indicated good (>0.80) model 
results that ranged from 0.85 for fish to 0.99 for fleshy algae (Table 3). 
GAMs on the two primary substrata explained 64% and 60% of the 
deviance for hard and sand substrata respectively (Table 3). The sig-
nificant explanatory variables were depth and slope. Presence-absence 
of hard substrata was correctly predicted 95% and 91% of the times 
on training and test data respectively, based on threshold probabilities 
of 0.07. In reference to effective degrees of freedom (edf), depth had a 
non-linear effect (edf = 8.1) on presence of hard substrata with greater 
probabilities occurring in shallow areas (20–30 m; Fig. 5). As expected, 
the presence of hard substrata was increasingly probable on steeper 
slopes (30◦–70◦) and walls (>70◦). Opposing patterns, with respect to 
depth and slope were found for sand substrata. 

The GAMs on presence-absence of coral, turf algae, fleshy algae and 
fish explained 35–91% of the deviance (Table 3). The significant pre-
dictors were acoustic backscatter (coral, turf algae), depth (coral, fleshy 
algae, turf algae), slope (coral, fleshy algae, turf algae, fish), and aspect 
(fleshy algae). Curvature did not show any significant contribution to 
the models. The greatest model accuracy was predicted for fleshy algae 
at 98% and 91% of the times on training and test data respectively, 
based on threshold probabilities of 0.04 (Table 3). The model accuracy 
for corals was 80% on training data and 73% on test data based on 
threshold of 0.15. Higher probabilities of occurrence of corals were 
found where acoustic backscatter was high. Depth had a non-linear ef-
fect (edf = 7.7) on the presence of corals with greater probabilities 
(>0.5) at depths between shallow (25 m) and upper mesophotic (55 m) 
(Fig. 5). Presence of coral was greater on steep slopes (30◦–70◦) 
particularly found at 30 m, and walls (>70◦) occurring in ca. 40–50 m 
depths, compared to low slopes. Depth, backscatter and slope had a non- 
linear effect (edf >2) on presence of turf algae (Table 3). High proba-
bilities of >0.5 occurred at around 30 and 80 m water depth and on 
steep slopes. Marginally higher probabilities of presence of turf algae 
were found where acoustic backscatter was mid-range (Fig. 5). 

Depth and slope affected the presence of fleshy algae, with greater 
probabilities in shallow areas (ca. 20 m) and low slopes (<30◦) 
respectively (Fig. 5). Aspect had significant but minimal influence on the 
presence of fleshy algae, with greater probabilities at south facing areas. 

Presence of fish increased rapidly from a seafloor slope of 25◦–45◦

where maximum probability was evident, and then declined more 
gradually on steep slopes of 70◦ to similar probabilities to those at 
20–25◦ (Fig. 5). Other predictors showed non-significant contribution to 
the model. 

4. Discussion 

4.1. General observations 

This study presents a first attempt to document mesophotic coral 
ecosystems (MCEs) in the understudied Western Indian Ocean (WIO) 
using an autonomous underwater vehicle (AUV), which collected in-situ 
data on bathymetry (water depth), acoustic backscatter (substratum) 
and benthic community types (seabed images) from selected sites in the 
Greater Pemba Channel. The bathymetry and acoustic backscatter data 
showed the presence of a complex seafloor variously characterised by 
pockmarks, steep slopes, ‘staircase walls’, and large boulders. These 
landscape features may have been formed through geological processes 
and over time have become ecologically important in sustaining the 
coral reef ecosystems in the Greater Pemba Channel (Sherman et al., 
2019). Additionally, the AUV photographs confirmed presence of MCE 

Fig. 4. Summary boxplots of water temperature (◦C) and oxygen concentra-
tions (μmol/l) in water column in Mkoani in the Greater Pemba Channel. 
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composed of corals, algal and fish communities on the continental 
margins of Pemba and Unguja islands. Corals and fleshy algae were 
typically present in the shallow (<30 m) and upper mesophotic depths 
(30–45 m), while turf algae and fish occurred at different depths from 
shallow to lower mesophotic depths (60–150 m). The modeled occur-
rence of substrata and benthic community showed peak probabilities for 
hard substrata, corals, turf algae and fleshy algae to occur at ca. 30–40 
m. This indicates that the boundary between shallow and mesophotic 
coral ecosystems in the Greater Pemba Channel was located at ca. 30–40 
m, which concurs with other studies around the world (Bridge et al., 
2012; Laverick et al., 2018; Pyle and Copus, 2019). Given the 
complexity of the seafloor environments encountered, and the study 
being constrained to only four sites, two of which were less than 25 m in 
depth, there will certainly be other features of MCE such as species 
distribution of corals, fleshy algae, sponges, and fish that warrant further 
study. This study serves to highlight the potential distribution of broad 

taxa groups of the MCE in the Greater Pemba Channel and provides an 
interpretation based on available data. 

Of particular note was the occurrence of pockmarks that were 
widespread in 20–40 m water depths. The origin of these pockmarks 
remains unknown, although previous observations of pockmarks on 
other continental shelves describe their origin as being bio-erosional, 
methane gas, or other fluid, escape related (Sumida et al., 2004; Auds-
ley et al., 2019). Surveys using baited remote underwater videos 
(BRUVs) deployed in Mkoani recorded a high abundance of sea urchins 
around these pockmarks (Osuka, unpubl. data). Apparent aggregations 
of sea urchins have previously been noted in association with fluid 
escape structures in the Gulf of Cadiz (Cunha et al., 2002) and with large 
hydrocarbon-related pockmarks offshore of Angola (Hughes and Bett, 
2007). Therefore, the pockmarks that we surveyed in Mkoani and 
Tumbatu Shoal sites may be of fluid-escape origin rather than 
bio-erosional. Further studies are needed to establish their distribution 

Table 3 
Generalised additive model results for substrata (hard and sand) and benthic community types (coral, turf algae, fleshy algae, fish) showing significant predictors (p <
0.05), effective degrees of freedom (edf), deviance explained by the model, area under the receiver operating curve (AUC ROC), threshold probability used to test 
model accuracy, and total percentage occurrence correctly predicted.  

Substratum or community type Significant predictors (edf) Deviance explained (%) AUC ROC Threshold Correct predictions (%) 
Training Test Training Test 

Hard substratum Depth (8.1), Slope (3.2) 63.8 0.97 0.95 0.07 95 91 
Sand substratum Depth (8.2), Slope (3.6) 60.0 0.96 0.92 0.06 95 93 
Coral Backscatter (1.0), Depth (7.7), Slope (1.0) 38.6 0.88 0.91 0.15 80 73 
Turf algae Backscatter (3.0), Depth (8.2), Slope (3.6) 38.1 0.90 0.87 0.07 87 88 
Fleshy algae Depth (5.2), Slope (4.7), Aspect (1.0) 90.5 0.99 0.99 0.04 98 91 
Fish Slope (4.6) 35.2 0.93 0.85 0.09 99 96  

Fig. 5. Generalised additive model plots for substrata (Ha, hard; Sa, sand) and benthic community types (Co, coral; Tu, turf algae; Fl, fleshy algae; Fi, fish), for 
significant predictor variables (B, acoustic backscatter; D, depth (m); S, slope (◦); A, aspect (cosine transformed)), shaded areas represent 95% confidence intervals. 
Plots are identified by Yy-X letter coding where Yy codes the dependant variable and X the independent variable. 
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more completely and ascertain their particular origins. 

4.2. Modeling efforts 

Modelling using generalised additive models gave relatively high 
prediction accuracies but low threshold levels, suggesting threshold 
probabilities were trading off sensitivity and specificity to result in high 
area under the curve (AUC ROC) values. Of note were the large pro-
portion of absences in some taxa, such as fleshy algae and fish, which 
could have led to low thresholds (Sigler et al., 2015). Absences can result 
from low image resolution in greater water depths, further hindering full 
quantitative assessment of benthic community types (Armstrong et al., 
2019). Indeed, this reduction in image resolution prompted this study to 
use broad morphotype groups, rather than more specific taxonomic 
groups, which are likely to mask the specific habitat requirements of 
individual species associated with the group. For instance, low numbers 
of fish were observed in the randomly selected AUV photographs, 
despite the complexity of seafloor in Misali and Tumbatu Shoal. The low 
abundance of fish in AUV photographs suggests that the vehicle may be 
scaring away fish causing biased and unreliable estimates (Hagen et al., 
1999). This may also be exacerbated by the low sampling effort in 
mesophotic depths, which were halted by rough southeast monsoon 
winds of up to 30 knots that peaked during the survey, even leading to 
cancellation of two missions (Table 2). The variables selected and scales 
at which the data were collected thus limit generalisability of our re-
sults. However, even with four sites, the models provide some satisfac-
tory performance for predicting the presence of substrata and benthic 
community types from shallow to mesophotic depths. 

4.3. Distribution of habitats and communities 

4.3.1. Hard and sand substrata 
Hard substrata were widespread in shallow and upper mesophotic 

depths, while sand dominated the lower mesophotic depths. Hard sub-
strata in tropical marine environments provide an important attachment 
platform for organisms, especially those in mesophotic depths, to colo-
nise and grow (Sherman et al., 2019). They can support more than twice 
the number of species compared to mixed or sandy substrata (Ruiz et al., 
2009). The high level of diversity on hard substrata relates to their 
ability to provide stable basal structures and high topographical 
complexity, which are both essential for the successful larval develop-
ment of sessile and sub-adult mobile species. The hard substrata in the 
upper mesophotic depths may therefore be key to the presence of MCEs 
found in the Greater Pemba Channel. 

Hard substrata were predominantly found on steep slopes and walls 
rather than flat or low slopes. The most biodiverse MCEs in Hawaii have 
been linked with either hard substrata with discontinuous features such 
as limestone outcrops and ledges, or walls with complex structures (Pyle 
and Copus, 2019; Sherman et al., 2019). The MCEs in the Greater Pemba 
Channel may therefore sustain a highly biodiverse community. Indeed, 
walls are widespread along the western side of Pemba Island, stretch 
from north to south, interspersed by several reef passes (Grimsditch 
et al., 2009). These walls were formed through geological processes 
involving tectonic movements (Baker and McConnell, 1970; Sherman 
et al., 2019), and over time strong physical erosion from the north 
flowing East African Coastal Current (EACC) has had a pronounced ef-
fect on their complexity (Klaus, 2014). The EACC is also particularly 
important in increasing and maintaining connectivity between coral reef 
ecosystems (Obura 2012; Gamoyo et al., 2019; Sekadende et al., 2020). 
The current coupled with a changing seasonal monsoon winds, and the 
proximity of the walls to the shoreline (ca. 2 km) implies the water 
column is well mixed. The stable temperature and oxygen concentra-
tions recorded in the upper 100 m of the water column in the Greater 
Pemba Channel (Fig. 4) also provide some evidence of a well-mixed 
water column, which may help promote the survival of fish and 
benthic communities in the area. The walls of the Pemba Channel may 

therefore be of particular conservation interest, suggesting the need for a 
careful management against anthropogenic pressures such as fishing. 

4.3.2. Coral, fleshy and turf algae 
Water depth was a significant predictor of the presence of coral, 

fleshy, and turf algae. Vertical zonation of community structure is 
influenced by light and temperature and both are key factors restricting 
the distribution of MCEs (Kahng et al., 2010, 2019). Light provides en-
ergy to photosynthesising communities such as scleractinian zoox-
anthellate corals and algae, while water temperature is essential in 
setting the thermal tolerance for physiological processes. The mid-water 
AUV surveys revealed stable temperature in the upper 100 m of water 
column, providing some indication that light was a limiting abiotic 
factor (Kirk 2011; Kahng et al., 2019). Very low light levels experienced 
in deep walls can limit occurrence of corals, particularly Scleractinia 
zooxanthellate. Therefore, changes in temperature and light intensity 
with depth are not only associated with changes in the occurrence of 
coral and algal community types, but also taxon composition (Pyle and 
Copus, 2019). Similar changes in species composition are expected for 
algal and sponge community types. To establish this will require 
high-resolution photography across the entire mesophotic depth, which 
can be achieved by flying the AUV close to the seafloor at ca. 2 m. 
However, drawing on studies from Bermuda (Stefanoudis et al., 2019), a 
turnover in coral taxa can be expected in the Greater Pemba Channel for 
instance, scleractinians (hard corals) can occur in the shallow water 
depths (15–30 m), and overlap at the upper MCE boundary (30–40) with 
octocorals. The octocorals can extend to 60 m below which the anthi-
parians (black corals) become more abundant. Algae will occur in all 
water depths although the turnover in taxa groups will reflect the 
decrease in temperature and primary productivity. 

Occurrence of corals was higher on steep slopes or walls than low 
slopes, consistent with findings from the Caribbean (Sherman et al., 
2010) but different from results from the Great Barrier Reef MCEs 
(Bridge et al., 2011a, 2011b), which showed corals were concentrated 
and most diverse on the flatter surfaces of submerged reefs at depths 
<60 m. Occurrence of MCEs in the Caribbean were influenced by the 
downslope sediment transport and water clarity, such that steeper slopes 
easily shed off accumulated sediments while low relief slopes accumu-
late sediments, which can suppress coral recruitment and growth 
(Sherman et al., 2010). Erosional rates coupled with sediment retention 
are therefore important factors influencing the occurrence and distri-
bution of MCEs in the Greater Pemba Channel. Fleshy algae were highly 
restricted to the shallow reef depth transition (ca. 20 m), low slopes and 
south facing seafloor. While an increase in the coverage of shallow fleshy 
algae can outcompete corals and lead to phase shifts (Hughes et al., 
2007), the presence of mesophotic fleshy algae is regarded an important 
refugium habitat for other organism providing protection against envi-
ronmental stress (Spalding et al., 2019). Fleshy algae are versatile ma-
rine plants able to grow in depths greater than 200 m and on both hard 
and soft substrata. It is therefore likely that the presence of fleshy algae 
is more widespread than found in this study. Our findings also contrast 
with reports from American Samoa, where fleshy algae were more 
pronounced in the upper mesophotic water depth from 50 to 70 m (Bare 
et al., 2010). That depth range, however, was similar to the peak depths 
for turf algae, which this study found to be in the shallow (30 m) and 
upper mesophotic depths (80 m). Turf algae were also associated with 
seafloor areas having mid-range acoustic backscatter and slopes, sug-
gesting their preference or ability to grow on mixed hard and sandy 
substrata that are characterised by varying slopes (Spalding et al., 
2019). In contrast to fleshy algae, turf algae showed non-significant 
predictions with aspect suggesting they are not constrained by cur-
rent. These findings underscore the ability of algae to change with 
increasing depth as well as colonise different forms of substrata. 

4.3.3. Fish 
Fish were more abundant in areas with steep slopes rather than on 
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platforms or flat seafloor. High fish abundance on steep slopes and walls 
is expected (Jankowski et al., 2015) because of their exposure to cur-
rents and waves, which are also essential in maintaining high levels of 
suspended food resources (McLachlan and Defeo, 2017). The presence of 
suspended food drives the abundance of fish, especially planktivores and 
omnivores (Pinheiro et al., 2016; Goodbody-Gringley et al., 2019), 
which subsequently serve as prey for higher trophic level predatory 
species (Stewart and Jones, 2001). These trophic groups are more likely 
to be abundant in lower mesophotic depths than shallow and upper 
mesophotic depths where a high abundance of herbivorous fish is ex-
pected (Jankowski et al., 2015; Medeiros et al., 2010). Thus, it was 
surprising for water depth to be a non-significant predictor of fish 
occurrence in the present study. Furthermore, due to threats of overf-
ishing and destructive fishing practices in the Pemba Island area 
(Grimsditch et al., 2009), we expected fish to be more abundant in 
greater depths, including walls where rapid changes in water depth 
would help in escaping from fishing pressure. Moreover, local fishing 
gears are less adapted to deep environments (Tyler et al., 2009; Samoilys 
et al., 2011). In Bermuda, fish population metrics (abundance, biomass 
and species richness) were found to increase with water depth, sup-
porting the deep reef refugia hypothesis – where more fish move to 
deeper areas to escape from high fishing pressure (Pinheiro et al., 2016; 
Stefanoudis et al., 2019). Such fish movements affect the overall pro-
ductivity of shallow areas and can have negative impacts on the liveli-
hoods that dependent on them. Taken at face value, our results might 
suggest that fish abundance was low. However, based on the findings of 
similar studies (Bongaerts et al., 2010; Pinheiro et al., 2016), a more 
probable explanation is the limited ability of the AUV to photograph fish 
at mesophotic depths and in regions of steep slopes and crevices. As fish 
communities are partitioned according to abiotic factors (Jankowski 
et al., 2015), Pemba’s Channel fish communities are likely to be dis-
similar at different water depths and over different seabed slopes. This, 
together with the distribution of shallow species on steep slopes, re-
quires further research. Nevertheless, the modelling results for fish 
occurrence contribute to a better understanding of the importance of 
walls in offering natural protection from fishing and, therefore, their 
consideration as important in conservation planning. 

4.4. Conservation and management 

There are few conservation efforts directed towards deep environ-
ments such as MCE, yet they sustain distinct biodiversity and are 
probably acting as refugia for shallow reefs (Pyle and Copus, 2019; 
Turner et al., 2019). Conservation efforts for MCEs in Pemba Island area 
would require targeted detailed monitoring surveys across the meso-
photic depth range to assess the effectiveness of any management 
measures. At present, the logistical challenges in gathering such data 
and the high costs associated with monitoring MCEs may be the greatest 
bottleneck (Wölfl et al., 2019). Despite these challenges, the develop-
ment and investment in low-cost marine robotics, such as low-logistics 
AUVs like the Gavia vehicle used in the present study, clearly offers 
opportunities to reduce monitoring costs to within the budget range of 
most management agencies. These costs are expected to be compara-
tively low in the Pemba Island case as a result of the proximity of the 
MCEs to the shore, particularly those found on walls. Another important 
consideration is to encourage the involvement of local communities in 
the management of MCE. A first step towards this realisation will require 
building awareness of the existence of MCEs and their importance as 
depth refugia (Tyler et al., 2009; Turner et al., 2019). As such, awareness 
raising through stakeholder engagement should also involve discussions 
regarding the conservation of mesophotic depths and walls. A second 
potential step would involve the amendment of fisheries and conserva-
tion policies to include MCEs in the management plans for various forms 
of conservation areas, notably Marine Protected Areas (MPAs) and 
Locally Managed Marine Areas (LMMAs) (Turner et al., 2019). A po-
tential intermediate option for studying the Western Indian Ocean’s 

MCEs could involve using divers equipped with closed-circuit 
rebreathers (Pyle, 2019). Other tools such as mid-water remote cam-
era systems may also be considered when surveying fish communities. 
Application of multiple techniques will enable accurate measurement of 
fish community composition (Goodbody-Gringley et al., 2019). Whether 
achieved through marine robotics or technical diving teams, the initial 
costs for acquiring the technology and the training of technical 
personnel would need support. 

AUVs will likely play two important roles in conservation and marine 
management operations: (i) initial baseline data acquisition, and (ii) 
routine monitoring programmes. They may have particular value in 
conducting initial surveys and collecting baseline data in areas that are 
not easily accessible and/or where staff may otherwise be limited (Wynn 
et al., 2014; Huvenne et al., 2018; Wölfl et al., 2019). Their use might 
therefore be encouraged in regions such as the WIO, where survey and 
monitoring costs appear to be the biggest challenge. The multiple data 
streams that can be derived from AUV operations, as demonstrated in 
the present study, can be used to inform managers on location and status 
of MCEs and other features and species of conservation interest. Such 
AUV-derived data may also be of particular value in informing and 
planning more targeted vessel-based surveys where unexpected or high 
interest features are detected. AUVs also have clear value in the repeat or 
routine monitoring of habitats and species of interest (see e.g. Benoist 
et al., 2019; Zelada Leon et al., 2020). Other possible monitoring ap-
plications may include studies of topographical complexity, invasive 
species, and fish diversity (Ferrari et al., 2016; Ling et al., 2016; James 
et al., 2017). Such operations can be likely be launched from locally 
available platforms and make use of low-logistics AUVs to enable 
cost-effective implementations of marine robotics in the future. 

5. Conclusions 

Application of a low-logistics AUV showed great potential for map-
ping the photic and mesophotic coral ecosystems of the Greater Pemba 
Channel. This was due to their ability to follow a pre-designed track, 
map deep areas down to 500 m and beyond, and to collect high- 
resolution data of both the water column and the seabed. Therefore, 
AUVs should certainly be considered for the collection of baseline and 
routine monitoring data, not least for tackling under-researched eco-
systems such as the MCEs of the WIO. This study has indicated that wall 
areas are potential hotspots of MCE biodiversity, such that they and 
should be considered as priority areas for management and 
conservation. 
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